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A b s t r a c t

The Growth Effects of The Go Protein 

b y

Spencer  Daniel Kroll 

Advisor:  Professor  Ravi Iyengar

G proteins  are cell surface GTP binding proteins that t ransduce 

ex tr ace l lu la r  s ignals .  G prote ins  are act ivated  by receptors  and in 

turn,  modulate  intracel lular  effectors.  G 0 , a member o f  the G protein 

family ,  is e spec ia l ly  abunda n t  in brain. G 0 s p e c i f i c a l l y  e n h a n c e s  

m usca r in ic  s t im ula t ion  o f  ph o s p h o l ip a s e  C -m ed ia te d  Cl" current  in 

X e n o p u s  laevi s  oocy te s .  Hence ,  Go  may  p r o m o te  re l ease  of  

intracellular  calcium and s timulate  protein kinase C (PKC).

M i to g e n ic  s ig n a l s  are t r a n s d u c e d  by m any  r e c e p to r s  that  

s t i m u l a t e  p h o s p h o l i p a s e  C t h r o u g h  G p r o t e i n s .  C o n t i n u o u s  

s t i m u l a t i o n  o f  t h e s e  r e c e p t o r s  l e a d s  to d e s e n s i t i z a t i o n  and  

subsequen t  down-regu la t ion  of  receptors .  In contrast ,  G proteins  do 

not appear  to be subject to the same fo rm of  regulation.  Persis tent 

ac t iva t ion  o f  G p ro te ins  may  have im por ta n t  e ff ec ts  on ce l lu la r  

growth.  Cont inuous  ce l lu la r  growth  may be a con tr ibu to ry  factor  to 

the deve lopmen t  of  ce l lu la r  t ransformation.  For  Go,  its involvement  

in s ignal  t ransduc t ion  and,  in pa r t icu la r ,  its ab i l i ty  to s t im u la te  

phosphol ipase  C could be impor tan t  in s t imulat ing mitogenesis .



Matura t ion  of  X e n o p u s  oocytes  is a model system used  to 

assess  the capabi li ty o f  many substances (proteins ,  hormones ,  drugs)  

to t r igger  growth  resum pt ion .  Expe r im en t s  de scr ibed  herein show 

that pers i s tent ly  ac t ivated G 0 protein induces  cell cycle  resumption  

in oocytes  through the act ivat ion of PKC. The pa thway by which 

m atu ra t ion  occurs  is d iv e rg e n t  f rom the p r e s u m e d  phys io log ica l  

ac t iva tor  p roges te rone ,  in that p roges te rone  does not  require  PK C 

ac t iva t ion  to induce  oocy te  m atu ra t ion .  M a tu ra t ion  induced  by

proges te rone as well as G 0 appears  to converge  at the r equ irement  

for the t ranslat ion of  the p ro to -oncogene  c - m o s .  a ser/ thr  protein 

kinase.  Synthesi s  o f  c - m o s  (p39)  is necessa ry  for m atura t ion .  

Induct ion of c -m o s  by G 0 is PKC dependent.

To assess  whether  activated G 0 induced  cell cycle  resumption  

was specific to X e n o p u s  oocytes.  I studied the effect of  activated G0- a  

exp re s s ion  on the g r o w th  of  m am m a l ia n  cell  l ines .  A p lasm id

e x p r e s s e d  m u t a n t  G 0 -ct that  cou ld  be p e r s i s te n t ly  ac t ive  was

c o n s t r u c te d .  N I H - 3 T 3  f ib rob la s t s  were  t r a n s fe c te d  with vec to r  

c on ta in ing  W T  a 0 or  mutant  a 0 . It was found that mutant  G 0 - a  

s t im ula ted  m i togenes i s  and subsequen t ly  in duced  t rans fo rm at ion  of  

NIH-3T3 cells.  How ever ,  mutant  G0 - a  cou ld  not t ransform RAT-1 

f ib r o b la s t s .

Hence,  it appears  that  pers is tent  act ivat ion of  Go  p ro te in  can 

i n d u c e  n e o p l a s i a  w h e n  t r a n s f e c t e d  in to  N I H - 3 T 3  f i b r o b l a s t s .  

P r e v io u s  f in d in g s  t h a t  G 0 pro te in  is l inked  to s t i m u la t io n  of  

phosphoinos i t ide  hydro lys i s  and my f ind ing  that  G 0 induces  oo c y te

maturat ion  through ac t ivat ion of  PK C in X e n o p u s  oocytes  suggest s  

that G0 can be an impor tan t  intracel lular  growth control regulator .
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I n t r o d u c t i o n

H o rm o n a l  Signal  T r a n s d u c t i o n  and C e l lu la r  G row th

The t ransduct ion of  hormonal  s ignals  across  the cell  surface 

is a ub iq u i to u s  p r o c e s s  w h e re b y  an e x t r a c e l lu l a r  s t im u lu s  is 

t ranslated into in tr ace l lu la r  response.  Physiolog ical  responses  are 

e l i c i t ed  in response  to  the recep t ion  o f  spec i f ic  s ignal s  which

allows the cell  to respond  to a variety of  differen t  s timuli (Snyder  

1985) . G row th  is one  o f  the m any  im p o r ta n t  phys io lo g ica l  

processes  that the cell  undergoes.  Cel lular  growth is control led in 

response  to ex tr ace l lu la r  s ignals .  The  recept ion of  a mitogen ic

signal  m ob il iz e s  the ce l lu la r  c o m p o n e n t s  that  o rche s t ra te  DNA

synthesis and cell divis ion.  Hence,  proper  control  of  the s ignal ling 

p a th w a y s  that  r e s p o n d  to m i togen ic  s igna l s  is im p e r a t iv e  to

main ta in in g  ce l lu la r  hom eos tas i s .

T h e  o b s e r v a t i o n  th a t  the  c a n c e r o u s  s t a t e  i n v o l v e s

un regu la te d  p ro l i f e r a t i o n  and that  c a n ce r  may  be i n d u ce d  by 

specific DNA mutat ions,  has led to a pro longed search during  the 

past decade  for pro teins  that induce ce l lular  growth.  Th is  search 

has r esu l ted  in a c o n v e rg e n c e  a m ong  m a n y  f ie lds  o f  sc ien t i f ic

r e sea rch  in c lud in g ;  e n d o c r i n o lo g y ,  cel l  b io logy ,  and  o n c o lo g y .  

Lesions invo lved  in the t ransduc t ion  of  ex tr ace l lu la r  s igna ls  are  

p r o b a b l y  p r i m a r y  f a c t o r s  t h a t  c o n t r i b u t e  to  n e o p l a s t i c

t r a n s f o r m a t i o n .  T h e s e  l e s io n s  can  r e s u l t  f r o m  c o n g e n i t a l  

a l t e r a t i o n s  as  w e l l  a s  e n v i r o n m e n t a l  e x p o s u r e .  F u t u r e

ph a rm a c o l o g i c a l  i n t e r v e n t io n  in the t r e a tm e n t  o f  c a n ce r s  wil l

p r o b a b l y  i n v o lv e  a g e n t s  tha t  s p e c i f i c a l l y  " c o r r e c t "  a b b e r a n t



g rowth  pa th w ays  by poss ib ly  rec t i fy ing  the gene t ic  l es ions  by 

ta rge te d  gene  the ra py .  Such  future  t h e r a p ie s  based  on the 

molecu la r  m echan ism s  o f  s ignal  t ransduct ion  will  probably  be far  

more  e f fec t ive  in b lock ing  c a n ce ro u s  g rowth  than the  c u r r e n t  

pha rm acolog ica l  therapies  based  on the genera l i zed  preven t ion  of  

cel lular  growth.  As yet,  however ,  the mechan isms  by which these 

g e n e t i c  l e s io n s  p r o m o t e  i n a p p r o p r i a t e  g ro w th  r e m a in  to be 

d e t e r m i n e d .

Cel l  S u r f a c e  S i g n a l l i n g  A n d  R e g u l a t i o n  O f  T h e  Cel l  C yc le

Cel lular  growth is d iv ided  into four  s tages  corresponding  to 

the c h rom osom e  num ber  o f  the cell (Lloyd  £ i  ai- 1982). A newly 

d iv id ed  cell  u n de rgoe s  a g ro w th  phase  ( G l ) ,  where  a d ip lo id  

c h r o m o s o m e  n u m b e r  is found .  W i th o u t  ex te rna l  s igna l s  f rom  

mitogenic  hormones  or  growth factors,  the cell will  remain in this 

stage indefini te ly .  H orm one  binding  el ic i ts  a cascade  o f  events  

that lead to entry into the chrom osomal  synthesis  phase (S). The

cell  then con t inues  to grow and bui ld  up  the necessa ry  pro teins

that control  mitosis .  Th is  second  growth  phase (G2) is normally  

where  cel ls  that are  p rog ram m ed  to undergo  meios is  are  arrested.  

The final s tage is mitos is  or  meiosis  (M),  where cells div ide  and

begin the process  again.  The  approximate  t imes for these  s tages

of  the cell cycle  for a growing  cell are 11 hours,  7 hours,  3 hours  

and 1 hour,  respect ively.  In developing s tem cells,  the cell  cycle  is 

arrested at a s tage im m ed ia te ly  preceed ing  m eios is  (G2) .  Af ter  

rece iv ing  the correc t  g rowth s t imuli  in the G l  phase o f  g rowth 

arrest  for  somatic  cel ls,  or  G 2  phase arrest  for  p re-meio t ic  cells .



the cel ls  are  c om m it t ed  to comple te  the ent i re  cell  cycle .  The  

r e q u i r e m e n t  o f  p rote in  accum ula t ion  through de novo  syn th es i s  

suggest s  that  a th resho ld  must  be ove rcom e  for  the cell  to r e ­

ente r  the cell  cyc le .  The search for  specific ce l lular  com ponen ts  

that  e lic i t  this sw i tch  from qu iescence  to g rowth is o f  central  

im p o r ta n c e  in u n d e r s t a n d in g  r eg u la t i o n  of  the c e l l u l a r  g row th  

response .  These  ce l lu la r  c o m pone n t s  are mos t  l ikely to be the 

t a r g e t s  o f  m o d u l a t i o n  by e x t r a c e l l u l a r  s ig n a l s .  T h u s  an 

unde rs t and ing  o f  ce l lu la r  s igna l l ing  m ec ha n ism s  and the temporal  

i n t e g r a t i o n  o f  these  s igna l s  is i m p o r t a n t  in e l u c i d a t i n g  the 

m echan ism s  that regula te  cell  cycle  resum pt ion.

In te r ce l lu la r  c o m m u n ic a t io n  is ach ieved  by the r e lease  o f  

hormone  (o r  growth  factor) by one cell  type and the recep t ion  of  

this s ignal by another .  This hormone  binds to a specif ic  receptor  

tha t  m ay  res ide  on the target  cel l  surface.  S te ro id  h o rm o n e  

r e c e p t o r s  a re  s o l u b l e  r e c e p t o r  ( p o s s i b l y  n u c l e a r )  p r o t e i n s .  

Steroid ho rm ones  pass through the cell  m em brane  to bind to their  

receptors .  In contras t ,  the vast major i ty  of  peptide hormones  and 

g row th  fac to rs  bind  to cell  sur face  recep to r s  and the  ho rm one  

b in d in g  s ignal  is t ransduced  to e l ic i t  a ce l lu la r  response .  One  

p a r a d i g m  o f  s i g n a l  t r a n s d u c t i o n  s y s t e m s  th a t  r e s p o n d  to 

ex tr ace l lu la r  ho rm ones  is a m ul t icom ponen t  model  cons is t in g  o f  a 

r eceptor  which  is specif ic  for the hormone  that binds to it and an 

e f fec to r  e n z y m e ,  w h ich  typ ica l ly  ca ta ly zes  the p roduc t ion  o f  an 

in tr ace l lu la r  m essenge r .  The  second  m essenge r  goes on to a l ter  

o t h e r  c e l l u l a r  t a rge t s ,  i nc lud ing  d i r e c t  a c t iva t ion  or  p a th w a y s  

l e a d i n g  to  the  a c t i v a t i o n  o f  p h o s p h o r y l a t i n g  e n z y m e s  and



t r a n s c r i p t i o n  fac to rs .  In m a n y  r e c e p to r  s i g n a l l i n g  sy s te m s  

h o r m o n e / r e c e p t o r  a c t i v a t io n  o f  e f f e c to r  e n z y m e s  is g u a n in e  

n u c le o t ide  dependen t .

R e cep to r -ac t iva ted  second m esse nge r  sy s te m s  a re  typica l ly  

div ided  into three types: r eceptor s  that  use m u l t i c o m p o n e n t  G

protein med ia ted  cell surface s igna l l ing systems such as adenylyl  

c yc la se  o r  p h o s p h o l ip a s e  C; r ec e p to r s  that  have  in tr in s ic  ion 

channel  activi t ies  and receptors  that  have intrinsic tyrosine kinase 

a c t i v i t y .

G  p r o t e i n s

G p ro te ins  are a fami ly  of  p ro te ins  tha t  t r a n sduc e  cell  

su r face  r e c e p to r  s igna ls  to the ins ide  the ce l l  ( I y e n g a r  and 

B i r n b a u m e r  1990) .  T h e  g u a n in e  n u c l e o t id e  d e p e n d e n c e  of  

hormona l  ac t ivat ion of  adenylyl  cyc lase,  was the f irs t  indicat ion 

tha t  an add i t iona l  regu la to ry  c o m p o n e n t  was i nvo lve d  in s ignal  

t ransduc t ion  (Rodbel l  £ i a i -  1971a)  These s tudies , which  ut il ized 

the  g l u c a g o n  sen s i t iv e  ad e n y ly l  c yc la se  in rat  l iv e r  p l a s m a  

m e m b r a n e s ,  d e m o n s t r a t e d  a r e q u i r e m e n t  o f  G T P  fo r  h o rm o n e  

induced act ivat ion o f  adenylyl  cyc lase.  In addi t ion,  it was found 

tha t  G T P  affected ho rm one  b in d in g  to recep to rs  (Rodbe l l  £ i  ai- 

1 9 7 1 6 ) .  N o n -h y d r o ly z a b le  an a lo g s  o f  G T P  w e re  sh o w n  to 

pe rs is tent ly  act ivate  adenyly l  cyc lase  activity (L ondos  £ i a i -  1974) 

an d  h o r m o n e s  were  show n  to increase  the r a t e  at  which  this 

pers is tent  ac t ivat ion occured  (Sa lomon £ i a l -  1975). Studies  on the 

(5- a d r e n e r g i c  r e c e p to r  d e m o n s t r a t e d  tha t  G T P  a l t e r a t i o n s  on 

h o r m o n e  r e c e p to r  b in d in g  w ere  speci f ic  for  i s o p r o t e r e n o l  (an



agonis t )  but  not  for  propranalo l  (an an tagon is t )  (M agu i re  £ i  al.  

1976). Th i s  speci f ic i ty  for  a ge n ts  that  s t im u la ted  the second 

m e s s e n g e r  sys tem , r a th e r  than j u s t  b i n d in g  to the r ec e p to r ,  

s u g g e s t e d  th a t  g u a n i n e  n u c l e o t i d e  d e p e n d e n t  r e g u l a t i o n  of  

recep to r  b in d in g  was  crucial  in hormonal  ac t iva t ion  of  adenyly l  

cyc la se .

A m ul t icom ponent  system was first suggested  by cell fusion 

experiments  (Orly and Schram m 1976, Schram m  £ i ai- 1977). The 

s t im ula t ion  of  adenylyl  cyc la se  in c a te c h o la m in e -s e n s i t i v e  cells 

was inac t ivated by N -e th y lm ale im id e  t reatment .  These  cel ls  were 

fused wi th  c a t e c h o la m in e - in s e n s i t iv e  cel ls  to r ec e c o n s t i tu te  the 

c a t e c h o l a m i n e - s e n s i t i v e  r e sponse .

The  d e m o n s t r a t i o n  that  c a t e c h o l a m i n e s ,  t h ro u g h  the  |3- 

adrenergic  receptor ,  s t imulate  GTP hydrolysis  (Cassel  and Sel inger

1976) yielded  many detai led ana lyses  of  the mechan ism  by which 

G pro te ins  e l ic i t ed  their  control  on hormona l  s ignal  t ransduc t ion 

including the fact that  G D P  dissociation serves  as the rate l imit ing 

step in ho rmona l  s ignal  t r ansduc t ion  (Cassel  and Se l inger  1978). 

In addit ion,  it was also found that  the mechanism of  cholera  toxin 

ac t ion  was  th ro u g h  the c o v a le n t  m o d i f ic a t io n  o f  the guan ine  

n u c l e o t id e  c o m p o n e n t  o f  the a d e n y ly l  c y c l a s e  s y s te m  which  

resul ted in b lockade  of  agonis t -s t imulated  G T P a se  act ivi ty  (Cassel  

and  P f e u f f e r  1978). T h e s e  o b s e r v a t i o n s  e x p l a i n e d  the 

m e c h a n i s m s  by w h i c h  c h o l e r a  tox in  p e r s i s t e n t l y  a c t i v a t e s  

adenylyl  cyc la se  (Sha rp  and Hymes  1971).

T h e  f i rs t  s ugges t ion  that  a d is t inct  G T P  b ind ing  pro tein 

exis ted in the adenylyl  cyclase  sys tem  c a m e  from studies  where



extracts  o f  ery th rocy tes  were passed over  G T P  aff inini ty  columns .  

It was found that some  o f  the GTP st imulatable  activity was lost in 

the fraction that did not  bind the co lum n (Pfeuf fer  1976).  The 

def ini t ive  d e m ons t ra t ion  o f  a GT P b in d in g  pro tein d i s t inct  f rom 

receptor  or  adenylyl  cyc lase  came after  the di scovery  o f  the e y e  

va r iant  o f  the S49  m urine  lym phom a  cel l  (Bourne  £ i  a l .  1975) . 

C om m u n ic a t io n  be tw een  the recep tor  and e ffec to r  is d is rupted in 

the eye" m ur ine  l y m p h o m a  cell line. Ade nyly l  cyclase  act ivi ty  

was res tored by the addi t ion of  wild type  S49  cells ex tracts  to 

hea t- inac t iva ted adeny ly l  cyclase  (Ross and  Gi lman  1977). The 

miss ing  com p o n e n t  of  the eye" cells was soon purif ied and shown 

to r e c o n s t i t u t e  the  r e c e p t o r / e f f e c t o r  c o m m u n i c a t i o n  and be 

r e spons ib le  for  the guan ine  nuc leo t ide  e ff ec ts  (N or thup  fil  al-  

1980) This  G protein,  named  Gs because of  its s t imulatory effect 

on adenylyl  cyc lase,  was found  to be heterotr imeric ,  cons is t ing  of  

a ,  P and y subuni ts  (Nor th up  f i i a l -  1980,  Sternweis  s i a i .  1981, 

H i ld e b r a n d t  s i a i -  1984). The a - s u b u n i t  has the GTP binding site 

w hich  has intrinsic G T Pase  act ivi ty  and is capab le  o f  s t imula t ing 

the e f f e c to r  ade ny ly l  c yc la se  (Nor th op  s i a i -  1982, Ross  1984) . 

The Py subuni ts  are t ightly associated and can be dissociated only 

u n d e r  d e n a tu r in g  c o n d i t i o n s  (H i lde b rand t  s i a i -  1984). Hence  G 

proteins  behave  as funct iona l  dimers  of  a  and Py subunits .

T h e  r e t i n a l  p h o t o t r a n s d u c t i o n  s y s t e m  r e v e a l e d  the  

i nvo lv emen t  of  G T P  as a regulatory factor  in rhodopsin  activat ion 

and  t r a n s m is s io n  o f  the vi sua l  s ignal  ( W h e e le r  and  B i tensky

1977) . T h e  ret inal G T P -b ind ing  protein,  which  has been nam ed  

t ransduc in,  is also a heterotr imeric  protein composed  o f  a , p  and y



subunits,  s imilar  to Gs,  with the a  subuni t  binding  GTP (G odchaux  

and Z im m e rm a n  1979, Kuhn 1980). The (J subunits  of  t ransduc in  

and Gs were found  to be nearly  iden t ica l  (Manning  and Gi lm an  

1983) . T he  overa l l  s t ruc ture  o f  the r et inal  p h o to t r a n sd u c t io n  

system was found to be ana logous to r eceptor -s t imula ted  adenylyl  

cyclase in that  the receptor ,  rhodopsin,  act ivates  its effector  c G M P  

phosphodies terase  via the G protein t ransducin  (Fung £ i  ai- 1981, 

Cassel  and Sel inger  1978). Al though genes encod ing several  (J 

and y subuni ts  have been cloned (S im on s i a i -  1991), it appears  

the unique characte r is t ic s  o f  the individual  G proteins are der ived  

from the a -subuni t .  Hence, often the name of  the G protein and a -  

subuni t  are used in te rchangeab ly .

Evidence for  addit ional  G protein types came  or iginal ly  f rom 

experiment s  that  ana lyzed  hormonal  inhibi t ion o f  adenylyl  cyclase  

(Rodbe l l  1986,  1987)  . These  ideas  gained  further  support  f rom 

studies  analyzing the mechan ism  o f  per tussis  toxin.  It was known 

tha t  p e r t u s s i s  v a c c i n a t i o n  s u p r e s s e d  c a t e c h o l a m i n e  i n d u c e d  

hypertens ion (Sumi and Ui 1975). Th is  act ion was loca l ized  to 

pancrea t ic  is le t  cel ls,  where  it was obse rved  that  per tussis  toxin 

inh ib i ted  012  a d r e n e r g i c  r e c e p t o r - s t i m u l a t e d  in su l in  s e c r e t i o n  

(Katada  and Ui 1977). Per tussis  toxin was  found to s t im ula te  the 

co v a le n t  add i t io n  o f  an A D P - r ib o s e  m o ie ty  to  a 40 -41 kD A  

m em brane  prote in  (K a tada  and Ui 1982) . It was  o bse rve d  that  

som a tos ta t in - induced  inh ib i t ion o f  adeny ly l  cyc lase  was  in tac t  in 

e y e  cells (Jakobs e l  a i .  1983)  and pe r tus s is  toxin d i s rup ted  this 

i n h i b i t i o n  ( H i l d e b r a n d t  s i a i -  1983). Thus ,  a G pro te in  that  

inhibi ted adenyly l  cyc la se  was  thought  to exist .  This  pro tein was
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purif ied and ca l l ed  Gi  (Bokoch £1 al . 1983, Codina  £1 al- 1983). 

Several  subs tr a te s  for  per tussis  toxin have now been i sola ted in 

the app rox im ate  size range  of  39-42 kDa:  These  include ,  three

forms of  Gi (Jones and Reed 1987), two forms of  Gt (the ret inal  

p h o to t r a nsduc t ion  G prote in ,  t ra n sduc in )  (Van D op  £1 ai .  1984) 

and two fo rms  of  Go,  an add i t iona l  per tuss is  tox in  subs t ra te  of  

very h igh a b u n d a n c y  in brain (S te rnw e is  and R o b i s h a w  1984, 

Neer £t ai- 1984). Thus ,  for some  t ime pertussis or  cholera  toxin 

sens i t iv i ty  w as  though t  to be an ind ica tor  of  h e te ro t r im e r ic  G 

prote in  i n v o lv e m e n t .

Tox in  sens i t iv i ty  is now rea l ized  not  to be an abso lu te  

d i sc r im ina to r  o f  G protein invo lvem en t ,  as m any  newly  isola ted 

species  o f  G pro te in  a - s u b u n i t s  have been found  that  are  not  

sensi t ive to cho le ra  or  per tussis  toxin mediated AD P-r ibosy la t ion  

A similari ty tree of  the a - subun i t s  by Simon £ l ai- (1991) is shown 

in Figure  1.

ao 100•040
Ammo a o d  tta n o y  (%)



Many individual  G protein species  have  been purif ied.  The 

G p ro te ins  posses s  s im i la r  a ppa ren t  m o le c u la r  w e igh ts  (39 -52  

kDa)  and contain conserved  regions in their  p r im ary  sequence ,  

i nc lud ing  h igh ly  c o n s e rv e d  guan ine  n u c l e o t id e - b in d i n g  reg ions .  

The  individual  G pro teins  serve unique funct ions  as specif ied  by

the receptor  and e ffec tor  enzym es  to which  they couple  ( Johnson

and Dhanashekaran 1989). For  example,  the four  forms o f  the Gs

p ro te in  ( w h ich  a r i se  f rom  d i f f e r e n t i a l  s p l i c in g  o f  a s ing le  

t ranscr ip t)  act iva te  adeny ly l  cyc lase.  T h e  Gs protein may also 

regu la te  Ca2+  channels  (Mattera  £ i  aL. 1988, Yatani  s i a L .  1987). Gj 

proteins  are p resum ably  capable  of  inh ib i t ing adenyly l  cyclase  as 

wel l  as ac t iva t ing  inward  rec t i fy ing  K + channe l s  (Yatani  s i  a L  

1988). The  Gt  p ro te in  is found in re t ina  and regu la te s  c G M P  

phosphod iesterase  in the t ransduct ion of  the visual signal  (Fung s i  

a l . 1981) .  The  s tud ied  funct ions  o f  the G 0 p r o te in  wi l l  be

expla ined  in detai l  below.  Brief ly,  the G o  protein appears  to be 

c a p a b l e  o f  s t i m u la t i n g  P IP 2  hydro lys i s  in X e n o p u s  o o c y te s  

( M o r i a r t y  S i a L  1990). Go  is a lso capab le  o f  inhibi t ing Ca2  + 

c h a n n e l s  in n e u r o b l a s to m a / g l io m a  ce l ls  ( H e s c h e l e r  s i a i -  1987 

1 9 9 1 ) .

Per tu ss is  tox in - sens i t ive  pa thw ays  e x i s t  fo r  s t im u la t i on  o f  

i n o s i t o l  p h o s p h o l i p i d  h y d r o l y s i s  by  p h o s p h o l i p a s e  C an d  

p h o s p h o l i p a s e  A 2 ,  opening  o f  K + channe l s ,  inhibi t ion o f  C a ^  + 

channels ,  as wel l as inhibi t ion o f  adenylyl  cyclase.  The  toxins  of  

B o r d e t e l a  p e r t u s s i s  and V i b r i o  c h o l e r a  a r e  A D P - r i b o s y l  

t ransfe rases  that  ca ta ly ze  the t ransfer  o f  A D P  r ibose  to the a -  

subuni t  o f  G proteins.  Pertussis  toxin ca ta ly zes  ADP-ribosyla t ion



of  a cys teine  in the fourth posi t ion from the ca rboxy  te rminus ,  

found in G j ’s, G 0 's and G t (West  g i  aL. 1985) . Th is  region  is 

involved in contact  with G protein coupled  receptor  (Sul l ivan e t  al .  

1987),  resu l t ing  in the observed uncoupl ing  o f  the r ecep to r  f rom 

the s ignal  t ransduc in g  system. Cho le ra  tox in  A D P  r ibsosy la tes  

Arg-201 o f  G s . Th is  a rg in ine is essen t ia l  for G T P  hydrolys is  

( B o u r n e  s i  aL.  1990) .  H ence ,  c h o le r a  t o x i n - m e d i a t e d  A D P  

r ibosy lat ion blocks G T P  hydrolysis  and locks G s in a pers is tent ly 

act ivated  s ta te (Cassel  and Sel l inger  1978).  This  resul ts  in the

obse rved  s t im ula t ion  o f  c A M P  product ion.  Even though  all G

prote in  a  subuni t s  iden t i f ied  thus far  have this con s e rv e d  Arg,  

only G s appears  to be the natural substrate  for  cholera  toxin.

S t r u c tu r e  and  F u n c t i o n

As s ta t e d  a b o v e ,  s igna l  t r a n s d u c i n g ,  h e t e r o t r i m e r i c  G 

proteins  cons is t  o f  th ree  subuni ts ,  de s ig na ted  a ,  (5 and y. The a  

subuni ts  have the abil i ty  to bind guanine  nuc leo t ides  and  contain 

an intr insic  G T P a se  (He idem an  and Bourne  1990). T h e  e ffec tor  

regulat ing activity  o f  the a  subuni t  is de te rmined  by the guanine  

nucleot ide that  is bound:  G T P  act ivates ,  whi le  G D P  inhib i ts  G

protein funct ion.  The intrinisic GTPase of  the G protein hydrolyzes  

GTP to GDP,  thereby deact iva t ing the G protein.  In the rest ing 

s tate,  G prote ins  are  found  in the hete ro tr imeric  s ta te ,  with G D P  

t ight ly  bound  to the a  subuni t .  H o r m o n a l  o c c u p a n c y  o f  the  

receptor  s t imula tes  G D P  dissociat ion and G T P  binding,  p rom ot ing  

the d i ssoc ia t io n  of  the Py subuni ts  f rom the ac t iva ted  a - G T P  

subunit .  It is this form o f  the a  subuni t  that  s t im u la te s  e f fec to r



enzymes .  The  G T P  l iganded  a  subuni t  d i rec t ly  r e g u la te s  the 

ac t iv i ty  of  a d e n y l y l  c y c l a s e  ( N o r t h u p  £ 1  a l .  1 9 8 3 ) ,  c G M P  

phosp h o d ie s t e r a s e  (Fung  £ i  al- 1981), K + channels  ( C od ina  £ i  al-

1987) and Ca2+ channels  (Matte ra  £ l  ai- 1988) and phospho l ipase  

C (Moriar ty  £1 ai-  1990, Sm rcka  £1 aL- 1991, Taylo r  £1 aL- 1991) 

Subsequent  hydrolysis  o f  the bound GTP to GDP al lows a  subuni t  

rea ssoc ia t ion  wi th  the Py subuni t s  and a return to the rest ing  

state.  Thus  the d y na m ic s  o f  G pro te in  ac t iva t ion  invo lve  a 

c o n fo r m a t io n a l  c h a n g e  in the a - s u b u n i t  w h e r e u p o n  G D P  is 

released and G T P  binding,  thereby  promoting its in te rac t ion  with 

the effector enzyme.  Hydrolysis  res is tant  analogs o f  G T P  activate

G proteins  pers is tent ly  since they trap the a - s u b u n i t  in the active 

s ta te  and  have  been used  e x p e r im e n ta l l y  to e n h a n c e  e f f e c to r  

enzyme s t imula t ion (Londos  £ i a L  1974). The G protein a  subuni t  

main ta ins  an inac t ive  s ta te by assoc ia t ing  with py  subuni ts .  In 

fact, addit ion o f  an excess  of  Py subuni ts  is general ly  su ff ic ient  to 

inhibit  c o m m u n ic a t io n  be tween  recep to r  and effec tor ,  p resum ab ly  

by shif ting the equi l ibr ium towards an inactive s tate (Ka tada  £ l  al- 

1984,  M o r i a r t y  £1  a i -  1989) .  T h e  dy n a m ic s  o f  G p ro te in  

act ivatation are shown in F i g u r e  2.

GOP

GTP
Inactive s t a t e

Nucieotiae
Exchange



The m echan ism  o f  G - a  protein funct ion make  the protein a 

l ikely c a n d id a te  for  m u ta t ions  that  could  r ende r  it pe rs i s ten t ly  

active. As descr ibed in detail  below,  specific point  mutat ions may 

inhibi t the GTPase  funct ion of  the a  subuni t ,  thereby  locking the

protein in a pers i s tent ly  act ive state. Similar ly ,  o the r  muta t ions

have been def ined that  in ter fere  with the funct ion  o f  the G - a

protein:  The  G ly 2 2 6 A la  muta t ion  in the G s - a  sub u n i t  inh ib i ts

subuni t  d issociat ion  and prevents  GTP activat ion of  the Gs p r o t e i n  

(Mil le r  £1 al-  1988). Ano the r  interest ing muta t ion  was  isolated 

from a S49  cell  var i an t  that was  not  capab le  o f  i sopro te reno l  

s t imulated  adenylyl  cyc la se  act ivi ty  (Haga  £1 al- 1977). This cell 

line con ta ins  a mutant  G s - a  subuni t  with a A r g 3 8 9 P ro  muta t ion  

(Sul l ivan e l  al- 1987). Th is  mutat ion uncouples  the G protein from 

the receptor .  This  site is near  ( - 6  posit ion)  the carboxy  terminus 

of  the G protein a  subunit .  The  mapping  of  the per tussis  toxin 

ADP r ibosylat ion  site to a cysteine near  (-4 posi t ion)  the carboxy 

t e rm inus  ( W e s t  e l  al -  1985) , as well  as the obse rva t ion  that  a

synthe t ic  d e c ap e p t id e  c o r r e s p o n d in g  to the ca rboxy  te rm in us  of  

a - t r a n s d u c in  b locks  recep to r  inte rac t ion (Cerione  £ i a l -  1987) has 

led to the hypothesis that  the a  subuni t  ca rboxy terminal  region is 

involved in G pro te in /recepto r  contact.  Further  ev idence  for  this 

h y p o th e s i s  c o m e s  f rom  the r e t ina l  sys tem  w h e r e  a r r e s t in ,  a

pro tein w h ich  b inds  to phosp h o ry l a te d  rhodops in  and  c o m p e te s

with t ransducin  for  b inding ,  conta ins  a s imilar  sequence  to the a

subuni t  ca rboxy  te rminus  (W is to w £ i  aL- 1986).



G T P a s e  A c t iv i ty

The G proteins now appear  to be a m em ber  of  a large family 

o f  proteins  di sp lay ing  GTPase  activity (Bourne  £ 1  a i .  1991). The

GTPase  family can be broadly character ized into two famil ies:  the

G proteins ,  consis t ing of  heterotr imeric  s t ructure with 38-  52 kDa

a  subuni t s ;  and the small  molecular  we ight  G T P a se s ,  w h ich  are 

m o n o m e r ic  in s t ruc tu re  and possess  a m o le c u la r  w e ig h t  20-25  

kDa. These  small molecular  weight  GTPases cons is t  o f  a variety of  

p ro te ins  which  o rches t ra te  a var ie ty  o f  ce l lu la r  funct ions:  the

e longa t ion  and ini t ia t ion factors,  which funct ion as a regu la to ry  

m echan ism  in protein synthesis;  the Sec and Y p t l  proteins ,  which 

func t ion in in tr ace l lu la r  ves icular  t ransport ;  the rho  pro te ins ,  the

rap  p rote ins  and the A R F  proteins ,  which  se rve  as co fac to r s  in 

c ho le ra  toxin med ia ted  ADP r ibosy lat ion (Kahn  1990).  The  r a s  

gene,  which  was o r ig ina l ly  isolated from ret roviral ly  i nduced  rat 

s a rcom as  and subsequen t ly  found  in hum an  b ladder ,  co lon  and 

panc rea t i c  c a rc inom a s ,  con ta ins  a po in t  m u ta t ion  that  a l te rs  the 

funct ion o f  its pro tein  product .  The p21ras  p ro te in  con ta in s  an 

intr insic GTPase and alternates between an act ive G T P  bound form 

and an inact ive G D P  bound form (Barbacid 1987).

T h e  e l o n g a t i o n  f a c t o r  E F -T u  and  p 2 1 r a s  h a v e  been  

c rys ta l l ized and their  crystal  s tructure  solved.  These  p ro te ins  as 

well  as the a - s u b u n i t s  o f  othe r  G proteins d isplay regions  o f  high 

s im i la r i t y  in the o v e ra l l  t opo lo g y  o f  the g u a n in e  n u c l e o t id e  

b ind ing  dom ain .  S e q u e n c e  a l ignm e n t  o f  the  va r ious  G T P a s e s  

al lows for  the v isual iza t ion o f  the s imilar i t ies  a m ong  G T P a se s  in



four  s epera te  d o m a in s :  as  de duc ed  f rom the c ry s t a l l o g ra p h ic

s tructure  of  p21ras ,  the G1 (A.A.  10-17)  region is a loop where  

b in d in g  o f  the G D P  a  and P p h o s p h a te s  occur .  T h e  th ree  

dimensional  shape o f  this region does not  vary in the G T P  or  G D P 

bound form of  p21ras .  In contrast ,  the G2  (A.A.  32-40)  region of  

p21ras  does change  conformat ion  when G T P  is bound rather  than 

G D P. Th i s  r eg ion  c o n ta in s  the site o f  Mg2 + bind ing .  Th is  

m a g n e s i u m  ion ,  w h i c h  is n e c e s s a ry  fo r  G T P  h y d r o l y s i s ,  is 

coordinated  with the P and y  phosphates o f  GTP.  The G3 (A.A.  53- 

62) region is high ly conserved  between  GTPases .  In this region ,  

hydrogen  bonding  to the y  phosphate  o f  G T P  occurs ,  which is a 

c a t a ly t i c  p r e r e q u i s i t e  to h y d r o ly s i s .  T h i s  G3 r e g i o n  a l so  

d r a m a t i c a l l y  c h a n g e s  c o n fo r m a t io n  w h e n  G T P  ve rsus  G D P  is 

bound .  The  G4  (A .A .  112-119)  r eg ion is a lso  r e spons ib le  for  

ca ta ly s i s ,  fo rm ing  h y d ro g en  bonds  with the guan in e  r ing.  One  

im por ta n t  res idue  de f ined  in p21ras  is Glu61 o f  the G3 reg ion .  

The  ca rbamoyl  oxyge n  o f  this res idue ac t ivates  a water  m olecu le  

(arbi t ra r i ly  te rmed  W a t-175 ) ,  which acts  as  a nuc leoph i le  in the 

hydro lys is  o f  GTP.  H ence  rep lacement  o f  this  glu tamine  re s idue  

will p robab ly  inac t iva te  the  GT Pase  funct ion wi thou t  a l t e r ing  the 

prote ins  abi li ty  to b ind G T P  or be convert ed  into the act ive  state. 

A compar ison  of  G - a  and p21 ras is shown in F i g u r e  3.
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The GT Pase  funct ion of  the G protein may act  as  a t iming 

mechan ism and thus different  G proteins  may regulate  effectors  in 

a different  t emporal  fashion. Unlike  the intrinsic GT Pase  activity 

in G protein a  subun i t s ,  the  smal l  m o le c u la r  w e ig h t  G T P a se s  

con t ro l  the i r  G T P a s e  by a s so c i a t i o n  wi th  G T P a s e - a c t iv a t in g  

proteins  (GAPs) .

The Go P r o t e i n

G 0  was or iginal ly  purif ied in a t tempts  to purify Gi  pro tein  

from bov ine  brain (S te rnw e is  and  R ob i shaw  1984, N e e r  £ i  al- 

1984). The  p rocedu re  des igned  for  isolat ing the per tuss is  toxin 

substrate  f rom  o the r  t is sues  ( cho la te  ex tract ion ,  hnion e x c h an g e



was fu r the r  r e so lved  f rom Gi by FPL C us ing  an ion  exchange  

c h r o m a t o g r a p h y  ( K a t a d a  £ i  al-  1986). The py s u b u n i t s  pu r i f i e d  

from G 0  were found to be func t iona l ly  ident ical to py from Gj 

(Ste rnweis  and R ob i shaw  1984).

A t t e m p ts  at r a i s in g  a n t ib o d ie s  to the Go  p ro te in  were  

t roubled by the s imila r i ty  of  the Go  protein to Gj .  Ant ibod ie s  

ra ised  aga in s t  the h o ! o -G 0  pro tein  did not  c ross - reac t  with Gj 

( G i e r s c h i k  £1 al- 1986a ) ,  h o w e v e r ,  an t ibod ie s  aga in s t  the a o  

subunit  cross  reacted with a ;  (Huf f  £ i  ai- 1985, Katada £ i  al- 1987, 

M um by  e l  al- 1986). Antisera  raised to a pept ide specific to the 

a 0  subun i t  ( N L K E D G 1 S A A K D V K )  did not  c ross  reac t  with Gj 

( M u m b y  £1 al- 1986). The G 0 - a  subuni t  is a m a jo r  pro tein 

accoun t ing  for  ap p ro x im a te ly  1 % of m em b ran e  p ro te ins  in the 

central  nervous  system (Huf f  £i al- 1985, Gierschik £l al- 1986b) .  

The G 0 -cc p rote in  a ppear s  to be he te rogeneous ly  d i s t r ib u ted  in 

brain t issue and thus m ay  accoun t  for even a higher  percentage  of  

m em brane  protein in som e  central  nervous system structures .  Go 

appears  to be m ore  abu n d a n t  in cor tex,  tha lamus,  hypo tha lam us  

and c e re b e l lu m  and o f  lower  abundance  in the m ed u l l a ry  and 

pons  reg ions  (G ie r sc h ik  £ ia l-  1986b, Asano £ l al- 1987). G o - a  

i m m u n o r e a c t i v i t y  is o b s e r v e r d  in bra in  t i s s u e  f r o m  m a n y  

di ffe ren t  spec ies  inc lud in g  hum an ,  pig, rat ,  ch icken,  f rog,  snail ,  

l o c u s t  ( H o m b u r g e r  £1 al- 1987) .  It appear s  to be the only 

pe r tuss is  tox in  su b s t r a t e  in i nver t eb ra te  neu ra l  t i s sue  (Harr i s -  

W arr ick  £1 al- 1988). G o  imm unoreac t i v i t y  was also obse rved  in 

pe r ipheral  neu rona l  t i s sue  inc lud ing  spinal cord  (G ie r sch ik  £tal- 

1986b, sciat ic  nerve ( H o m b u rg e r  £ i  al- 1987) and adrena l  medul la



periphe ra l  neurona l  t issue  including  spinal co rd  (Giersch ik d a l -  

1986b,  sciatic nerve  (H om burge r  c l  al- 1987) and adrenal medul la  

and t rachea (M um by  d a l -  1986, Toutant  c l  al- 1987). Other  non-  

neurona i  sites of  G o  i m m u n o re a c t iv i t y  have  been  o bse rve d  in 

a n t e r io r  p i tu i t a r y  ( H o m b u r g e r  c l  a l -  1987) ,  hea r t  and  k idney  

medul la  (H uf f  c l  al- 1985)  and ol fac tory neu roep i the l ium  (Anhol t  

Cl al- 1987). The  high abundance  o f  G 0  p ro te in  in neurons  may 

confuse  f indings o f  per ipheral  dist r ibut ion o f  G 0  im m u n o re a c t iv i t y  

b e c au s e  r e g io n a l  i n n e r v a t i o n  m ay  be c o - p u r i f i e d .  T h i s  is 

s u g g e s t e d  by s t u d i e s  w h e r e  it  was  o b s e r v e d  tha t  G o - a  

i m m u n o r e a c t i v i t y  i n c r e a s e d  d u r i n g  c a r d i a c  p a r a s y m p a t h e t i c  

innerva t ion de ve lopm en t  (Luet je  c l a l -  1987, Liang c l  aL- 1986).

Cloning of  a partial  G 0 - a  was carried out  f rom brain (Itoh e l  

a l -  1986) .  S e q u e n c e  in fo rm a t ion  was  g e n e ra te d  from tryp t ic  

d e g ra d a t io n  o f  the  pu r i f ied  G o - a  and a full length c lone  was  

isolated from rat olfactory neuroep i thel ium (Jones and Reed 1987)  

and bovine ret ina (Van Meurs  d a l -  1987). The clones displayed a 

high homology  with G i - a  (82%) ,  76% homology with t ransduc in -a  

and 50% homology  with G s - a .  The highly conserved regions have 

been m apped  as the regions  of  GTP binding and hydrolysis  (Dever  

C l a l -  1987). In addi t ion,  two immunolog ical ly  dis t inct  forms of  

the G 0  protein have been isolated (Goldsmith d a l -  1989, Padrell  c l  

al- 1991). These  proteins  display s imilar G D P  release and GTPys  

bind ing rates,  a l though  the two species  possess  di ff e ren t  GTPyS 

binding kinet ics  in the absence  o f  M g^+.



M u l t i p l e  F o r m s  o f  G 0

The func t ion  o f  G 0  p ro te in  has been  d i f f icu l t  to  de f ine .  

Recons t i tut ion  expe r im en t s  have dem ons t ra ted  that  G 0  can c oup le  

to m uscar in ic  r ecep to r s  (K urose  s l a i -  1986) and a 2 - a d r e n e r g i c  

receptor s  (Cerione  s i  ai- 1986). G 0  was capab le  o f  reconst i tu t ing  

c o u p l i n g  o f  F - m e t - l e u - p h e  r e c e p to r s  and  p h o s p h o l i p a s e  C 

a c t iv a t io n  (K i k u c h i  s l a i -  1986) in H L -60  ce l l s ,  a l t hough  G 0  

im m unore a c t iv i ty  w a s  not  found in these  cel ls .  A l though  the 

above  interact ions  were  a lso  reported for  Gi p ro te in s ,  it  a ppear s  

that  G 0  is not  part  of  an adenylyl  cyclase inh ibi tory pa thw ay  in 

e y e - m e m b r a n e s  ( R o o f  s l a i -  1985)  or  pur if ied  a s - a c t i v a t e d  

adenylyl  cyc la se  ( K a ta d a  s i  ai- 1986). In n e u ro b la s to m a /g l io m a  

hybr id  ce l l s ,  G 0  has  been  repor ted to inhib i t  C a 2  + c h a n n e l s  

( H e s c h e l e r  s l a i -  1987,  Har r i s -W ar r i ck  s i  ai- 1988,  Kleuss  s i  ai- 

1991), though it is as yet uncertain whether  this is a direct  effect.  

Finally ,  it has been shown that G 0  can re c o n s t i t u te  m u s c a r in i c  

s t im ula t ion  o f  p h o s p h o l i p a s e  C in X e n o p u s  ooc y te s  and  that  

a c t i v a t e d  G 0 - a  sub u n i t  s t im u la te s  ooc y te  p h o s p h o l i p a s e  C as 

assessed by the C a 2+ dependen t  C l '  current  in X e n o p u s  oocy te s .  

(Moriar ty  s l a i -  1990).

T o x i n - I n s e n s i t i v e  G P r o t e i n s  T h a t  S t i m u l a t e  

P h o s p h o l i p a s e  C



Recent ly ,  it has  been demonst rated  that the G protein family  

is much larger  than expected.  Many new fami l ies  of  G pro teins  

have been cloned  (S tr a thmann  and Simon 1990) including  a c lass  

o f  pertussis toxin insensi t ive group known as the Gq family.  This  

new class  o f  G pro teins  was thought  to be involved in per tussis -  

toxin in sens i t ive  r e gu la t ion  o f  phospho l ipa se  C, a func t ion  for  

which no o ther  k now n  G proteins  had been designa ted .  The  Gq 

protein was purif ied from bovine l iver  (Taylor  al- 1990) and rat 

b ra in  ( P a n g  an d  S t e r n w e i s  1990)  w as  fo u n d  to s t i m u l a t e  

phosphol ipase  C ( T a y lo r  s l a i -  1990, Taylor  s i  al- 1991). The  Gq 

protein was subseq u e n t ly  found to s t imula te  the p i  i so z y m e  of  

the phosphol ipase  C enzyme (Taylor  and Exton 1991, Tay lor  s i  al- 

1 9 9 1 ) .

G p r o t e i n s  a n d  P h o s p h a t i d y l i n o s i t o l  H y d r o l y s i s

T h e  f i r s t  i n d i c a t i o n s  tha t  r e c e p to r  m e d i a t e d  G p r o t e i n  

r egu la te d  s ig n a l l i n g  sy s te m s  ex is ted  in d e p e n d e n t ly  o f  a d e n y ly l  

c y c la s e  a c t i v a t i o n  c a m e  f r o m  the  o b s e r v a t i o n s  tha t  G T P y S  

s t im u la ted  h i s t a m in e  re l e a se  i n d epe nde n t ly  o f  c A M P  ( G o m p e r t s  

1983). Further,  GTPyS st imulated  serotonin release from plate le ts  

independen t ly  of  c A M P  and this re lease was  blocked  by G D P p S  

( H a s la m  and  D a v i d s o n  1984) .  The  e x i s t e n c e  o f  G p r o t e i n s  

r e g u l a t i n g  p h o s p h o l i p i d  h y d r o ly s i s  c a m e  f ro m  s tu d i e s  w h e r e  

G p p(N H )p ,  bu t  no t  G T P  or  A T P ,  s t im u la ted  inosi tol  p h o s p h a te  

product ion in b lowf ly  sal ivary t issue (Li tosch £ ia i -  1985). GTPyS 

was  later shown to regu la te  inosi tol  phosphol ip id  hydro lys i s  in a 

var ie ty  o f  t issue wh i le  G D P p S  b locked  this  e ffec t  ( r e v i ew e d  in



DeV ivo  and G e r shengo rn ,  1988). Horm ona l  ac t iva t ion  o f  m any  

types of  receptor s  leads to PIP2 hydro lys is  [(e.g. a l  a d re n e r g ic  

(Evans  £ i  aL  1985), M 2 m uscar in ic  (Pu tney  1986), 5 H T i c and 

5 H T 2  s e ro tonerg ic  (L i tosch  £ 1  a i .  1985), ang io tens in ,  t achyk in ins  

(Vincent i  and  Vil lereal  1984)]. Many of  these  r eceptors  di splay 

g u a n i n e  n u c l e o t i d e - d e p e n d e n t  P I P 2  h y d r o l y s i s  ( P o u y s s e g u i r  

1990, Cockcroft  and Gomperts  1985). Thus ,  it is possible  that  a G 

protein m ay  be respons ib le  for coup l ing  receptor  act ivat ion to at 

least one form of  the phosphol ipase C enzyme.

M any  m i togen ic  ho rm one s  have  been found  to s t im u la te  

inosi tol  p h o s p h o l ip id  h y d ro ly s i s  and spec i f ica l ly  h y d r o ly s i s  of  

phosp h a ty d y l in o s i to l  b i sphospha te  ( P I P 2 ) (Hokin  and Hokin  1957) 

Th i s  h y d r o ly s i s  y i e ld s  two  i n t r a c e l lu l a r  s e c o n d  m e s s e n g e r s ,  

inosi tol  t r i sphospha te  ( IP 3 ) and diacylglycerol  (DAG).  IP 3  binds to 

i n t race l lu la r  r ecep to r s  on the e n d o p la s m ic  r e t i cu lum ,  p ro m o t in g  

the r e lease  o f  in t r ace l lu la r  ca lc iu m  (Ber r idge  and  I rv ine  1984) . 

D A G ac t ivates  a cy to p lasmic  pro tein kinase  with se r ine / threonine  

k inase  ac t iv i ty ,  d e s ig n a t e d  p ro te in  k inase  C (N i sh i z u k a  1984) .  

P h ospho l ipa se  C is the e n z y m e  that  ca ta lyzes  the hydro lys i s  of  

P I P 2  (Rebechi  and Rosen 1987, Wilson s i a L  1985) . This enzyme 

has been  found  to e x i s t  in severa l  forms ,  s u g g e s t ing  va r ious  

m odes  o f  regu la t ion  (R hee  s l a i -  1989).  There  are forms o f  the 

p h o s p h o l i p a s e  C c la s s  o f  e n z y m e s  that  a re  spe c i f ic  f o r  the 

h y d r o ly s i s  o f  p h o s p h o in o s i t i d e s ,  a l t h o u g h  p h o s p h a t y d y l g l y c e r o l  

has been shown to be a poor  subs tra te  for  the enzym e  (H ofm ann  

and M aje rus  1982) . Hydro lyzed  inositol  phospha tes  are recyc led  

in the cell  cy to p la s m  to re form P I P 2 . Li thium, w h ich  is used



cl inically for  its an t i -manic  effects ,  blocks this recyc l ing pa thway,  

suggest ing that  c linical  mania  may correlate  with a disfunc t ion in 

the p h o s p h o in o s i t i d e  s ig n a l l i n g  s y s te m  ( G o o d m a n  and  G i lm a n  

1991). Purif ied phosphol ipase  C enzyme has been found to exist  

in many forms,  with mult ip le  sub types  being purif ied  f rom the 

same tissue. Although there are many types,  the phosphol ipases  C 

can  be c a t e g o r i z e d  in to  th ree  types :  p h o s p h o l i p a s e  C - a ,

p h o s p h o l ip a s e  C-P,  which is the presumable effector for G protein 

a c t iva t ion ,  and p h o s p h o l i p a s e  C-y which  is phosp h o ry l a te d  by 

tyrosine kinase receptors .  There  also appears  to ex is t  o ther  forms 

of  the phosphol ipase C enzyme,  phosphol ipase C - 8 , phospho l ipase  

C - e ,  as wel l  as m u l t ip le  sub - types  o f  the ph o s p h o l ip a s e  C-p  

enz ym e  (R hee  £ l  a l-  1989). Whether  the action o f  all tyrosine 

kinase receptors  is carr ied out  by phosphol ipase C-y remains to be 

d e t e r m i n e d ,  a l t h o u g h  r e c e p t o r  b i n d i n g  o f  P D G F  p r o m o t e s  

a ssoc ia t ion  with the p h o s p h o l ip a s e  C-y enz ym e  (K um j ian  feia l-  

1989).  F u r th e r m o r e ,  in -v i t ro  a s sa ys  have  d e m o n s t r a t e d  that  

p h o s p h o ry l a t i o n  o f  this  e n z y m e  by ty ro s ine  k inase  r e c e p to r s  

increases  the cataly t i c  ac t ivi ty  o f  the phosphol ipase  C-y e n z y m e  

(Nishibe  £ i a l -  1990). Tyros ine  kinase receptor  activat ion o f  DNA 

synthesis  does  not,  however ,  requ ire  act ivat ion of  phosphol ipase  C 

(Hill a l a i -  1990). A schematic  d iag ram of  the receptor  mediated 

ac t iv a t io n  o f  p h o s p h o l i p i d  h y d r o ly s i s  and  s u b s e q u e n t  p r o te in  

kinase C stimulation is shown in F i g u r e  4.
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P r o t e i n  K in a s e  C: An I n t r a c e l l u l a r  S e r - T h r  K i n a s e

Invo lved  In Cel l  G r o w th  S ignals .

Protein kinase C is a so luble  ser ine / th reonine  kinase that is 

ac t iva ted  and t rans loca ted  to the p la sm a  m e m b r a n e  by ca lc ium  

and  d i a c y l g l y c e r o l  ( N i s h i z u k a  1984) .  I n t r a c e l l u l a r  c a l c i u m  

c o n c e n t r a t i o n s  a re  t y p i c a l l y  m a i n t a i n e d  at s u b - m i c r o m o l a r  

c o n c e n t r a t i o n s  by s o d iu m / c a l c i u m  e x c h a n g e  ac ros s  the  p l a s m a  

m e m b r a n e  (Carafol i  and  Zurin i  1982) . A ddi t iona l ly ,  c a lc iu m  is 

s tored in intracel lular vesicles  where  it is re leased in response  to 

ho rmona l ly  induced  p roduct ion  o f  inosi tol  t r i sphosphate ,  as  s ta ted 

above (Spa t  £ i a i -  1986).  This  calc ium release is t ransient  as free



calc ium is qu ickly  seques te red  or pum ped  out  o f  the cell .  The 

d i a c y l g l y c e r o l  p r o d u c e d  by P I P 2  m e t a b o l i s m  is q u i c k l y  

reconver ted  to inosi tol  phosphol ip id  by m eans  of  conve rs ion  to 

ph o sp h a t id ic  ac id.  P hospha t id ic  ac id  is c o n v e r t e d  to  C D P -  

diacylglycero l  and inosi tol  is added to fo rm phosphatydyl  inosi tol  

(Majerus  1986). Thus ,  hormonal  s t imulat ion of  protein kinase C 

by means  of enzym at ic  p roduct ion o f  inosi tol  t r i sphospha te  and 

diacylglycerol  is t ransient ,  as these ac t ivat ing factors are qu ick ly  

m e t a b o l i z e d .

Expe r im en t s  which  descr ibe  the mult is tep  causa t ion  of  the 

mal ignan t  s ta te have dem ons t ra ted  that when small  a m oun ts  of  

carc inogens  are painted on mouse skin,  mutat ions are ini t iated but  

cancers  do  not  fo rm .  A dd i t iona l ly ,  the m ouse  skin m us t  be 

t reated with a tum or  promoter .  These agents ,  while not  inducing  

m a l i g n a n t  t r a n s f o r m a t i o n  or  g r o w t h  by t h e m s e l v e s ,  ac t  in 

conjunc t ion with o ther  pr imary  s ignals to induce  t rans formation.

T he  t u m o r  p r o m o t i n g  p h o rbo l  e s t e r s  s t i m u la t e  p r o te i n  

kinase C (Cas tagna  £1 al- 1982). The activat ion of  protein kinase C 

appears  to be su ff ic ient  to promote  cell  cycle  progression.  Long  

term act ivat ion o f  pro tein kinase  C can be achieved by pe rm ean t  

phorbol  es te rs .  T h e s e  agents  mim ic  the secondary  s t ruc tu re  of  

diacylglycerol  in ac t ivat ing the protein kinase C enzyme (Parker  s i  

al. 1984). The  phorbo l  es te rs  are k now n  as tu mor  p ro m o te r s  

b e c a u s e  o f  t h e i r  t u m o r  p r o m o t i n g  e f f e c t s  on  in t a c t  c e l l s  

(B e re nb lum  and Shub ik  1947). Since  phorbo l  es ters  s t im u la te  

protein kinase C activity,  and s ince protein kinase C is presumably  

act ivated by m any  horm one  s ignal ling pa thways,  it would  appear



tha t  the re  s h o u ld  be u n r e g u l a t e d  p r o l i f e r a t i o n  i n d u c e d  in 

response  to these hormones .  How ever ,  a feedback  p a thw a y  has 

b e e n  c h a r a c t e r i z e d  in w h i c h  a c t i v a t e d  p r o t e i n  k i n a s e  C 

phosphory la te s  recep to rs ,  d ow n  regu la t ing  their  ac t iv i ty  (C orvera  

and G a rc ia -S a in z  1984, L e e b -L u n d b e r g  s l a i -  1985). Therefore ,  

act ivat ion o f  prote in  kinase  C by ho rm one  receptor s  in duces  a 

s u b s e q u e n t  loss  o f  h o r m o n e  r e s p o n s i v e n e s s .  A d d i t i o n a l l y ,  

activat ion o f  protein kinase  C by phorbol  es ters leads to a rapid 

down regulation o f  protein kinase C activity,  due to proteolysis  of  

the enzym e  (W ickrem as inghe  s l a i -  1985).

Although many subs tra tes  for the protein kinase  C enzym e  

have been cha rac te r ized in vi tro , no specif ic  regulatory  pa thways  

related to growth  have been eluc idated that are contro l led by the 

protein k inase  C e n z y m e .  T h e  e n z y m e  is inh ibi ted  by a self  

c o n ta in e d  p s e u d o s u b s t r a t e  r eg io n  w h ic h  has  been  m a p p e d  to 

amino acids  19 through 36 (House  and Kem p 1989). A synthet ic  

peptide to this sequence  is an excel len t  substrate  for  the enzyme.  

S u b s t i t u t i o n  o f  a l a n in e  for  the p h o s p h o r y l a t e d  se r ine  o f  the

pseudosubs tra te  pept ide  crea tes  an inh ibi tor  of  the enzyme.  An

a n t ibody  to  the  p s e u d o s u b s t r a t e  p e p t i d e  ac t i v a t e s  the p ro te in

k inase  C e n z y m e  ( M a k o w s k e  and R o s e n  1989) ,  p r e s u m a b ly  by 

prevent ing the pseudosubs t ra te  region from binding to the ac t ive 

site of  the e nzym e .  Thus  prote in  k inase  C ac t iva t ion  can be 

e x p e r i m e n t a l l y  d e t e r m i n e d  u s in g  the  s e r in e  p s e u d o s u b s t r a t e  

pept ide while  specif ic  inhibi t ion can be achieved with the alanine 

pseudosubs t ra te  pept ide .  Severa l  d i ff e ren t  fo rm s  o f  the  pro tein

k inase  C e n z y m e  have  been c loned  (N ish izuka  1988) , inc lud in g



two dis tinct types in X e n o p u s  Laevis oocytes  (Chen et al. 1989). 

Both the oocyte  isozymes  contain the pseudosubs t ra te  sequence.

X e n o p u s  O o c y t e  A n d  G r o w t h  R e g u l a t i o n

The  X e n o p u s  oocyte  has e m erged  as a model  sys tem for 

t e s t ing  s u b s ta n c e s  that  p r o m o te  ce l l u la r  g ro w th  ( r e v i e w e d  by 

Smith,  1989). Fully grown amphib ian  oocytes  are growth  arrested 

in the late G2  phase pr ior  to meiosis  I. These cells must  progress 

to the second  meiot ic  m e ta p h as e  for  fer t i l iza t ion by spe rm  to 

proceed.  For  the maturat ion event  to occur ,  in vivo,  gonadotropic  

re l e a s in g  h o r m o n e  s t im u la te s  the r e lease  o f  p r o g e s t e ro n e  from 

ovari an  fol l icu lar  cells.  Th is  p roges te rone  direct ly  s t imula tes  the 

maturat ion  o f  the oocyte ,  caus ing  the oocyte  nuc lear  m em brane  to 

breakdown.  Th is  a l lows for  migrat ion o f  the nuc lear  content s  to 

the animal  pole o f  the oocyte  as shown in F i g u r e  5.

Garmlnal V atc lc l#

Propria** of n a io t l t  I Motephe** A rra s l In n a lo s ls l l

Com platlon or M aloti* < 
‘GVBO*



This  migrat ion  di sp laces  pigment  on the oocy te  surface causing  a 

white  spot  to form in the darkly p igm en ted  an imal  pole.  Th is  

w h i te  spot  f o rm a t ion  is a r ead i ly  d i sc e r n a b le  fea tu re  o f  the

m atu re  oocy te  and has  been termed germinal  vesic le  b reakdow n 

(G V B D )  (Dum ont  1972) . Surgically removed oocytes  can undergo 

the m a tu r a t io n  p roces s  by app l i ca t ion  o f  p r o g e s t e ro n e  to the 

c u l tu re  bath (M a i le r  and  Krebs 1977) . M atu ra t ion  is typ ica l ly  

observed  to occur  abou t  6  to 18 hours  after  progesterone addi tion.

In a dd i t ion  to the e a se  with wh ich  g r o w th  con tro l  can be

m easured ,  the X e n o p u s  oocyte  is ex tremely  useful  because of  its 

large size. X e n o p u s  oocy tes  are routinely used for  mic roinject ion 

s tud ies .  T hus  the g rowth  promot ing  e ffec ts  o f  var ious ce l lu la r  

e n t i t i e s  can be d i r e c t l y  m ea s u red  by m ic r o in j e c t io n  into  the 

oocyte  by assaying for  oocyte  maturat ion.

T h e re  are  m a n y  d i f f e r e n t  a g e n t s  th a t  s t im u la te  o o c y te  

m a tu r a t io n  ( re v iew e d  in Sm ith ,  1989) .  T h i s  has  led to  the 

hypothes i s  that  oocy tes  m ay  conta in  separa te  pa th w ays  by which 

g ro w th  r e sum pt ion  can  be s t im u la ted .  P h o rb o l  es te rs  i nduce  

o o c y te  m a tu r a t io n  ( S t i th  and  M a i l e r  1987)  s u g g e s t ing  that

ac t iva t ion  o f  the p ro te in  k inase  C pa th w ay  m ay  play a role in 

oo c y te  m atu ra t ion  indu c t io n .  M ic r o in je c t ion  o f  the ca ta ly t ic  

f ragm ent  of  the protein kinase C enzyme induces  germinal  vesicle 

m ig r a t i o n ,  h o w e v e r  d i s o l u t io n  of  the  v e s ic l e  doe s  not  o c c u r  

( M u r a m a t s u  s i  aL. 1989) .  Phorbo l  es te r  in duced  maturat ion  is 

inh ib i ted  by fo rsko l in ,  exo g e n o u s  c A M P  or  3 - i s o b u t y l - l - m e t h y l -  

xan th ine  ( IB M X ,  a c A M P  p hosphod ie s te r a se  inh ib i to r )  in R a n a  

p i p i e n s  oocytes .  Seve ra l  differen t  oncogene  products  have been



sh o w n  to s t im u la te  ooc y te  m a t u r a t i o n ,  i n c lu d in g  the  p 2 1 ras 

p r o te in  ( B i r c h m e i e r  e l  i L .  1985) ,  t runca ted  fo rms  o f  the E G F 

recep to r  (O presko  and W iley  1990)  and p 3 9 m o s  (Saga ta  e t  a l .

1988). Other  oncogenes  either fail to induce oocyte maturat ion,  as 

in the case of  src  k inase (Spivack £ 1  aL. 1984). Injection of  protein 

k inase  C po ten t ia t e s  the e f f e c t  o f  p 2 1 ras  i nduced  m atu ra t ion  

(Kamata and Kung 1990).

Th e  Mos  Protein and O ocyte  M atu ra t ion

P ro g e s t e ro n e  i n d u ce d  oo c y te  m a t u r a t i o n  r e q u i r e s  p ro te in  

s y n th e s i s ,  as d e m o n s t r a t e d  by c y c l o h e x i m i d e  i n h i b i t i o n  of  

p roges te rone  induced  oocyte  m atu ra t io n  (W a s s e rm a n  and  Masui  

1975). Kinetic ana lys is  o f  cyc lohe x im ide  t rea tment  has  a l lowed 

the iden t i f ica t ion and charac te r iza t ion  o f  a specif ical ly  t rans lated 

and phosphory la ted  pro tein from matur ing  oocytes .  Th is  protein 

has been found to be the ce l lu lar  hom olo g  o f  the viral ( v - m o s ) 

o n c o g e n e  p r o d u c t  ( S a g a t a  £1 aL.  1989a) .  Th is  o n c o g e n e  is 

ove rexpressed  in ce l lu la r  t rans fo rm at ion  by the M oloney  Murine  

Sa rcoma Virus.  Microinject ion o f  an t isense ol igonucleot ides  to the 

c - m o s  t ranscr ipt  inhibi t  p roges te rone  induced  matu rat ion  (Sagata  

e i a L  1989b). Immature  X e n o p u s  oocytes  contain a large amount  

of  the m o s  m R N A  species  which  is t ransla ted  upon p roges te rone  

t r e a t m e n t  ( S a g a t a  £ 1  aL.  1988) .  T h i s  t r a n s la t io n a l  c o n t r o l  

m e c h a n i s m  is s p e c i f i c  fo r  m e io t i c  m a t u r a t i o n ,  r a t h e r  than  a 

gene ra l i z e d  m e c h a n i s m  in that  m os  p ro te in  is typ ica l ly  found  

phys io log ica l ly  in ge rm  cel ls .  M ic ro in jec t ion  o f  excess  c - m o s  

m R N A  into oocytes  is suff icient  to induce maturat ion (Sagata  e t  a L



1989a). Thus,  m o s  appears  to be at least one of  the specif ically 

t rans lated m R N A  species  that  e l ic i ts  oocy te  m atura t ion .  Mature 

oocytes  contain a cy toplasmic  factor  whose  act ivity correlates  with 

en try into M phase.  The  factor ,  te rmed  m atu ra t ion  p rom ot in g  

factor  (M PF)  has been purif ied.  It contains  a ub iqui tous  Ser-Thr  

kinase cal led  cdc2 kinase.  The  regulatory c om pone n t  o f  M PF is 

cal led cycl in ,  a prote in  essent ia l  for  the cell  cyc le  (Mur ray  and 

Kirschner  1989). M P F  is also phosphorylated during the cell cycle.  

Hence,  it appeared  poss ib le  that  mos pro tein  m ay  regu la te  the 

activity of  M PF through phosphorylat ion.  However ,  M PF does not 

appear  to be the direct target o f  mos dependen t  phosphorylat ion.

O n c o g e n e s  and  C e l lu la r  T r a n s f o r m a t i o n

A s i g n i f i c a n t  d i s c o v e r y  in the r e s e a rc h  o f  n e o p la s t i c  

d e v e l o p m e n t  is the  e lu c i d a t i o n  o f  va r ious  m u ta t e d  fo rm s  o f  

cel lular  genes that  induce cancer  (Shih £ l  a L  1979). Up  to now, at 

leas t  s ix ty i n d iv id u a l  o n c o g e n e s  have  been i so la ted .  G enes  

muta ted dur ing  ca rc inogenes i s  can be ca tegorized into two  broad 

groups:  dom inan t  oncogenes ,  whereby  a change  in the activi ty  of  

the gene ,  e i the r  by m uta t ion  or  ampl if ica t ion  induces  neop las t ic  

t rans formation;  or tum or  suppressor  genes, where  loss  o f  funct ion 

induces  n e o p la s t i c  t r a n s fo r m a t io n .  Gene  t r a n s fe r  e x p e r i m e n t s  

have e luc ida ted  m any  o f  these  genes  and have  a l low e d  for  the 

charac ter izat ion of  some  o f  their  funct ions.  These  genes  code for  

prote ins  that  are  typ ica l ly  invo lved  in var ious m odes  o f  ce l lu la r  

signal t ransduc t ion.  In the case  of  mos t  d om ina n t  oncogenes ,  a 

mutat ion in the gene  typica l ly  des troys  the r egu la to ry  abil i ty  of



the indiv idua l  protein for w h ich  it codes,  r ende r ing  the protein 

pe rs i s ten t ly  act ive. Al te rna t ive ly ,  ove rp roduc t ion  o f  the ce l lu lar  

forms of  several  oncogenes  leads to t ransformation.

Onc ogenes  were or iginal ly  ident if ied as the causat ive  agents  

for animal  t ransfo rming  re trov iruses  (Duesberg and Vogt  1970). 

The first insights into the molecula r  genet ics  of  cance r  were 

gained by s tudying the genome of  these retroviruses .  It was 

found that  the ret roviruses  had aquired port ions o f  normal  

cel lular  genes and incorporated them into their own genome.  This 

was found by comparing  the viral genome to that o f  the host, 

which led to the f inding of  proto-oncogenes,  or genes that did not 

cause cancer  except  af ter  re t roviral  inser tion. The  p ro to ­

oncogenes  were found to code for  various proteins  which are 

impor tan t  to ce l lu lar  s ignal t ransduc t ion.  These  p ro to-oncogenes  

were convert ed  to oncogenes  e i the r  by over-express ion  by the 

retrovi rus  or  mutat ion,  typically  by t runcation o f  a regulatory 

region o f  the gene. Thus  these viruses  may exert  their  effect by 

integrat ing  ce l lu lar  p ro to -oncogenes  into their  ge n o m e  and 

affecting the regulat ion o f  this gene so that some  abberat ion in 

ce l lu la r  s ignal  t ransduct ion takes  place.

S u b s e q u e n t  to f ind ing  o n c o g e n ic  inse r t ion  in re t rov iruses ,  

oncogenes  were character ized in other  ways as well .  By searching 

for  the specif ic  gene t ic  a l t e ra t ions  that  induce  c a n ce r  in human  

cel ls ,  m any  o f  the s a m e  o n c o g e n e s  found in re t rov i ru ses  were  

found (B ishop  1987). Som e o f  these o ncogenes  had undergone  

many  o f  the same specif ic  m uta t ions  and had thus gained abil ity 

to induce  t rans fo rm at ion  (Sh ih  SLi al- 1981). These  exper imen ts



were pe rfo rmed by gene t ransfer . The  mouse  f ibroblast  cell line, 

NIH-3T3,  is c o m m on ly  used for t ransfect ion with the ce l lular  DNA 

o f  var ious tu mor  cell  types.  This  as say sys tem has been used  to 

ident i fy  d isc re te  genes  that induce t ransfo rmat ion .

C h r o m o so m a l  ka ryo typ ing  has a l so  led to the f ind ing  o f  

several  oncogenes  (Nowell  and Hungerfo rd  1960). In the case  of  

va r ious  l eukem ias ,  c h ro m o s o m a l  t r a n s loc a t ion  serves  to pos i t ion  

genes involved  in s ignal  t ransduct ion  next  to powerfu l  p romote rs  

which  dr ive  the ir  t ransc r ip t ion .  C h r o m o s o m a l  ka ry o ty p in g  has  

become a rou t ine clinical  test for s taging and prognosis  of  var ious 

hematologic  mal ignanc ies  (Koeff l er  and Golde  1981).

O n c o g e n e  p ro d u c t s  found  in the  a bove  w ays  have  been  

c l a s s i f i e d  i n to  s e v e r a l  c a t e g o r i e s ,  b a s e d  u p o n  the  p r e s u m e d  

func t ion of  their  p rote in  products :  g rowth  factors ,  growth factor

r e c e p t o r s ,  t y r o s i n e  k i n a s e s ,  s e r i n e / t h r e o n i n e  k i n a s e s ,  

t ranscript ion factors,  and GTPases.  Broadly,  the oncogenes can be 

class i f ied based upon the site of  action of  their  protein products :  

e i ther cell surface,  cytoplasmic or  nuclear .  These  oncogenes  are  

ac t iva ted  e i the r  by po in t  m u ta t ion ,  d e le t io n ,  in se r t ion  or  gene  

ampl if icat ion.  Thus  the genet ic  basis fo r  neoplast ic  t rans format ion  

a ppears  to res ide  in the r ep roduc ib le  m uta t ion  of  d i sc re te  genes  

tha t  e v i d e n t l y  p l a y  a c ru c i a l  ro le  in c e l l u l a r  h o m e o s t a s i s .  

O nc o g e n e s  are of ten ident ica l ly  ac t ivated  in s im ila r  tum or  types,  

a l lowing  for a genetic  basis for  tumor classi ficat ion.

In addi tion to tes ting growth promotion  in X e n o p u s  oocy te s ,  

m a n y  o n c o g e n e s  h a v e  b e e n  c h a r a c t e r i z e d  by g e n e  t r a n s f e r  

expe r im e n t s .  P r im ary  cel l s  canno t  be  t r a n s fo rm ed  by a s ingle



oncogene.  Rather,  two or more oncogenes  must  be t ransfected in 

order  for t ransformation to occur  (Land slLslL. 1983, Hunte r  1991). 

This suggest s  that  m ore  than one muta t ion  must  occur  befo re  a 

cell may become t rans fo rmed  (W eins te in  1990). This  no t ion  is 

suppor ted  by the obse rva t ion  o f  an e xponen t i a l  r ise  in c ance r  

inc idence  with age.  Fu the rm ore ,  exam ina t ion  of  isola ted hum an  

tumors  has revea led  that  there are  m any  genet ic  changes  in both 

p ro to -o n c o g en e s  and g rowth  s u pp re s s ing  genes  i so la ted f ro m  a 

single tumor (Hunter  1991). Thus,  a mutation in any one pa thway 

may be "pre -cancerous" .  It is imposs ib le  to dete rmine,  in these 

t u m o rs ,  w h ic h  m u t a t i o n  is the  p r i m a r y  in i t i a t ing  e v e n t  in 

carc inogenes is  and which mutat ion is a secondary event.  Indeed,  

t rea tm ent  of  cells with phorbol  e s te rs  does  not  t rans fo rm  cel ls .  

Ra ther ,  p r e - t r e a tm e n t  with a c a rc in o g e n ic  agen t  is a d d i t iona l ly  

required for  t rans formation.  Histor ical ly ,  tes t ing for oncogenic i ty  

has been pe r fo rm ed  using es tab l ished  cell  l ines.  Cu l tu red  cells  

typ ica l ly  u n de rgo  a f ini te  n u m b e r  o f  gene ra t ions  befo re  dy ing .  

Cel ls  can  become imm or ta l i zed  by selec t ing for  those ce l ls  that  

su rv ive  this  d y in g  pe r iod  ( T o d a r o  and  G re e n  1963) .  T h e s e  

es tabl ished cells  will  undergo  an inf ini t e  num ber  of  genera t ions ,  

r eq u i r e  n o rm a l  g r o w t h  fac to rs  fo r  s u rv iva l ,  y e t  can  b e c o m e  

t ransformed with only one oncogene.  Thus ,  in the immortal i zat ion  

p rocess ,  these  ce l l s  m ay  have  lost  a gene  that  p ro g ra m s  the ir  

m orta l i ty .  A l t e rn a t iv e ly ,  these  ce l ls  m ay  have  a cqu i r ed  som e  

m u t a t i o n ,  p e r h a p s  in a n u c l e a r  o n c o g e n e ,  t h a t  p r o m o t e s  

i m m o r t a l i z a t io n .  T h i s  la t te r  a s s u m p t io n  is su p p o r t e d  by  the 

o b s e rva t ion  that  in m os t  cases ,  n u c le a r  o n c o g e n es  im m o r t a l i z e



cel l s ,  w h i l e  not  a l t e r ing  cel l  m o r p h o l o g y ,  wh i le  c y to p la s m ic  

o n c o g e n e s  have  no  e ff ec t  on im m o r t a l i z a t i o n ,  ye t  a l t er  cell  

m orpho logy  (W e inbe rg  1985).

C o o p e r a t i o n  o f  o n c o g e n e  p ro te in  p ro d u c t s  m ay  lead to

transformation in many  ways: it is l ikely that  some  oncogenes are 

going to be on intersecting or paralle l pathways leading to growth 

and immorta l i zat ion .  Becuase,  these oncogenes  m ay  be mutated 

i n d e p e n d e n t l y  and  o v e r  t im e ,  an a c c u m u l a t i o n  o f  e n o u g h  

muta t ions  may lead to t rans format ion .  However ,  in some  cases ,  

mutat ion o f  one p ro to -oncogene  may affect  e i ther  the mutat ional  

s ta te  of  a n o th e r  o n c o g e n e ,  or  a ff ec t  the a b u n d a n c e  of  ce l ls

posses s ing  ano the r  muta t ion .  It is unc lea r  w h e th e r  oncogenes  

increase  muta t ion f requency  or  increase  the n u m b er  of  cel ls  at

r isk for a secondary  mutat ion.  I f  a mutat ion occurs  which is not 

t ransfo rming  on its own,  c lona l  e xpans ion  o f  the cel l  harbor ing 

this  m u ta t ion  by o the r  m uta t ions  in growth  s igna l l ing  pa thways

cou ld  lead to t ransfo rmat ion .  Th is  appears  to be the case  for  

t ransfo rmat ion  by Eps te in -B ar r  virus  ( reve iwed in Sawyers  d a l .  

1991). This  virus immortal izes  B cells in culture,  yet  does not lead 

to mal ignancy  dur ing  hum an  infect ion excep t  in some geographic  

areas , w he re  popula t ions  m ay  harbor  some  othe r  muta t ion .  The  

la tency o f  l ym phom a  fo rmation af ter  EB viral infec t ion  suggest s  

that  E B V  m ay  e x p a n d  a cel l  popu la t ion  p rone  to s u bseque n t  

o n c o g e n i c  m u t a t i o n s  ( s u c h  as  c - m y c  r e a r r a n g e m e n t  by 

c h ro m o s o m a l  t rans lo ca t i on ) .

Ano ther  m echan ism  by which one one  oncogene  may  effect  

the act ion o f  ano the r  is th rough  cell  d i ff e ren t i a t ion  as  well  as



a p o p t o s i s .  S o m e  o n c o g e n e s  m ay  a c t  as  i n h i b i t o r s  o f  

d i f f e r e n t i a t i o n .  O t h e r  g e n e s  w h ic h  s t i m u l a t e  g r o w t h  m a y  

s t imula te  the expans ion  o f  these  non-d if fe ren t i a ted  ce l ls  l ead ing

to tumors .  For  exam ple ,  in e ry th ro id  l eukem ias ,  erb-B prote in ,  

which is a const i tut ively  active form of  the ty rosine k inase  EG F-  

recep to r ,  s t im u la te s  c o n t in u o u s  g rowth w h i le  e rb -A p ro te in ,  a 

mutan t  form o f  the thyrox ine  receptor ,  a m e m b e r  o f  the s tero id 

r e c e p t o r  s u p e r f a m i l y ,  b l o c k s  d i f f e r e n t i a t i o n .  T h e  a v i a n

e ry th ro b la s to s i s  virus  carr ie s  ac t iva ted  fo rm s  o f  bo th  o f  these  

oncogenes  (reviewed in Sawyers  s l a i .  1991).

Ano ther  exam ple  of  muta t ions  which m ay  affect subsequen t  

m uta t iona l  even ts  is the ac t iva t ion  o f  a u to c r in e  g rowth  f ac to r  

loops. In the case of  v - s i s  (PD G F) ,  overs t im ula t ion  of  the P D G F  

receptor ,  both extrace l lu la r ly  and  intracel lular ly ,  may  resul t  in the 

subsequen t  mutat ion o f  other  genes  or  the c lona l  expans ion  o f  a 

pre-ex is t ing  mutat ion. Further ,  a mutat ion which  acts ana logous ly  

to phorbo l  es te rs  in s t im u la t ing  p ro te in  k in a s e  C m a y  ac t  to 

s t imula te  further  muta t ion  or  c lona l  expansion .

Overa l l ,  the c oope ra t ion  be tw een  o n c o g e n es  is d i f f icu l t  to 

decipher .  The  deve lopm en t  o f  an in vivo tu mor  probably  involves  

many differen t  m echan isms ,  which  are likely to be cell -  o r  t issue- 

type  s p e c i f i c  and  is p r o b a b l y  the  r e a s o n  w h y  so  m a n y

onc oge nes /p ro te in s  have  been found.

T h e r e  are m a n y  tu m o r  s u p p re s s o r  g e n e  p r o d u c t s  w h i c h  

in h ib i t  c e l l u l a r  g r o w t h ,  the  lo ss  or  m u t a t i o n  o f  w h i c h  is 

d e t r i m e n t a l .  A d d i t i o n a l l y ,  p r o t o - o n c o g e n e  p r o d u c t s  m a y  

s t im u la te  the c lo n a l  e x p a n s i o n  o f  p r e - e x i s t i n g  m u ta t i o n s ,  or



s t im u la te  fu r the r  m u ta t ion .  Also ,  gene p r o d u c t s  ex is t  wh ich  

p r e v e n t  a p o p to s i s ,  that  p ro m o te  a u toc r ine  g row th  or  p r o m o te  

pa rac r ine  growth ,  leading to t ransfo rming  e ffec ts  in o ther  cel ls.  

Many of  these genes would  not fit the def ini t ion of  an oncogene  

which must  cause  t ransfo rmat ion .  Yet  in the p roper  s i tua t ions ,  

a l t era t ions  in these  genes may eventua l ly  lead to t ransfo rmat ion .  

Thus  it is im por ta n t  to ut il ize  def ined  sys tem s  to de f ine  which 

ca tegory  a gene and its p roduct  fits into in order  to di scr imina te  

be tween  the var ious  con tr ibu t ing factors  to carc inogenesis .

M o d e l  S y s t e m s  F o r  T h e  S t u d y  O f  O n c o g e n e s .

The  im m or ta l i zed  f ib rob las t  is a sys tem where  genes  and 

the i r  p ro te in s  m a y  be t e s t ed  fo r  t h e i r  t r a n s f o r m i n g  ab i l i ty .  

Im m or ta l i zed  f ib rob la s t s  g row simi lar ly  to p r im a ry  f ib rob la s t s  in 

c u l t u r e ,  d i s p l a y i n g  a m o r p h o l o g ic a l  p h e n o t y p e  o f  a n c h o r a g e  

d e p e n d e n c e  ( M a c p h e r s o n  and M o n ta i g n e r ,  1964)  and  c o n ta c t  

inhib i t ion (densi ty  dependen t )  growth  (Hol ley and Keirnan  1968) . 

These  immortal i zed  cells can be t ransfected with oncogenic  D N A  to 

induce  t ran s fo rm at ion .  A dd i t iona l ly ,  som e  no n -m u ta te d  ce l lu la r  

genes,  when expre ssed  in high quant i ty ,  can also be t ransfo rming  

(C h a n g  s i a l -  1982) .  Upon  t ransfo rmat ion ,  these  cel ls  lose  the 

pheno ty p ic  trai ts a s soc ia ted  wi th  the non- tr ansfo rm ed  state.  The  

cells round up, form foci and grow in soft agar.  The  oncogenici ty  

o f  a g e n e  c a n  t h u s  be t e s t e d  u s in g  t h e s e  c r i t e r i a  fo r  

t r a n s f o r m a t i o n  ( S h ih  s i  aL. 1981) .  A d d i t i o n a l l y ,  t r a n s f o r m e d  

f ibroblasts  can be injected into athymic mice (nude mice).  These



o f  a g e n e  c a n  th u s  be  t e s t e d  u s in g  th e s e  c r i t e r i a  fo r  

t r a n s f o r m a t i o n  ( S h ih  c l  a L  1981).  A d d i t io n a l ly ,  t r a n s fo r m e d  

f ibroblasts  can be injected into athymic mice (nude mice).  These  

mice do not reject  such grafts and will grow tumors  in response to 

t rans fo rmed  cells (F reedm an  and Shih 1974).

The  im m o r t a l i z e d  f ib rob la s t  a s say  is thus an im p o r ta n t  

model  for  de te rm in ing  the t rans fo rm ing  action o f  a gene.  The 

in t e r p l a y  o f  p r e v i o u s l y  ac t i v a t e d  (o r  d e a c t i v a t e d )  g e n e s  or  

subsequen t  genet i c  a l tera t ions is diff icul t  to interpret .  How ever ,  

the iden t i f ica t ion o f  these  coopera t ing  events  will  a l low for  an 

unde rs t and ing  of  the unique  funct ions  o f  the var ious onc o g e n es  

and their  con tr ibu t ions  to ce l lu lar  t ransformation .

R e g u l a t i o n  o f  M i t o g e n e s i s  By G P r o t e i n  D e p e n d e n t  

P a t h w a y s

Exper im enta l  e v idence  from several  systems suggest  that  G 

proteins can act as oncogenic  proteins  (Landis  d a L  1989, Lyons  c !  

ai- 1990). The GT Pase  mutants  isolated from tumors  are shown in 

T a b l e  1.



G e n e Ami no  Acid S o u r c e fl—I
T u m o r
c - ras ( H , K , N ) 
H - r a s

G l y 12,  Gln61  
G l y l 2 ,  Leu6 1  
Val 12, Gln61

wi ld  t y p e
l u n g  c a r c i n o m a
b l a d d e r  c a r c i n o m a

K - r a s V a l l 2 ,  Gln61  
Gly 12,  Leu6 1

l u n g  c a r c i n o m a  
l u n g  c a r c i n o m a  
c o l o n  c a r c i n o m a  
p a n c r e a t i c  
c a r c i n o m a

N - r a s Gly 12, Gln61 n e u r o b l a s t o m a  
l u n g  c a r c i n o m a

G s-a 
g s  p

Ar g 2 01 * ,  Gin  227  
H is 2 0 1 ,  G ln 2 2 7  
C y s 2 0 1 ,  G ln 2 2 7  
A r g 2 0 1 ,  A r g 2 2 7  
A r g 2 0 1 ,  L e u 2 2 7

wi ld  t y p e  
p i t u i t a r y  a d e n o m a  
p i t u i t a r y  a d e n o m a  
p i t u i t a r y  a d e n o m a  
p i t u i t a r y  a d e n o m a

G i2*a  
g> P

A r g l 7 9 ,  G l n 2 0 5  
H i s l 7 9 ,  G ln 2 0 5  
C y s l 7 9 ,  G ln 2 0 5

wi ld  t y p e  
a d r e n a l  a d e n o m a  
a d r e n a l  a d e n o m a

* G s - a  R es id u e  201 is the site o f  AD P ribosy lat ion by ch o lera  

t o x i n

201 227
D L L R C Jt V L T S (2 0 5 )  r  D V G G Q R D E R R (232)

“ 1 ( 1 - 3 ) -  V -  -  T -  -  K - I (1 8 2 )  - - - - - - -  S -  -  K (2 0 9 )
“ t -  V -  -  8 -  -  K - T (1 7 7 )  ................................ -  S -  -  K (205 )
O-o -  I -  -  T -  -  K - T (1 8 3 )  ................................ -  S -  -  K (210)

By u n d e r s t a n d in g  the m o le c u la r  r egu la t ion  o f  G p ro te in  

funct ion,  it is poss ib le  to ident i fy  sites by which the G pro tein 

cou ld  exis t  in a pers i s tent ly  act ivated  s tate as a resul t  o f  genet ic  

m uta t ion  (M a s te r s  f i i a L  1989). A mutation that s lows o r  blocks 

the in tr ins ic  G T P a se  of  the G pro te in  will  c reate  a pe rs i s ten t ly



active species  capable  o f  unregula ted e ffecto r  enzym e  st imulat ion.  

Single  poin t  m u ta t ions  have been found to pers i s ten t ly  act ivate  

the G s a  subuni t  and these point  mutat ions have been found to be 

ana lo gous  to ac t iva t ing  po in t  muta t ions  in the p 2 1 ras oncogene  

product:  G ly49Val ,  G ly225Leu and Gln227Leu  (the equivalents  of

G l y l 2 ,  G ly59  and Gln61 in p21ras)  serve to act ivate  the G s a  

subun i t  in the p resence  of  G T P  resu l t ing  in e leva ted  levels  of  

a d e n y ly l  c y c l a s e  a c t iv i ty  and  c A M P  c o n c e n t r a t i o n s  in ce l ls  

t ransfected with these mutants  (Graz iano  and Gi lman  1988, Woon  

£1 aL. 1989) . The  muta t ion  G ly225Thr ,  which is ac t iva t ing  in 

p 2 1 ras p ro te in ,  does  not  se rve  to pe r s i s t e n t ly  ac t iva te  Gs a  

subuni t .  Rather ,  this muta t ion is inhib i to ry  to adenyly l  cyclase.  

Mutat ion o f  G ly226Ala  inhibi ts  (Jy subunit  dissociat ion from Gs a  

subuni t  (M i l le r  s i  a l .  1988). Thus  it is possible  that, because of  

the he te ro tr im eri c  nature  of  G s protein,  posit ion 226 or  225 may 

be inhibi tory.  p 2 1 ras pro tein is not  regulated by heterotr imeric  

associat ion and thus,  does not  have analogous residues.

The p21ras  protein and G protein a  subuni ts  share a highly 

c o n s e r v e d  s t r u c t u r e  in the G T P  b i n d i n g / h y d r o l y s i s  r e g i o n s  

(Hur le y  e l aL 1984). The muta t ions  that  act ivate  p21ras  proteins 

a l ter  its in te rac t ion  with guan ine  nuc leot ides .  All  the muta t ions  

s tud ie d  in p 2 1 ras  e i the r  d e c re a s e  the G T P a s e  of  the p21ras  

protein or  increase  the rate o f  exchange  o f  bound G D P for  GTP.  

The  a l t e ra t ions  found  in the p21ras  pro tein  isolated from cancer  

cells  cause  the protein to possess  a decreased  kCat  for  its GTPase,  

resul t ing in a pro tein " locked"  in a pers i s ten t ly  ac t ivated  s tate 

(Gibbs s i a L  1984, Manne et  al. 1985). The  mutations observed in



the r a s  oncogene  are  c onse rved  over  a large sample  o f  tu m o r  

types in both "spontaneous" and chemica l ly  induced  tumors  (Sigal  

£ i  a i .  1986). These  muta t ions  occur  as s ingle  point  muta t ions  in 

r eg ions  en c o d in g  the guan ine  nuc leo t ide  b ind ing  reg ion  o f  the 

protein.  The  most  c om m on  mutations found in ra s  oncogenes  are 

G l y l 2 V a l ,  A la 59T hr  and G ln61L e u .  These  m u ta t ions  se rve  to 

lower the kCat  of  the p21ras  protein GTPase  such that the protein 

is no longer  regulated by the GTPase act ivat ing protein (GAP).  As 

s ta t e d  a b o v e  som e  o f  t h e s e  h o m o l o g o u s  m u t a t i o n s  i n d u c e  

pers i s ten t  ac t iva t ion  o f  G s - a  subunit .  Simi la r  a lterat ions have 

been found in the genes  cod ing  for G p ro te ins  iso la ted  f rom 

various  hum an  endocrine  tumors  (Val lar  £ i  a L  1987, Clementi  g j  

al.  1990). These mutat ions  suggest  that the mutated G proteins 

may also remain  in a pers is tent ly  activated s tate due to a s lower 

k Cat fo r their  intrinsic  GTPase .  It might  be expected  that s imi lar  

m u ta t ions  in o the r  G prote in  a  subuni t s  m ay  induce  pe r s i s te n t  

ac t iva t ion  o f  the e f f e c to r  wi th  which  the G pro te in  n o r m a l ly  

interacts.  A mutant  a j 2 , with  reduced  G T P a se ,  t rans fo rm s  Rat-1 

cells in cul ture upon cD N A  transfection (Pace  g i a L  1991). Hence,  

it is possible that  s imilar  muta t ions  in the Go  protein will  inhibi t  

its GT Pase  act ivi ty  and  pe rs is tent ly  act ivate  phospho l ipase  C and 

consequen t ly  s t imula te  cell  growth.  These  residues,  a long  with 

s imilar  flanking regions,  are conserved in the a Q subunit .



G o_ as a sig.na.1 t ra n s du c e r  Lo X e n o o u s  O o c v t e

P h o s p h o l i p a s e  £  P a t h w a y s .

In addi tion to its use as model  for cel lular  growth regulat ion,  

the X e n o p u s  oocyte  is an important assay system for the study of  

h o r m o n e  s t i m u l a t e d  s e c o n d  m e s s e n g e r  p r o d u c t i o n  by the  

phospho l ipase  C pa thway  (Dascal 1987). Addit ional ly ,  the size of  

the o oc y te  m a k e s  it  an e x c e l l e n t  s i te  in w h ich  to e x p re s s  

exogenous  RNA transcr ipts  (Gurdon £ i  al- 1971, Lane £1 al- 1971). 

The  oocyte  can be used to express  var ious  receptor  pro teins  and 

their act ivat ion can be measured by the indirect  m easu rem en t  of  

phosphol ipase  C activi ty .  The oocyte  has been ex tens ively  used 

because  o f  its C a 2 + act ivated Cl '  conduc tance  that  is evoked  by 

r e c e p to r  a g o n is t s .  R e c e p to r  s t im u la t io n  o f  p h o s p h o l i p a s e  C 

p roduce s  inosi tol  t r i sphospha te  that  in duces  in tr ace l lu la r  r e lease  

o f  Ca2+. This C a 2+ opens the Cl '  channels ,  resul t ing in an inward 

C l '  flux. This  channel  is sensi t ive to inosi tol  t r i sphosphate  which 

l iberates  in tracel lular  calc ium. Thus,  the oocyte  can be used as a 

sys tem in which to s tudy hormonal  s igna l l ing  sys tems  l inked to 

ph ospho inos i t ide  hydro lys i s  (Moriar ty  and  Landau  1990).

O ocy tes  are typ ica l ly  r em oved  su rg ica l ly  f rom  fem a le  toad 

ovaries.  The  oocytes  are  de tached from the surrounding  fo l l icular  

cel ls  by co l lagenase  t rea tm ent  and surgica l  manipu la t ion.  The re  

appears  to be he te rogene i ty  among  the intact  muscar inic  response  

in iso la ted  X e nopus  oocytes .  After  c o l l agenase  t rea tm ent ,  some  

X e n o p u s  ooc y te s ,  f rom som e frogs,  d i sp l a y  na t ive  m u sc a r in i c  

recep to r  invoked  C a 2+ release  after  co l lagenase  t rea tment  (K usana  

S i  al- 1977) . Th is  m uscar in ic  recep to r  responds  to agon is t s  by



prom ot in g  the release  o f  in tracel lular  Ca? + . IP3  can induce this 

C a 2 + r ise  and pre- incubat ion  with IP3  abo l i shes  the muscar in ic  

response,  suggest ing that  the X e n o p u s  oocyte  muscar in ic  recep tor  

is c o u p le d  to p h o s p h o in o s i t i d e  hydro lys i s .  On  the bas is  of  

a n t a g o n i s t  b in d in g ,  it was  found  that  the o o c y te  m u sc a r in i c  

r eceptor  is o f  the M 3  subtype,  with an an tagonis t  po tency  of  4- 

D A M P > p i r e n z i p i n e > A F - D X  16 (V a n W e z e n b e c k  £1 a L  1988). The 

musca r in ic  r ec e p to r  induced  Cl* current  in the oocyte  is pertussis 

toxin sensi t ive (Mor iar ty  £1 al- 1989). This receptor  has  has been 

shown to c oup le  to p h o s p ho inos i t ide  hydro ly s i s  ( P e ra l t a  £ i  al- 

( 1 9 8 7 ) .

By use of  the IP 3  dependen t ,  Ca2 + activated Cl* current  as 

an assay system. It was  found that  the bovine brain G o  protein 

can  func t ion  as a s igna l  t ransducer  in the m usc a r in ic  recep to r  

regula ted  phospho in os i t ide  pa thway of  X e n o p u s  oocytes  (Mor iar ty  

£ i a l -  1990). A c D N A  encoding an a 0 -type protein has  a lso been 

cloned from the X e n o p u s  oocyte,  suggest ing that a G o-  like protein 

may be involved  in the nat ive pathway.

M any  growth fac tors  and oncogenes  that  act ivate  en try  into 

the G1 phase  of  the cell  cycle  a lter phosphoinos i t ide  metabo l ism.  

H e nc e  it a p p e a r e d  f ea s ib le  tha t  ac t iva ted  G o  c o u l d  r e g u l a t e  

growth .  Because  o f  the poss ib le  funct ion o f  this  p ro te in  in 

c o up l ing  rec e p to r  s t im u la t i on  to pro tein k inase  C ac t iva t ion ,  a 

genetic les ion that  resul ts  in a mutated form o f  the G protein that 

is cont inuous ly  act ive m ay  have effects  on growth control.



S t a t e m e n t  o f  P r o b l e m

The  o b jec t iv e  o f  these  s tud ie s  is to d e f in e  the g row th  

promot ing  potent ia l  o f  a pers i s tent ly  activated G protein.  At  the 

t im e  t h e s e  s t u d i e s  w e r e  i n i t i a t e d  ( s u m m e r ,  1 9 8 8 ) ,  no 

d e m o n s t r a t i o n  o f  ce l l u la r  g ro w th  con tro l  be ing  a f f e c te d  by a 

p e r s i s te n t ly  ac t iva ted  G p ro te in  had  been  repor ted .  A l though  

m uta ted  G pro te ins  ( G s and Gi)  had been  iden t i f ied  in var ious 

tumors ,  it was  not  c lear  w he the r  these muta ted  p ro te ins  had  a 

causal  role in tumor formation. Although the G0  protein had been 

implicated in phosphol ipase C coupl ing in the X e n o p u s  oocytes , no 

ev idence  for G 0  affecting ce l lular  growth had been obtained.  Since 

p h o s p h o i n o s i t i d e  h y d r o ly s i s  is a c t i v a t e d  by m a n y  m i t o g e n i c  

h o r m o n e  r ec e p to r s ,  it a ppe a re d  f eas ib le  that  G 0  p r o t e i n  c o u ld  

regula te  ce l lu la r  growth.

The  X e n o p u s  oocyte  has been used as an assay  sys tem to 

m e a s u r e  ce l l  c y c le  r e s u m p t i o n .  A g e n t s  tha t  t r i g g e r  o o c y te  

m a tu ra t ion  are  of ten  g row th  p r o m o t in g  factors .  W e  used  the 

oocyte  to measure the growth promoting  effects  o f  the G 0  protein.  

The oocyte  can also be used to examine  the downs t ream  effects  of  

G 0  pro tein media ted  cell  cyc le  resumption.  Hence ,  protein kinase 

C and pp39mos activat ion by G 0  in oocytes  was studied.

In o rder  to de te rmine  whe the r  the growth p rom o t ing  effects  

o f  G 0  w e re  un ique  to the ooc y te ,  or  gene ra l ly  ap p l i c ab l e  to 

m am mal ian  cells,  an act ivat ing mutat ion was introduced into G 0- 

a  subuni t  c D N A  and t ransfected into NIH-3T3  cells. The  effect  of



this act ivat ing mutat ion was s tudied,  in terms o f  mitogenes i s  and 

t ransformation,  in the NIH-3T3  cell  system.

The  rest ing  state of  the G protein is inac t ive in terms of  

effec tor  enzyme st imulat ion.  Thus ,  the G protein must  be altered 

in order  to “ lock” the protein into a pers i s ten t ly  act ivated  state. 

Fu rthermore ,  this act ivated pro tein (or  gene e ncod ing  it) must  be 

i n t r o d u c e d  in to  a sy s te m  in w h ic h  g r o w t h  c o n t r o l  can be 

measured.  These problems  can be overcom e by taking  advantage 

of  G pro te in  pur if ic a t ion  and  ac t iva t ion  wi th  no n -h y d ro ly z ab le  

GTP analogs,  or  s ite-directed in-vi tro  mutagenes is  of  the G protein 

c D N A  at a site which  will  dec rease  in tr ins ic  G T P a se  activity .  

Recons t i tu t ion  of  this a ltered G protein can be pe r fo rm ed  using 

either the act ivated protein,  by injection into X e n o p u s  oocytes,  or 

using the altered cD N A ,  by t ransfec t ion into N1H-3T3 f ibroblasts.  

The  m a t u r a t i o n  o f  X e n o p u s  oo c y te s  or  the s t im u la t io n  of  

m i t o g e n e s i s  and the  s u b s e q u e n t  t r a n s f o r m a t i o n  o f  N I H - 3 T 3  

f ibroblast s ,  as wel l as the tu m o r  form ation  in a thym ic  mice,  is 

indicat ive o f  a l tera t ions in g rowth  control .  A l though  within the 

N I H - 3 T 3  f ib r o b la s t  a s s a y  the  o t h e r  e v e n t s  w h i c h  m a y  be 

co n t r ib u to r y  to cel l  g rowth  o r  t r a n s fo rm a t io n  are  d i f f icu l t  to 

e lucidate ,  the X e n o p u s  oocyte  represen ts  a useful  sys tem to test 

the possible  downs t ream  effects  o f  pers is tent  G protein act ivat ion. 

Hence ,  s o m e  o f  the d o w n s t r e a m  e le m en t s  in v o lv e d  in the G 0  

signal ling pa thway were analyzed in X e n o p u s  oocytes .



M e t h o d s  an d  E x p e r i m e n t a l  P r o c e d u r e s  

M a t e r i a l s

Female  X e n o p u s  Laevis were purchased  from N A S C O  (Fort  

A tk inson ,  WI).  A pept ide  con ta in in g  r es idues  19-36 o f  pro tein

kinase C [PKC(19-36)]  was from Bachem and the protein kinase C 

a s s a y  ki t  w a s  f r o m  A m e r s h a m .  O l i g o n u c l e o t i d e s  w e r e  

syne thesized at the Brookdale  Ol igonucleo t ide  Synthesis  Facil i ty  of  

the Mount  Sinai School  of  Medicine. G 0  was purif ied from bovine 

brain by Drs. Carty and Padrell .  The rat  hear t  a 0 - c D N A  was  

ob tained from Drs. Cod ina  and Birnbaumer.  N1H-3T3 s tock cells 

were  f rom the U n ive r s i ty  o f  C a l i fo rn ia  at San F ra nc i sc o  Cel l 

Cul tu re  Facil i ty .  Rat-1 f ib roblast s  were  ob ta ined  from D r  Alan 

Frey,  NYU Medical  School . H - r a s  was the kind gift of  Dr Jay Gibbs 

(Merck Research Labs  ). Cell cul ture  reagents  were obtained from 

Hyclone.  Genet ic in  (G418) was from Gibco .  N u / N u  mice  were 

ob ta ined  f rom the Na t io na l  Cance r  Inst i tute .  pM N  (p M A M -n e o )  

vec to r  was  ob ta ined  f rom Clon tech  and  p R C /C M V  vec to r  f rom 

I n v i t r o g e n .

A ct iv at ion  o f  G prote in  a - s u b u n i t s

G 0  used for my experiment s  was pur if ied from bovine  brain 

by ei ther  Drs. Elena Padrel l or  Donna  Carty o f  this laboratory.  This

pu r i f ied  p ro te in  c o n s i s t s  o f  the  h e te r o t r im e r i c  co m p le x  ( a , p , y

subuni t s ) .  The  a  sub u n i t  r e t a in s  G D P  b o u n d  to i ts g u a n in e

nucleo t ide  b inding dom ain .  Incuba t ion  o f  G prote ins  wi th  high 

M g 2+ concen tra t ions  and G T P  promotes  the release of  the bound



GDP and the binding of  GTP.  This  GTP is subsequent ly hydrolyzed 

to G D P  as d e s c r ib ed  above.  Us ing  the non -hyd ro lyzab le  G T P  

a n a lo g ,  G T P yS ,  the G protein can  be locked into a pers i s tent ly  

activated state. The binding of  G T P  promotes  subuni t  dissociat ion,  

so that  incubat ion o f  holo-G protein with M g2+ and GTPyS al lows 

for the resolution of  the a  subunit  from the Py duplex. Py subuni ts  

were purif ied from human  ery th rocy tes  by Drs. Padrel l and Carty 

(Codina £i  a L  1984)

For a typical  G 0  protein ac t ivat ion,  a purif ied so lu t ion  of 

h o l o - G o  (~ 30 | ig )  was  added to 25 mM Hepes-Na,  pH 7.5, 1 mM 

EDTA, 20 m M  P-mercap toe thanol ,  30 % v/v ethylene glycol , 5 m M  

M g C l 2 , 2 p M  GTPyS and ~2 x 106  cpm of  [3 5 S ] G T P y S  (spec if i c  

act ivity = ~5000  cpm /pm ol ) .  Th i s  mix tu re  is incuba ted  at room 

tempera tu re  for  60  minu tes .  The  incuba t ion  is then loaded  on a 

h y d r o x y l a p a t i t e  c h r o m a t o g r a p h y  c o l u m n  at 4 °C  and  w a s h e d  

overn ight  with 10 m M  M gC l 2 , 20  mM Hepes-Na pH 7.4, 100 m M  

NaCl,  20 m M  P-mercaptoethanol .  The a  subunit  is e luted from the 

co lumn in low ( - 5 0  m M ) phospha te  solut ion con ta in ing  10 m M  

M g C l 2 , 20 m M  H e pe s -N a  pH 7.4,  100 m M  NaCl,  20  m M  P* 

m e r c a p to e th a n o l .  T h e  p e a k  f rac t ions ,  as a s se s sed  by [3 ^ S  ] 

rad ioact iv i ty ,  were  poo led .  T h i s  sam ple  was  conc en t ra te d  and 

di luted on a cen t r icon  spin co lum n  to r em o v e  excess  unbound  

G T P y S .  T h e  e lu t e d  p ro te in  is c o n c e n t r a t e d  and d i lu t ed  by 

cen tr i fuga t ion  to e x c h a n g e  its buffer .  The  f inal di lu t ion bu f fe r  

contained 10 m M  P-mercap toe thanol ,  100 m M  NaCl,  2 m M  M g C l 2 , 

25 m M  H E PES pH 7.5.  The  GTPyS act ivated form o f  the G 0 - a  

subunit  is referred to as a Q*.



O o c y t e  E x t r a c t i o n

Oocytes  were surgically removed  from X e n o p u s  laevis ovary 

under  t r i caine  anes thes ia .  All w o u n d s  were s u tu r e d  and  the 

animals  were reused af ter  one month.  Defo l l iculat ion o f  oocytes  

was  ca rr ied  out  by s lowly  shak ing  the oocy tes  in a so lu t ion  

containing 96 m M  NaCl,  2 mM KC1, 1 m M  MgCl 2 , 5 m M  HEPES pH 

7.5,  2 .5 m M  p y r u v a t e ,  100 U /m l  p e n ic i l l i n ,  100 p g / m l

s tr ep tomycin and 1 mg/ml co l lagenase .  The co l l agenase  enzyme 

was inac t iva ted  by t ransferr ing the oocytes  to a s im i la r  bathing 

medium con ta in ing  1.8 m M  C a C l 2  wi th no collagenase.  Stage VI 

oocytes  were se lected and  addi t ional  foll icular  cel l s  were peeled 

away  with j e w e le r ' s  forceps.  M ic ro in jec t ion  e x p e r i m e n t s  were  

performed at least 24 hours after  surgical extract ion.

O o c y t e  M a t u r a t i o n :  In t r a c e l lu la r  M ic r o in je c t io n  S tu d ie s

All oocy te s  were  m ic ro in jec ted  in the e qua to r ia l  r eg ion 

between the animal  and vegital poles.  The appearance of  a white  

spot in the animal  pole  was character is t ic  of  GVBD. Oocy tes  that 

a be r r a n t ly  d i s p l a y e d  w h i te  spo ts  o r  m a tu red  e a r l y  were  not  

removed.  To  veri fy  maturat ion,  the oocytes  were f ixed in 10% 

trichloroacet ic  acid,  s liced and visual ized under  a low pow er  (10X)  

dissect ing mic roscope ,  a  subuni ts  were  typically injec ted in 50 nl 

to yield a final concentrat ion of  3 nM ,  assuming a 20 fold di lut ion 

into the oocyte .  Final  concentrat ion o f  Py dimer was  20 nM. For  

coinjecion o f  a  and Py subunits,  the subuni ts  were m ix ed  together



befo re  i n je c t ion .  P r o g e s t e ro n e  indu c t io n  o f  m a t u r a t i o n  was 

carr ied out  by incubat ing the oocytes  in bathing  m edia  conta in ing  

1 0  p M  proges te rone .

The ras protein used in these studies was  der ived from H  - 

r a s . wi th a valine subst itut ion for Gly 12. For  ras protein induced 

m atu ra t io n ,  the oocy te s  were  m ic ro in jec ted  wi th  1 0  n a nog ra m s  

ras protein per  oocyte.

For  expe r im e n t s  that  ana lyzed  the r eq u i r e m e n t  for  pro tein  

kinase C activity for oocyte  maturat ion,  a pept ide  corresponding  to 

X e n o p u s  o o c y t e  p r o t e i n  k i n a s e  C a m i n o  a c id s  19 -36  

( R F A R K G S L R Q K N V H E V K N ) ,  except  that serine 25 was replaced by 

alanine was  used.  The  peptide PKC( 19-36) was injec ted into the 

oocyte at a final concentration of  1 pM ,  either  as a coinject ion with 

a  subuni t  or im m edia te ly  pr ior  to p roges te rone  add i t ion  to the 

bath. Pept ide was s tored as a s tock solut ion o f  1 m M  in dist il led 

w a t e r .

F o r  c y c lo h e x im i d e  t r e a tm e n t  of  o o c y te s ,  the ce l l s  were  

placed in 1 0 0  p g / m l  c y c l o h e x i m i d e  i m m e d i a t e l y  p r i o r  to 

m ic ro in jec t ion  or p roges te rone  addi t ion.

F or  all oocyte  micro in jec t ion  experiments  pe r fo rm ed ,  f if teen 

to thirty oocytes  were used per  group.

C h r o m o s o m e  C o n d e n s a t i o n

T o  v i s u a l i z e  c o n d e n s e d  c h r o m o s o m e s ,  o o c y t e s  w e r e  

incubated in 10 mM proges te rone or  microinjected with a 0* (3 nM 

final  concen t ra t ion) .  Af ter  16 hours ,  the m a tu red  oocy te s  were 

f ixed in 10% fo rm a ldehyde  solut ion con ta in ing 60  m M  H epes -N a



pH 7.4, for two hours.  The DNA chromophore  Hoechst  33258 was 

added (5 pg /m l  f inal  concen tra t ion)  and the oocytes  were s ta ined 

for two hours.  The  white  spot in the animal  pole was di ssected 

with a j ew e le r ’s forceps in a solution containing 100 m M  Tr is-HCl 

PH 7.5, 2% n-propyl  gal la te  and 10% e thanol .  The  patch was 

m o u n t e d  on a s l ide  and  the c o n d e n s e d  c h r o m o s o m e s  w e re  

vi sua l ized by f lourescen t  epi- i l luminat ion (Gerhar t  £ i  al- 1984).

I n - V i t r o  A ssa y  O f  P r o t e i n  K i n a s e  C  A c t iv i ty

For  the m easu rem en t  of  protein kinase C activi ty , 50 nl of  

v e h ic le  or  a o *  w e r e  i n je c te d  into  the  oo c y te  ( 3 n M  fina l  

co n c en t ra t io n ) .  F i f teen  m in u tes  af te r  the in jec t ion ,  g roups  of  

twenty oocytes  were hom ogen ized  in a medium conta in ing  50 m M  

Tr is-HCl,  5 m M  ED T A ,  10 m M  EGTA, 0.3% P-m e rc ap toe tha no l ,  1 

m M  p h e n y lm e th y l s u l f o n y l  f lour ide  ( f r e sh ly  p r e p a r e d ) ,  10 m M  

benzamidine and 5 pg /m l  leupept in,  pH 7.5. Typical ly  each oocyte  

was homogenized  in 17 vol (17 p i )  o f  h o m o g e n iz a t io n  m e d iu m .  

25 p i  o f  poo led  h o m o g e n a t e s  were  a s sa y e d  fo r  p ro te in  k inase  

activi ty.  The assay was pe rfo rmed essent ia l ly  as descr ibed in the 

m anua l  p rov ided  wi th  the A m e rsha m  pro te in  k inase  C e n z y m e  

assay sys tem (code  R PN77) .  This  ki t  uses  the p seudosubs t ra te  

pept ide,  excep t  Ala-25 is substi tuted with serine.  This  makes  the 

pept ide a very specific substrate  for the protein kinase C enzyme.  

T he  a s sa y  m ix tu re  c o n ta in e d  50  m M  T r i s -H C l ,  I m M  c a l c iu m  

acetate ,  15 m M  m agne s ium  acetate,  50 p M  [ y - 3 2 p ] A T P  ( sp e c i f i c  

ac t iv i ty  = 3000  c p m /p m o l ) ,  2.5 m M  D T T  and 75 p M  p e p t i d e



substrate  in a final vo lume  of  75 til. For  s timulat ion of  enzyme 

ac t iv i ty  du r in g  the assay,  0.7 m ole%  p h o s pha t idy lse r ine  and  2 

p g / m l  p h o r b o l - 1 2 - m y r i s t a t e - 1 3 - a c e t a t e  was  used .  The  e n z y m e  

activity was measured for 15 minutes  at 22-24°C (RT).  At the end 

o f  the react ion,  the enzyme act ivi ty was s topped by acidificat ion.  

The  react ion m ix ture  was spotted to pept ide binding paper .  The 

p ape r  was  washed  in 5%  acet ic  acid and coun ted  in a l iquid 

sc in t i l la t ion counter .

M o s  P r o t e in  A n t i s e n s e  E x p e r i m e n t s

To assay  for  mos  pro tein  t r ans la t ion ,  speci f ic  sense  and 

an t is ense  o l igonuc le o t ide s  were syn thes ized  co r r e s p o n d in g  to the 

mos sequence  by the Brookdale  Oligonucleot ide  Synthesis  Facil ity,  

Mount  Sinai School  o f  Medicine.  Oligonucleo t ides  were purif ied 

af ter  synthesis  by s od ium  aceta te /e thanol  precipi ta t ion.  The  final 

p e l l e t s  w e r e  r e s u s p e n d e d  in 100 m M  KC1 to a c h i e v e  a 

conc en t ra t io n  o f  4 m g/m l .  W hen  m ix ture s  o f  o l ig onuc leo t ides  

w e r e  u s e d ,  t h e  f i n a l  c o n c e n t r a t i o n  o f  t h e  i n d i v i d u a l  

o l igonucleo t ides  was 2 mg/ml.  50 nl o f  this solut ion was injected 

p e r  o o c y t e .  A S M 1  and  A S M 2  c o r r e s p o n d  to  a n t i s e n s e  

o l i g o n u c l e o t i d e s  F" and  G ‘ in the art icle by Sagata  £ i a L ,  1988. 

ASM1 is an o l igonucleo t ide  complemen tary  to nuc leot ides  +178  to 

+198 in the coding  region  of  c - m o s  . A S M 2 is complementary  to 

nuc leo t ides  -21 to + 6  and spans the ATG init ia tion codon.  MOS1 

and  M O S 2  are the  o l igonuc le o t ide s  en c o d in g  the c o r r e s p o n d in g  

sense  se quenc e  in the m o s - m R N A .  O l i g o n u c l e o t i d e s  w e r e



m ic ro in jec ted  four  hours  pr ior  to proges te rone  t rea tm ent  or a 0 * 

in jec t ion .

M o s  P r o t e i n  I m m u n o p r e c i p i t a t i o n

Oocytes  were incubated  for  4 hrs in ba th ing m ed ium  with 

25 mCi 3 2 p  Typical ly ,  one hundred oocytes  were incubated  in 5 

ml  of  r ad ioac t ive  med ium.  Af ter  four  hours ,  the groups  of  25 

oocytes  were injected with either vehicle,  a 0 *, or  a 0 *+ PK C(19-36)  

peptide. Af ter  six hours  the oocytes  were homogen ized  in buffer 

(100 pi  per  oocyte)  (Watanabe  £1 a L  1989). The pp39m o s  protein 

was im m unopre c ip i t a t e d  with the S5 m onoclona l  an t ibody  raised 

against  X e n o p u s  m os  protein expressed in E. Coli.  (Sagata  £ i  ill- 

1988) . For  this  p rocedure  the c la r i f ied  lysates  (2 .5  ml)  were 

incubated with 25 p i  of  the antibody for 16 hr at 4° C. 300 p i  of  

1:3 s lurry o f  pro tein A Sepharose  was added and  the incuba t ion 

was cont inued for  ano ther  16 hr at 4°. The protein A Sepharose 

was then w a s h e d  repea ted ly  and the bound  pro tein ex tracted  in 

2% SDS and 10% (3-mercaptoethanol . Aliquots  of  these extracts ,  

no rmalized with respec t  to total number  o f  counts  in each oocyte  

ho m o g en a te  p r io r  to the s tart  of  the im m un o p re c ip i t a t io n ,  were 

resolved by S D S -P A G E  and visual ized by autoradiography.  Since 

the a 0 *- in je c te d  lanes  have  a much  h igher  b a c kg round ,  con tac t  

p o s i t i v e s  w i th  v a r y i n g  e x p o s u r e  t im e s  w e r e  m a d e  o f  the  

a u to ra d io g ra m s .  T h e  p roges te rone ,  veh ic le - in jec ted ,  and  a o *  + 

PKC(19-36) - in jec ted  lanes  had a 20 sec exposures ,  whi le  the a o * -  

injec ted lane had a 90 sec exposure  to  obtain con tac t  posi t ives  

with Kodak E D F  film.



In Vi tro  Mutagenes i s  O f  a 0 c D N A

G e n e t i c  l e s ions  c a n  be r e p r o d u c e d  e x p e r i m e n t a l l y  by 

ut i l iz ing the techniques o f  molecula r  biology.  Many experiments  

descr ibed within this  thesis  involve  the manipula t ion  of  DNA by 

m u ta t io n ,  r e c o m b in a t io n  and c e l lu la r  t r a n s fe c t i o n .  For  the 

creation o f  specific muta t ions  within a part icular  gene,  the method 

o f  s i t e -d irec ted  in -vi t ro  m utagenes i s  has em e rged  as a powerfu l  

means of  creat ing def ined genetic  a lterat ions (Mess ing  £ i  al- 1977) 

as shown in F i g u r e  6.
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This  system uses  a f i l am en tous  p ha ge ,  which  is a virus

part icle ,  capable  of  in fec t ing bacteria l  cells.  The  phage  par t ic le

consis ts  of  a s ing le -s t randed D N A circle  su rrounded  by a protein 

coat.  The  phage infects  E. Coli  bacter ia  by absorb ing to the F  

pi llus,  which is a mat ing  factor  for bacter ia l  conjuga t ion.  Upon

in fec t ion ,  the s ing le  s t r anded  D N A  is r ep l i ca t ed  in a dou b le

stranded form within the cell.  After  a critical l imit is reached,  the 

bacter ia l  cell  rep l icates  only the s ingle s t r anded DNA, which  it

packages into a protein coat and secretes into the cul ture  medium.

The M l 3 genome consis ts  of  genes for the various proteins  of  the 

viral coat ,  the proteins  necessary  for a t tachment  and en try to the 

bacter ia l  pi l lus  as wel l  as a n ick ing prote in  which c leaves  the

single s tranded DNA at its or igin o f  replicat ion.  The host bacter ia  

p rov ides  the e nz ym e s  ne c es sa ry  for  r ep l ica t io n ,  inc lud in g  D N A

and R N A  polymerases .

The  advan tage  o f  the M l 3 phage sys tem  com es  f rom its

abi li ty  to repl icate  as both s ingle  s t randed and doub le  s t r anded  

DNA, and unl ike other  viral phages,  its abil ity not  to kill the host  

bacte r ia .  The  M l 3 g e n o m e  has been e n g in e e re d  to c re a te  a

m ult ip le  c lo n ing  s ite in wh ich  a foreign gene  m ay  be c lone d

( Y a n i s c h - P e r o n  s i  a l -  1985).  Inser t ion o f  an exo g e n o u s  gene  

d isrup ts  the be ta -ga lac tos idase  gene ,  which is integrated  into the

M13  g e n o m e  ( M i l l e r  1978) .  Th i s  a l l o w s  the  se le c t i o n  o f  

r ec om bina n t  c lones  by plat ing  M13 infected bac te r ia  on a lawn 

conta in ing  an inducer  o f  the be ta -galac tos idase  gene  ( i s o p r o p y l - 1 - 

t h io - P - D - g a l a c t o s id e )  and  a subs tr a te  for  the b e ta -ga la c to s idase  

e n z y m e  ( 5 - b r o m o - 4 - c h l o r o - 3 - i n d o y l - P - D - g a l a c t o s i d e ) .



Subc lon ing  o f  the desired gene for  mutat ion into the M13

c lo n in g  s i te and t r a n s fe c t io n  into bac te r i a l  c e l l s  a l l o w s  the 

purif ication of  s ingle s tranded M l 3 DNA containing the exogenous  

g e n e .  An o l i g o n u c l e o t i d e  can  be s y n t h e s i z e d  w h i c h  is 

c o m p l e m e n t a r y  to a p o r t i o n  o f  the  i n s e r t e d  gene .  T he

o l igonuc leot ide ,  which contains  a m ism atch  at the desired site of  

mutat ion is annealed onto the M13 recombinant  DNA.  By adding  

purif ied  D N A po lymerase ,  deoxynuc le o t ides  and DNA l igase,  the 

s econd  s t rand can be com ple ted .  Th i s  doub le  s t r anded  DN A 

containing a def ined  mismatch is introduced back into E. Coli  and 

in fec ted  bac te r ia .  S ince  M13 can rep l ica te  f rom both s t rands  

(al though this  is not  the way in which the normal  virus  infects  

cells),  cells can be selected and ana lyzed  for  the presense o f  the

w i l d - t y p e  or  m u ta n t  s e q u en c e s .  T h e  pu r i f i c a t i o n  o f  s ing le

s tranded DNA is used for  d ideoxy D N A sequencing to de tec t  the 

presence  of  a muta t ion.  Addit ional ly ,  the creat ion or  destruct ion  

o f  a sequence  that  is r ecognized by a res t r ic t ion enz ym e  a l lows  

rap id  sc reening  of  m any  samples  o f  pu ta t ive  mutan ts .  W h e n  a 

bacte r ia l  cell  is found  to contain the m utan t  gene ,  the doub le  

s t randed DNA is purif ied,  the DNA is excised and l igated into other 

vectors  for eukaryo t ic  t ransfect ion,  in vi t ro  t ranscr ipt ion or  other  

u s e s .

I n s e r t i o n  I n t o  M a m m a l i a n  T r a n s f e c t i o n  V e c t o r s

The method  o f  inser t ion of  wild type  a o  and oto Q 2 0 5 L  is 

shown in F i g u r e  7.
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The wild type a 0  and a 0  Q205L D N A  were excised from M 1 3 m p l 9  

using the res tr i c t ion en z y m e s  Nco l  and Dral.  These  e nzym es  cu t  

the insert  out  of  the vec tor  in its enti rety.  The  "st icky ends” o f  the



i n se r t  w e r e  f i l led  in with d e o x y r i b o n u c l e o t i d e  and  K l e n o w

fragment .  The  DNA was then subcloned into the Sma I res trict ion

site o f  p M A M - n e o  vector .  T h i s  v e c to r  w as  p u r c h a s e d  f rom

Clontech ,  Inc. H-ras  DNA was also subc loned  into this  vector .  

P rope r  o r ien ta t ion  o f  the inser ts  was  c o n f i r m e d  by res t r i c t ion  

m a p p i n g .

The wild type a o  and a o - Q 2 0 5 L  DNA was  also inser ted into 

the cons t i tu t ive  express ion  vec tor  p R C /C M V .  The wild type  a 0  

and a 0  Q 2 0 5 L  DN A was  e x c i s e d  f rom M 1 3 m p l 9  u s in g  the 

restric tion enzymes  Ncol  and Dral .  The ends were f il led in with 

Klenow fragment  and deoxynucleot ides .  The cons truc ts  were then 

inser ted into the Sal I site of  pRC /C M V. This  vector  con ta ins  a 

c y tom e ga lov i ru s  p rom ote r  ups t ream  from a mul t ip le  c lon ing  site 

and a bovine  growth  hormone poly A sequence.

T r a n s f e c t i o n  O f  F i b r o b l a s t s

For  eu k a ry o t i c  t ra ns fec t ion ,  a lka l ine  lysis  m in ip re p s  were  

made o f  the indiv idual  p M A M - n e o  cons truc ts  as well  as p M A M  

c o n t a i n i n g  no  i n s e r t .  T h e  D N A  w a s  e x t r a c t e d  w i th  

pheno l : ch lo ro fo rm : i soam y l  a lcoho l  (25 :24 :1)  and  p rec ip i t a ted  with 

e th a n o l / s o d i u m  ace ta te  twice .  T h e  D N A  w a s  r e s u s p e n d e d  in 

s ter ile  w a te r  and  p rec ip i t a ted  w i th  2.5 m M  c a lc iu m  p h o s p h a te  

( S a m b r o o k  £ i a i -  1989). This  D N A  (20 p g  pe r  t rans fec t ion)  was

added to sub -con f luen t  N1H-3T3 or  Rat-1 f ibroblas ts .  A f t e r  24 

hours,  the media  was changed.  W hen  t ransfec t ion e ff ic iency  was 

be ing  m e a s u r e d ,  ce l ls  r es i s tan t  to G 418  w e re  se le c te d  fo r  by 

add ing  g ene t i c in  at a f inal  c o n c en t ra t io n  o f  400  p g / m l .  The



t r a n s f e c t i o n  and s u b s e q u e n t  f e e d i n g / d e x a m e t h a s o n e  t r e a tm e n t  

protocol  is shown in Figure  8.

2 4  h o u rs  2 4  h o u rs  2 4  h o u rs
— — 2 4  h o u rs  .  2 4  h o u rs  12 d a y s

Change
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\ v f A
1pM 1|iM
Dexamethasone  Dexamethasone

Count Foci. Plate Into 
Soft Agar Or Inject 
Into Nu/Nu Mice

Se lec t ion  O f  C e l ls  For  N e o m y c in  R e s i s tan c e

Po s i t i v e  se lec t ion  o f  t rans fec ted  e u k a ry o t i c  ce l ls  can  be 

ache ived  by t ransfect ing  a gene for  a selec table  m arker  enzyme.  

This gene can ei ther  be co-t ransfected as a seperate  plasmid,  or  as 

an in tegra ted sequence  in the t ransfec ted construc t .  One o f  the 

m os t  c o m m o n l y  used  e u k a ry o t i c  s e le c t ion  m a r k e r s  is tha t  o f  

neo m y c in  res i s tance.  T h e  d rug  gene t i c in  (G 418  su lfa te )  is an 

a m inog lycos ide  an t ibiot ic  s imilar  to gen tamycin  which  is toxic  in

T rans fec t ion  Change
Medium

Change  
Medium 

+ 1pM
Dexam ethasone



high doses  to eukaryo t ic  cel ls  (bacter ia l  potency = ~500  p g / m l  

E D 5 0  in cultured mammal ian  cells = - 2 2 0 0  pg/ml) .  The  resistance 

gene is an aminoglycos ide  phosphotransfe rase .  It is bacter ia l  in 

or igin but can be expressed in eukaryot ic  cells.  Transcr ip t ion of  

the r e s i s t a n c e  g e n e  can be a c h ie v e d  w h e n  it is l inked  to 

eukaryo t ic  D N A sequences  that  perm i t  m R N A  syn thes is  in host  

cells.

T r a n s f e c t i o n  e f f i c i e n c y  w as  c h a r a c t e r i z e d  by ab i l i t y  to 

survive  select ion in G418 (gene t ic in )  at a concen t ra t ion  of  400  

pg /ml  (effective concentrat ion) .  Cel ls  were plated at 100,000 cells 

per  plate and t reated with G418 for 10 days.  After  this period,  

the num ber  of  surv iv ing  co lon ies  were coun ted and com pared  to 

the original number  of  cells.

P r o t e i n  C o n c e n t r a t i o n  D e t e r m i n a t i o n

P ro te in  c o n c e n t r a t i o n s  w e r e  d e t e r m i n e d  by the  L o w r y  

method (Lowry  £1 al- 1951). 100 ml of  I N  NaOH,  1.8% SDS were

added to samples  and vortexed. 900 pi  of  2% N a 2 C 0 3 , 0 .01% CUSO4 , 

0 .0 2 %  N a -K - ta r t r a t e  was  added  to the m ix tu re  and  vo r te xed .  

After  15 minutes,  100 p i  of  33% Fol in-Coulcateau  was added and 

the color  was a l lowed to deve lop  for 30 minutes .  Absorbance  was 

read at 660 nanometers  and compared  to a s tandard curve o f  BSA 

c o n c e n t r a t i o n s .

PCR Based m R N A  Detect ion

The p M N  c o ns t ruc t s  (p M N ,  p M N - a 0 , p M N - Q 2 0 5 L a o and 

pM N - ra s )  w ere  pu r i f ied  and t ra n s fe c te d  by c a lc iu m  p h o s p h a te



p rec ip i t a t ion  into sub -conf lu en t  f ib roblas ts  ( 1 0 6 cells per  bottle).  

Tw en ty  four  hours  after t ransfect ion,  the cells  were se lec ted for 

DNA incorporat ion with G418 (0.4 g/1). Af ter  the selection,  the 

m edia  was  cha nged  and the cel ls  were a l lowed to grow for  2-3 

days to confluency in DM E containing 5%  bovine calf  serum. After  

16h t r e a tm e n t  with 1 p M  d e x a m e t h a s o n e ,  the  c e l l s  w e r e  

harvested and total RNA was prepared.  cD N A  was prepared  using 

A b e l s o n  m u r i n e  l e u k e m ia  v i ru s  r e v e r s e  t r a n s c r ip ta s e .  PC R 

amplif icat ion of  this cDNA was carr ied out using PCR pr imers  5'- 

G G G G A A G C T T A C I A T A G T I A A R C A R A T G A A  ( c o r r e s p o n d i n g  to 

n u c l e o t i d e s  1 4 4 - 1 6 0  o f  t h e  a  0  c D N A )  a n d  

5 G G G G G A A T T C R T T C G T G G T T T C R T C Y T C R T G  (co r responding  to 

n uc leo t id es  711 -726  of  the a 0  cD N A ) .  These  reg ions  e ncode  

s e q u e n c e s  un iq u e  to G 0 - a  and  these  o l i g o n u c l e o t i d e s  w e r e  

designed to amplify  G 0 -ct like cD N A  from different  t issues.  The  

PCR react ion was carried out  using TA Q  DNA polymerase  for  30 

c y c l e s  w i t h  9 5 ° C  m e l t i n g  t e m p e r a t u r e ,  5 0 ° C  a n n e a l i n g  

t e m p e ra tu re  and  72°C  e x te ns ion  tem pera tu re .  Dra  II e n z y m e  

digestion was  carr ied out directly on the PCR amplif ied DNA in the 

a pp rop r ia t e  e n z y m e  buf fe r  fo r  two hours  a t  37°C.  D N A  was 

elect rophoret ica l ly  resolved on a 1.5% agarose gel.

I m m u n o l o g i c a l  D e t e c t i o n  o f  a 0

For detect ion o f  a 0> the t ransfected cel ls  were selected with 

0.4 g/1 G 418  for 10 days and t reated with 1 p M  d e x a m e t h a s o n e  

for  16h on alternate  days. After  three such t reatments,  the cel ls



were washed  with phosphate  buffered saline and purif ied p lasma 

m e m b r a n e s  w e r e  p r e p a r e d  by  s u c r o s e  d e n s i t y  g r a d i e n t  

u l t r acent r i fuga t ion.  For  im m unob lo t t ing  expe r im en t s ,  100 p g  of  

pu r i f ied  m e m b r a n e s  were  r e s o lv e d  by SDS e l e c t r o p h o r h e s i s ,  

t ransferred to ni t rocel lulose,  and probed with a 1 : 1 0 0 0  d i lu t ion of  

a 0 - s p e c i f i c  a n t i s e r u m .  T h e  s e c o n d a r y  a n t i b o d y  ( 1 : 3 0 0 0 )  is 

c o n ju g a t e d  to ho r se ra d is h  p e ro x id a s e .  T h e  i m m u n o r e a c t i v e  

bands are detected by use of  the EC L reagent  and hyperf i lm.  The 

a 0 -specif ic  ant iserum was genera ted  in a rabbi t  by immuniza t ion  

with a pept ide e nc od ing  the sequence  used fo r  U-46  , an d o  

specific ant isera  previously genera ted  (M um by  £ l  a L  1986).

M i t o g e n e s i s  A s s a y s

To analyze  ce l lu la r  rate of  growth ,  ce l ls  were t rans fec ted 

with cD N A  by calcium phosphate  t ransfection for 2 days.  The  cells 

were t reated for one day  with 1 p M  dexam ethasone .  Ce l ls  were 

dispersed and plated at a concentrat ion o f  1 x 1 0 ^ cells per  wel l in 

a Falcon six well dish. Cells  were cultured in D M E M  plus 5%  calf  

serum. Al te rna t ing d e xa m e tha sone / f e e d ing  p ro toco l  was used as 

above. The  cells in one well  were dispersed in t rypsin each day 

and coun ted  in a hemocytometer .  For  G418 (Geneticin) inhibi tion 

of  phosphol ipase  activity ,  cel ls  were  incubated in 100 p M  G 418  

antibiot ic.  Growth kinet ics  were dete rmined by fit ting the da ta  to 

an exponen t i a l  g rowth  equat ion:  

y = y 0 ( e kt)



where  y0 =initial  cell num ber ,  k=growth  rate  cons tan t  and t=t ime.  

Doubling  t ime was calculated by dividing the natural  logari thm of  

2  by the growth rate constant .

F o c u s  A s s a y s

For focus formation assays,  t ransfected cells were al lowed to 

g row to c o n f lu e n c y  and  sp l i t  wi th  t r y p s i n /E D T A  into  four  

dupl ica te  plates.  The cells were grown for two weeks  and then 

c o u n te d  fo r  foci  f o rm a t i o n  u n d e r  a m e d i u m  p o w e r  ( 1 0 0 X )  

m ic r o s c o p e .

Soft  Agar  C o lon y  F o r m a t io n

To test  the abil i ty  of  cel l s  to grow in soft  agar ,  the reby  

d i sp lay in g  anchorage  indepe nde nc e ,  the fo l low ing  p rocedure  was 

uti l ized: 5 ml of  molten  1% agarose  was poured  into a t issue

cul ture  dish and al lowed  to solidify.  Transfec ted  cells were lifted 

with t rypsin/EDTA as above and counted.  The  cells were plated at 

a concent rat ion  o f  10,000 cells per  plate in IX  D M E M  media,  5% 

ca lf  serum and 0 .56%  agarose.  The  cel ls  were fed once a week 

with IX  D M E M  media, 5% ca lf  serum and 0.56% agarose.  Colony 

fo rmation was  coun ted  af ter  fourteen days.

T u m o r i e e n i c i t v  In A t h v m ic  Mice

For  an imal  in jec t ion  assays ,  t rans fec ted ce l ls  were  se lec ted 

for  G418  resis tance as above  and  grown in bot tles  for  three weeks  

with s im i la r  a l t e rna t ing  f e e d ing /de xa m e thasom e  schedu les .  Cel ls  

were l if ted from plates  with t rypsin E D T A  and coun ted .  Cel ls



were washed  with D M E M  media without  serum and 1 x 106  cells 

in 0.1 ml  were  in jec ted  into each  animal  subcu taneous ly .  The  

animals  were in groups  of five and dupl icates  were pe rformed for 

wild type a 0  , Q 2 0 5 L a o , H - r a s  and vector  alone t ransfected cells.



R e s u l t s

P e r s i s t e n t l y  A c t iv a t e d  a 0 * I n d u c e s  O o c y t e  M a tu r a t io n

The  he te ro t r im e r ic  G T P  b ind ing  pro tein  G 0  was  purif ied

from bov ine  brain and ac t ivated  with M g 2 +  ions and GTPyS .

Act iva ted  a 0  subuni t  was purif ied and injected into oocytes . The

oocy te s  were obse rved  for  ge rminal  vesicle  b reakdow n (G V B D )  

which manifests  i tself  as a white  spot  in the dark animal  pole that 

can be seen under  a dissecting microscope.  Act ivated G o - a  (cto*).  

induced G V B D  (Figure 9) like progesterone.  Background response 

in vehicle injected eggs may be due to P - m e r c a p t o e t h a n o l  w h ic h  

causes G V B D  (Smith 1989). Since G protein a - s u b u n i t s  are labile 

without  sulfhydryl  g roup  reducing  agents,  vehicle  was not  al tered.

A c t i v a t e d  G i 2 - a  s u b un i t s  (F igu re  10) d id  not  induce  

subs tan t ia l  G V B D .  Act iva ted  G i l - a  and G i 3 - a  subuni ts  did not

appear  to induce G V B D  (Figure 10). Heterotr imeric  Go  (ho lo -G0 ) 

pro tein  a lso  did not  induce  G V B D  (Figure 11). Although  a 0 * 

induced  m atura t ion  was obse rved  to be s lower than that induced

by p r o g e s t e ro n e  (F ig u re  12), t em pora l  d i f f e re n c es  m ay  not  be

b io lo g ic a l ly  s ig n i f i c a n t  s in ce  the t im e  c o u r s e  o f  p ro g es t e ro n e  

induct ion  is variable.

A f te r  the init ia l  e x p e r im e n t s  in oocy tes  had been  carr ied

out , a new G protein from bovine brain,  Gq,  which is capable  of  

s t im u la t ing  p h o s p h o l ip a s e  C, was  iden t i f ied .  Th i s  led me to 

d e t e r m i n e  i f  G 0 - a  w a s  the a c t ive  e l e m en t  in a c t iva te d  a Q

prepa ra t ions .  In o rd e r  to  asce r ta in  this,  I im m u n o d ep le te d  the 

prepara t ion  of  G0 - a  subunit  with a G 0 - a  subun i t  specif ic  ant ibody 

(against  the carboxy terminus decapept ide of  G 0 -a ,  A N N L R G C G L Y ) .



As a control  for this  experiment ,  the an t ibody  was pre-b locked  

w i t h  the  s p e c i f i c  p e p t i d e  to w h i c h  it w a s  r a i s e d .

I m m u n o d e p l e t i o n  o f  G 0 - a  sub u n i t  d e m o n s t r a t e d  a m a r k e d  

r e d u c t io n  o f  o o c y te  m a t u r a t i o n  c a p a b i l i t y  ( F ig u r e  13) and  

ind ica te s  that  the m atu ra t io n  e ff ec t  is spec i f ic  for  the G 0 - a  

subunit .  The  act ivated a o  e ff ec t  was c o n c e n t r a t i o n  d e p e n d e n t .  

Ha lf  m aximal  effects  were observed  at abou t  150 pM assum ing

a 0 * equil ibrates fully within the cell (Figure 14).

Pro longed  exposure  to muscar inic  r ecep to r  agonis ts  did not  

induce maturation (observat ions of  Dr. Gila  Omri) .  This  could  be

due to desensit izat ion of  the receptor  signal. In contrast,  when G 0

is act ivated  with GTPyS,  the G o - a  subuni t  should be pers is tent ly  

activated.  Hence, I tested the effect of  co- injected G protein Py  

subuni t s  which preferent ia l ly  associate  with the G D P  bound fo rm 

of  a 0  and should not affect a 0 *. Coinject ion of  Py subuni ts  did not 

affect a 0 * induced G V B D  (Figure 15). This  observat ion indicates  

that  the GTPyS l iganded Go-o t  s tays  pers is tent ly  activated in the 

ooc y te .

T o  ascer ta in  that a o *  injected oocytes  had comple ted  the 

f i r s t  m e i o t i c  c y c le ,  I l o o k ed  for  c o n d e n s e d  and  c lu s t e r e d  

c h rom osom es .  Oocytes  that  had  undergone G V B D  were f ixed  in 

10% fo rmaldehyde,  s ta ined with Hoechst  dye  33258 and di ssected.  

C h r o m o s o m e s  w ere  v i sua l ized  by f l u o r e s c e n t  e p i - i l l u m i n a t i o n .  

Inject ion o f  a 0 * resul ted in ch rom osom e  condensa t ion  s im i la r  to 

that  seen in proges te rone  t reated oocytes  ( com pare  Figures  16 A 

and B), indicative of  the complet ion of at least meiosis  I.
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P r o g e s t e r o n e

9. The induct ion of  X e n o p u s  oo c v te  m atu ra t ion  by ac t iva ted  
G 0-ct subunit .  Oocyte  Maturat ion was assessed by germinal vesicle  
b reakdow n  ( G V B D )  s ixteen hours  a f t e r  p roges te rone  incuba t ion  
(10 j iM  f inal  c o n c e n t r a t io n ) ,  a o *  m ic ro in j ec t io n  (3 nM  final  
i n t r a c e l lu l a r  c o n c e n t r a t i o n )  or  v e h ic l e  m ic r o in j e c t io n .  a o *  
i n d u c e d  G V B D  w as  m e a s u r e d  at  the  e a r l i e s t  t im e  w h e n  
proges te rone  induced G V B D  was  com ple te  ( - 1 0 0 % ) .  (N = 1 0  +/-
S.D.).



a  *o

10. F a i lu r e  of  a c t i v a t e d  G j - a  s u b u n i t s  to  i n d u c e  o o c y te  
m a t u r a t i o n .  G j - a  s u b u n i t s  w e r e  p u r i f i e d  f r o m  h u m a n  
e ry th rocyc tes  and a c t iva te d  with GTPyS in the same m an n e r  as 
activat ion of  G 0 - a .  Microinject ion of  50 nl of  50 nM purif ied cti* 
subuni ts  fai led to e l ic i t  oocy te  m atu ra t ion  s im i la r  to m atu ra t ion  
induced by 50 nl of  63 nM a 0 * subuni t  s ixteen hours  af te r  oocyte 
m ic ro in j e c t io n .
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a Holo-Go P r o g e s t e r o n e

1 1 . Fa i lu re  o f  h o l o - G 0  p r o te in  to induce  oocy te  m atu ra t ion .  
Mic ro in ject ion  of  50 nl o f  50  nM  purif ied G 0 p ro te in  fai led  to 
induce  oocyte  matura t ion  s im i la r  to maturat ion induced  by 50 nl 
of  63 nM a 0 * subuni t  s ixteen hours after  oocyte microinject ion.
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1 2 . T ime course profi le  of  activated G 0- a  subuni t  induced oocyte  
m a t u r a t i o n .  T i m e  c o u r s e  o f  m a t u r a t i o n  fo r  p r o g e s t e r o n e  
incubat ion (10 p M  final  concentrat ion) ,  a o *  microinject ion (3 nM 
final  in t race l lu la r  concen t ra t io n ) ,  a i 2 * (2.5 nM  final intracel lular  
concen t ra t ion  or veh ic le  micro in jec t ion .  N um be rs  at the e nd  of  
the curve  rep re sen t  n u m b e r  of  oocy tes  that  d i sp lay  G V B D / to ta l  
num ber  o f  oocytes.
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13. Effect  o f  specif ic  immunodep le t ion of  act ivated G 0 - a  subunit  
on o o c y t e  m a t u r a t i o n .  G 0 - a  s u b u n i t  w a s  s p e c i f i c a l l y  
im m unodep le ted  from a purif ied solut ion of  the ac t ivated subuni t .  
A stock solut ion was divided and incubated  in the presence (+ )  or 
absense  (-)  of  G 0/ l  an t ibody  p recoup led  to prote in  A sepharose .  
After  ove rn igh t  incuba t ion at 4 °C,  the sepharose  was  separated  
by cen tr i fuga t ion  and  the superna tan t  was  injec ted  into oocytes .  
G erm ina l  v es ic l e  b reakdow n  was  c o m p a r e d  to tha t  e l i c i t ed  by 
vehicle injection or progesterone (10 p M )  incuba t ion s ixteen hours  
after oocyte  microinject ion.
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14. Dose response profi le o f  injection of  varying amounts  of  G0 -cr 
s u b u n i t  i n to  o o c y te .  M ic r o in j e c t i o n  o f  50  nl o f  va ry in g
c o n c e n t r a t i o n s  o f  G 0 - a  induced  oocyte  m atu ra t ion  with a ha lf  
maximal  effect  at 150 pM. G V B D  was m easured  16 hours  after  
m ic r o in j e c t io n .
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15.  Fai lure of  G 0 -Py subuni ts  to inhibit  activated G 0 - a  subuni t  
maturat ion  induct ion. .  Effect  o f  (Jy d imer on maturat ion  and on 
a o *  induced  maturat ion .  (3y d imer was micro in jec ted  at a f inal 
c o n c e n t r a t i o n  of  6  n M  by i tse lf  or  wi th  a o *  (3 nM  final  
in t r a c e l lu l a r  c o n c e n t r a t io n ) .  G erm ina l  ves ic l e  b r e a k d o w n  was  
recorded after 16 hours.



16.  X e n o p u s  o o c y t e  c h r o m o s o m e  c o n d e s a t i o n  i n d u c e d  by 
p roges te re rone  and act ivated  G 0 - a  subunit .  C o n d e n s e d  
c h rom osom e s  in p roges te rone  t reated (10  m M  final  concen t ra t ion ,  
A) or a o *  microinjected  (3 nM  final intracel lular  concent rat ion ,  B) 
oocytes  and fo l lowed to mature  up to the appearance o f  the white  
spot  in the animal  pole.  At  this s tage,  the oocytes  were f ixed in 
10% form aldehyde .  The  c h rom osom es  were visual ized f rom single  
m a t u r e d  o o c y te s  by e p i - i l l u m i n a t i o n  a f t e r  s ta in in g  wi th  the 
H o e c h s t  dye  3 3 2 5 8 ,  d i s s e c t i o n  by  a j e w e l e r ' s  f o r c e p  an d  
pho tographed  onto Kodak  Pan X black and white  film.  The bar  
represents  1 0  p .



P r o te i n  K in a s e  C In  a 0 * I n d u c e d  M a t u r a t i o n

Since a 0 * is thought  to s t imulate  phospho l ipase  C, it should 

ac t ivate  pro tein k inase  C through  d i acy lg lyce ro l .  I m easu red  

protein kinase C ac t iv i ty  in hom ogena te s  f rom vehicle  and a o *  

injected cel ls  us ing  a specif ic  pep t ide  subs tra te  P K C ( 1 9 - 3 6 A T h r  

25) (Figure 17). I found at least a 2.5 fold s t imulat ion o f  protein 

kinase C in a 0 * injected cells (Figure 18) by two cri ter ia .  First ,  

protein kinase C specif ic  act ivi ty in hom ogena tes  of  a 0 * injected 

oocytes  was 2 - 2.5 fold h igher  than that  of  veh ic le  in jec ted  

oocytes . Second,  the protein kinase C activity in homogena tes  of  

a 0 * in jec ted o o c y te s  was  e leva ted  and  fu r the r  s t im u la t ion  by 

phorbo l  es te rs  w as  on ly  forty  p e rcen t ,  in con t ra s t ,  to veh ic le  

in jec ted  h o m o g e n a t e s  where  p h o rb o l  e s te r s  s t im u la te d  p ro te in  

kinase C activity 3.5 fold.

T o  d e te r m in e  i f  increased  p ro te in  k inase  C a c t iv i ty  was  

required for  the a 0 * effect ,  I co - in jec ted  a 0 * with a speci f ic  

peptide inh ibi tor  P K C  (19-36)  which  encodes  the p seudosubs t ra te  

region in the r egu la tory  domain  of  pro tein  kinase C. Co-injec t ion  

o f  the P K C  (19 -36 )  pept ide  b locked  a o *  i n d u c e d  m a t u r a t i o n  

(Figure 19), but  by i tself  did not  induce maturation in excess  over  

vehicle injection. P K C  (19-36)  pept ide  did not affect  p roges te rone  

in duced  G V B D  ( F ig u r e  20 ) ,  i n d i c a t i n g  that  p ro te in  k i n a s e  C 

a c t i v a t i o n  w as  n o t  e s s e n t i a l  f o r  the  p r o g e s t e r o n e  i n d u c e d  

pathway. PK C (19-36)  inhibi tion o f  a 0 * induced m atu ra t io n  was 

concen tra t ion d e p e n d en t  with an approx im ate  ha lf  m ax im a l  effect  

in the 10-20 nM range  (Figure 21).



Confi rmation  o f  oocyte  matu rat ion  was carr ied ou t  by fixing 

oocytes  in t r i chloroace t ic  acid  and visual iz ing the d i sso lu t ion  of
i

the  g e r m i n a l  v e s i c l e  by s l i c in g  t r e a te d  o o c y t e s  in h a l f  

long i tud ina l ly  (F igure  22).  Sl iced  oocy tes  d e m o n s t r a t e d  intact 

germinal vesicles  for vehicle  injected oocytes  as  well  as for  a Q* 

plus PK C (19-36)  pep t ide  injected oocytes .  D isso lu t ion  o f  the 

ge rm ina l  ves ic l e  w as  o b s e r v e d  in oo c y te s  wi th  p r o g e s t e ro n e  

added and in a 0* injected oocytes.



I n j e c t  a o *  into o o c y t e  Injec t  V e h i c l e  into O ocy te

i I

©  ©

H o m o g en ize  o o c y t e s  (at 15 min)

I
Add Phorbol  E s t e r /L i p id  or V e h ic l e

I
Add P e p t id e  S u b s t r a t e ,  [ 3 2 Py)ATP

I
Fi l ter  Binding and Count For Bound 3 2 P

17.  S c h e m a t i c  d i a g r a m  o f  p r o te in  k in as e  C a c t i v a t i o n  and  
p s e u d o s u b s t r a t e  i n h ib i t i o n / s u b s t r a t e  assay .
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18. Comparison  o f  protein kinase C (PKC) activity in the absence 
and p resence  of  pho rbo l  es te r  ( P M A )  in hom ogena te s  p repa red  
from vehicle and a o * - i n j e c t e d  oocytes ,  a o *  was micro in jec ted (3 
nM  final  i n t r a c e l lu l a r  c o n c e n t r a t i o n )  into  ten o o c y te s  f i f te en  
m in u te s  p r io r  to o o c y te  h o m o g e n iz a t io n .  E i the r  v e h ic l e  or 
phorbo l -  12-myr is ta te -  13-aceta te  (P M A )  was added  to the  oocy te  
h o m o g e n a te s  to d e t e r m i n e  m a x i m u m  P K C  act iv i ty .  (N=3 +/- 
S.E.M.).
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19. T im e  course  o f  b lockade  of  act ivated G 0 - a  subun i t  induced 
oocyte  matu rat ion  by PK C(  19-36) peptide. Effect  o f  PK C (19-36)  
pept ide mic roinjec t ion (1 p M  final in trace l lula r  concen t ra t ion )  on 
m a t u r a t i o n  i n d u c e d  by a c t i v a t e d  G 0 - a  sub u n i t  (3 nM  final  
concent rat ion)  microinject ion.  PKC (19-36) pep t ide  was coinjected  
with act ivated G0 - a  subunit  ( ▲ ). For  comparison,  activated G 0- a  

subunit  a lone (3 nM, A ), PK C (19-36)  peptide di sso lved  in vehicle 
( •  ), and vehicle a lone were injected ( B  ). G V B D  was recorded 
af te r  16 hours .  N u m b e r s  a t  the end o f  the  c u rve  r ep re sen t  
number  o f  oocytes  that  di splay GVBD/to tal  num ber  of  oocytes .
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2 0 .  Effect  of  PKC(  19-36)  pept ide on progesterone  induced  oocyte  
maturat ion .  T im e  cou rse  o f  the e ff ec t  o f  mic ro inject ion  o f  PK C  
(19-36)  pept ide on p roges te rone  induced  oocyte  maturat ion .  PKC 
( 1 9 -3 6 )  p e p t i d e  w a s  m i c r o i n j e c t e d  a t  a f ina l  i n t r a c e l l u l a r  
c o n c e n t r a t io n  o f  1 p M  i m m e d i a t e l y  b e fo r e  the a d d i t i o n  o f  
p r o g e s t e r o n e  to the  o o c y te  b a th  ( O ) and  c o m p a r e d  to 
p roges te rone  added  to oocytes  that  were  not  p rev ious ly  in jec ted  
with pept ide ( ■  ).
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21 .  Dose response  profi le of  PKC(19-36)  effect on act ivated G 0 - a  
subun i t  induced  oocy te  m atu ra t ion .  a o *  subuni t  (3 nM final 
i n t r a c e l l u l a r  c o n c e n t r a t i o n )  w a s  c o - i n j e c t e d  w i t h  v a r y i n g  
c o n c e n t r a t i o n s  o f  P K C  ( 1 9 - 3 6 )  p e p t id e ,  d i l u t e d  in  v e h ic l e .  
Germina l  vesicle  b reakdow n was recorded  after  16 hours .  At  3 
nM a o *  subuni t  f inal concen tra t ion ,  a half  max imal  concen t ra t ion  
of  PKC (19-36)  peptide for inhibition of  GV BD was * 10 nM.



2 2 .  M ic rod is sec t ion  of  oocy tes  m ic ro in jec ted  with vehic le  (A), 
a c t i v a t e d  G 0 - a  subuni t  (B) , incuba ted  with p roges te rone  (C) or 
act ivated  G 0- a  subuni t  plus PKC( 19-36) pept ide (D). Oocytes  were 
f ixed  in 5  % t r i ch lo roace t ic  acid and  s liced in ha lf  a lo ng  the 
long i tud ina l  axi s  with a scalpel  unde r  a d i ssec t ing  m ic ro scope .  
G e rm ina l  vesic le  b rea k d o w n  was c on f i rm e d  by the p re se nc e  or  
absence  o f  a vesicle in the top half  of  the oocyte  half. Oocy tes  
ha lves  were p h o to g ra p h e d  under  a d i s se c t ing  m ic ro sc ope  us ing 
Kodak  Ek ta r  100 f ilm.  Ba c kg rounds  were sp rayed  with green 
to n e .



c - m o s  And  a o *  I n d u c e d  M a t u r a t i o n

'T h e  proges te rone effect is med ia ted  at least in part  through 

t rans la t ion  o f  p p 3 9 m o s , a ser- thr  k inase  protein product  of  the 

p ro to -oncogene  c - m o s x e . Since protein kinase C is also a ser- thr  

kinase and required for  the a 0 * but  not  the progesterone effect ,  it 

was  not  a p r i o r i  obvious  whe ther  the a o *  e ffec t  would  requ i re  

protein synthesis.  Hence I tested i f cyc lohex im ide  blocks the a o *  

induced maturat ion.  Treatment  o f  oocy tes  with cyc lo hex im ide  for 

4 hours prior to the injection of  a o * .  blocks the a o *  effect (Figure 

23). In order  to determine if the a 0 * effec t  required t ranslat ion of  

c - m o s ,  two an t i - sense  o l igonuc leo t ides  to the c - m o s  t r an sc r ip t  

w e re  tes ted  fo r  the i r  c a pab i l i ty  to b lo c k  the a 0 * i n d u c e d  

maturat ion .  It was found that  both an t i sense  o l igonuc leo t ides ,  

when  injected ind ividual ly  or  together  4 hours  pr ior  to t rea tment ,  

inh ibi ted  a 0 * and  p roges te rone  induced  m atura t ion  (F igure  24).  

C o r r e s p o n d i n g  sense  o l ig o n u c le o t id e s  d id  not  have  s ign i f ican t  

effects .  Hence  it appears  that t ransla t ion o f  the c -m os  t ranscript  

is necessary for the a o *  effect,  as it is for  proges te rone  induced  

m a t u r a t i o n

I next analyzed the role of  protein kinase C in the a o *  effect 

on mos protein.  W atanabe  £1 a L  (1989)  have  shown that  the c- 

mos  protein p roduct ion  is not  present  in m easu rab le  am oun ts  in 

i m m a t u r e  o o c y te s  and  m a t u r a t i o n  r e s u l t s  in t r a n s l a t i o n  and  

p hosphory la t ion  of  c -mos .  At 4-6  hours  after the  s tar t  of  the 

maturat ion  s ignal ,  the am oun t  o f  mos  p ro te in  iden t i f ied  by 3 5 s  

and 3 2 p  labeling was s imilar.  Hence we ut il ized 32P label ing of  

oocytes  to dete rmine  the effect o f  protein kinase C  act ivi ty on the



iden t i f ica t ion of  mos by immunoprec ip i ta t ion  with a mos  specific 

monoclona l  ant ibody S5. It was found that no  labeled protein was 

d e te c te d  in buffe r  in jec ted  ooc y te s  but  c o u ld  be d e te c te d  in 

p ro g es t e ro n e  t rea ted oocytes .  Injec t ion o f  a o *  resul ted in the 

appearance  of  the 39 kDa band. When  the PKC (19-36)  peptide 

was  injected,  no 39 kDa  immunoprec ip i ta t ab le  band was observed.  

(F igure  25)  The experiments  in Figures  16-18 indicate  that mos 

synthesis  is required for the a o *  effect.  Since mos is synthesized 

and phosphoryla ted in the absence of  pro tein kinase C act ivat ion 

in p roges te rone  matured  oocytes ,  it appears  that  the p resence  of  

3 2 p  labeled p39 mos in a Q* injected oocytes  and its absence in a 0 * 

+ PK C  (19-36)  injected oocytes  suggests  that  phosphory la t ion and 

poss ib ly  synthesis  o f  mos  by a o *  is r egu la te d  th rough  protein 

kinase C.
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23. Effect  of  c y c lohex im ide  on p roges te rone  and a o *  induced  
maturation. Oocy tes  were incubated in 100 p g / m l  c y c l o h e x i m i d e  
4 hours pr ior  to progesterone addit ion (10 p M  final concen t ra t io n )  
or a o *  m ic r o in j e c t io n  (3 nM final  i n t r a ce l lu la r  c o n c en t ra t io n ) .  
Buffer  was the a o *  s torage solut ion. Germinal  vesicle  breakdown 
was measured 16 hours  after  a 0 * m ic r o in jec t ion  or p roges te rone  
a d d i t i o n .
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24 .  Effect  of  injection of  an t isense o l igonuc leo t ides  to the m o s  
m R N A  on p r o g e s t e r o n e  and  a o  - i n d u c e d  g e r m i n a l  v e s i c l e  
b r e a k d o w n .  A SM 1 is an o l ig o n u c le o t id e  c o m p l e m e n t a r y  to 
nucleot ides +178 to +198 in the coding region of  c - m o s  . ASM2 is 
c o m p l e m e n t a r y  to nuc leo t ides  -21 to + 6  and spans  the ATG 
ini t ia t ion codon .  O l igonuc leo t ides  w e re  m ic r o in j e c t e d  4 hours  
pr ior  to proges terone  addi tion (10 p M  final  concen t ra t ion)  or  a o *  
mic ro inject ion  (3 nM final intrace l lu la r  concen t ra t ion) .  Germina l  
vesicle  b reakdow n was measured 16 hours  after  m ic ro in jec t io n  or 
p roges te rone  addi t ion.  Percen t  o f  inhib i t ion  o f  ge rm ina l  vesicle  
b rea k d o w n  is c a lcu la ted  by d e te r m in in g  the m ax im a l  level  of 
o o c y te  m a t u r a t i o n  a c h i e v e d  wi th  the  se nse  o l i g o n u c l e o t i d e ,  
n o rm a l iz ing  this  va lue  as 1 0 0 % and ca lcu la t in g  the p e rc e n ta ge  
inh ib i t ion  of  m atu ra t io n  el ic i ted by the  c o r r e s p o n d in g  an t i sense  
ol igonucleot ide.  All sense ol igonuc leo t ides  gave greater  than 80% 
germinal  vesicle  breakdown when micro in jec ted into oocytes .
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25 .  Im m u n o p re c ip i t a t i o n  a na ly s i s  of  p p 3 9 m o s  in p roges te rone -  
t rea ted ,  veh ic le ,  a o  * and a o *  + PK C (19-36)  pept ide injec ted 
o o c y te s .  O o c y te s  w e re  i n c u b a te d  w i th  3 2 p  f0 r four  hours .  
R a d io la be le d  oocy te s  were incuba ted  with p roges te rone  (10 p M  
final  con c en t ra t io n ) ,  m ic ro in jec t ion  o f  vehicle ,  m ic ro in jec t io n  of  
a o *  (3 nM  final intracel lular concentrat ion)  or  co- injection o f  a o *  
(3 nM  final  in tracel lu la r  concen t ra t io n )  and PK C  (19-36)  pep t ide 
(10 p M  fina l  i n t r a ce l lu l a r  c o n c e n t r a t io n ) .  I m m u n o p re c ip i t a t io n  
was done  with a m onoclona l  an t ibody against  pp39mos protein.



C o n s t r u c t i o n  a n d  E x p r e s s i o n  o f  t h e  G o - a  m u t a n t

Ras  o n c o p r o t e i n  and  G 0 - a  subun i t  share  a r eg io n  of  

homology  in the guan ine  nucleot ide b inding  domain ,  and it is in 

this region  that a c om m on ly  found t r ans fo rm ing  mutat ion in ras 

occurs .  The Q 2 0 5 L  mutant  o f  G o - a .  which is ana lagous  to a 

muta t ion of  the Q61 of  ras, was  cons truc ted  by ol igonucleo t ide  

d i re c te d  in -v i t ro  m u ta g e n e s i s  and  s e q u e n c e d  by the d id e o x y  

o l igonucleot ide  p r im ed  method (F igure  26). The o l igonucleo t ide  

used was  des igned  such that  m u tan t  c D N A  con ta ined  a unique 

restrict ion site for the endonuc lease  D ra l l .  Th is  a l lowed for  the 

rest ric t ion m app ing  o f  mutants  by cu t t ing  with Dra l l  and EcoRI 

restriction enzymes  to yield a 613 base pair  f ragment .

S u b c o n f lu e n t  N IH - 3 T 3  ce l l s  were  t r ans fec te d  wi th  pM N , 

p M N - a o  or p M N - Q 2 0 5 L a o  by the ca lc ium phosphate  precipi ta tion 

method.  The  cel ls  were  al lowed to g row  to confluency  and then 

t reated overn igh t  (16h )  with 10"? M dexameth asone .  The cells 

were harves ted and RN A  was prepared.  The m R N A  was reverse  

t ranscribed to make cDN A. G o - a  specif ic  ol igonuc leo t ide  probes 

(cor responding to posi t ions 144-160 and 711-726 of  the d o  c D N A )  

were used to amplify by po lymerase  cha in  react ion a f ragm ent  of 

the cDN A corresponding to the a o  message.  No  amplif icat ion of  a o  

c D N A  was observed from cel ls  t rans fec ted  with pM N alone  (Fig.  

27, p M N ( l ,2 ,3 ) ) .  Th is  observat ion indicates  that NIH-3T3 cel ls  do 

not  appear  to contain any measurab le  amounts  of  G o - a  m essage .  

p M N - a o  and p M N - Q 2 0 5 L a o  t ransfec ted cells showed a 600  base 

pair  band  o f  the p red ic ted size (Fig.  27 ,  lane 2 of  p M N - a 0  and



p M N - Q 2 0 5 L a o )- The  PCR amplif ied 600 base pair bands were 

o bse rve d  only when the cel l s  were t reated with d e xa m e tha sone  

(compare lanes 1 and 2  for p M N - a o  and p M N - Q 2 0 5 L a o ,  Figure 27) 

This ind ica ted  that  G 0 - a  messages  were be ing t ranscr ibed  from 

the vec tor  in an inducible manner ,  as expected. When the a Q and 

Q 2 0 5 L a o PCR p roduc t s  were  d iges ted  with D ra l l  re s t r i c t ion  

e n z y m e ,  on ly  the Q 2 0 5 L a o product  yielded a 400  base pair  

f ragmen t  indicat ing the presence of  the mutan t  t ranscript in these 

cells (Compare  lanes 3 in p M N - a 0  vs. p M N - Q 2 0 5 L a o ).

T h e  p r e s e n c e  o f  G 0 - a  p r o t e i n  w a s  v e r i f i e d  by 

i m m u n o b l o t t i n g  wi th  an a 0  s p e c i f i c  a n t i p e p t i d e  a n t i b o d y .  

T r a n s f e c te d  ce l ls  were se lec ted for  neomycin  re s i s tance  in the 

presence o f  0.4 g/1 G418 for  ten days. The survivors  were treated 

with dexamethasone  and grown to confluency.  The a 0  protein was 

not  de tec ted  when crude  m em branes  (40 ,000 X g) prepared  from 

these cel l s  were used for immunoblot t ing.  The a 0  protein was also 

not  de tec ted  in whole cell extracts .  Hence, highly purif ied plasma 

m e m b r a n e s  w e r e  p r e p a r e d  by  s u c r o s e  d e n s i t y  g r a d i e n t  

u l t r acen t r i fuga t ion .  1 0 0  p g  o f  the pur if ied  p lasm a  m em b ran e s  

were r eso lved  by SDS gel e lec trophorhes is  and then blot ted with 

an a 0  specific antisera.  A 39 kDa  band was observed in p M N - a 0 

and  p M N - Q 2 0 5 L a o cell  m em branes  but not  in p M N  transfec ted 

cell m em b ran e s  (Figure 28).
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26. DNA sequence of  Q205L mutant  of  G0- a  subunit  c D N A  (Left  
panel) . Wild type G 0 - a  subuni t  D N A was subc lo ned  into the 
M 1 3 m p l 9  v e c to r  and  m u ta te d  by s i t e -d i rec ted ,  o l i g o n u c le o t id e  
p r im ed  m u ta ge nes i s .  D ra l l  re s t r i c t ion  si te  c o r r e s p o n d s  to the 
region of  the G 0- a  subuni t  cD N A  mutated by this procedure.  Viral 
DN A was  purif ied from a Dra l l  sensi tive mutant  and sequenced  
by the Sanger  dideoxy method using [3 2 P - a ] A T P ,  e l e c t r o p h o r h e s e d  
on an 8 % u r ea /po lyac ry lam ide  gel  and au to rad io g raphed  for  two 
hours  using Kodak  X -O m at  film.  The  mutant  c D N A  sequence  is 
shown (r ight  panel)
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27. PC R ampl if ied  cD N A  from transfec ted N IH -3T 3  ce l ls  were 
re so lved  e lec t rophore t i ca l ly  on an e th id ium  b ro m id e  s ta ined  1 % 
agarose gel.  For each category of  t ransfected cel ls ,  the condi t ions 
for the three lanes  were as follows:  (1) c D N A  f rom  t ransfected
c e l l s  w i t h o u t  d e x a m e t h a s o n e  t r e a t m e n t ,  ( 2 )  c D N A  f r o m  
transfec ted  cells with 1 p M  dexam ethasone ,  (3)  D ra  II enz ym e  
digest  o f  c D N A  from cells treated with 1 p M  dexamethasone .  Sizes  
are indicated in base pairs.
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28 .  Im m u n o b lo t t i n g  o f  N IH -3 T 3  cell  p l a s m a  m e m b r a n e s  wi th  
a n t i - a 0  an t iserum. Pur if ied  p lasm a  m em brane s  f rom t ransfec ted  
NIH-3T3 cells t reated with 1 p M  dexam ethasone  were reso lved  by 
SD S-P A G E and then blotted with an a Q specif ic  antiserum. Bands  
were visualized by the E C L  system from Am ersham . Lanes are as 
follows:  m em branes  f rom  cel ls  t ransfected with (1) p M N  vec tor ,
(2 ) p M N -a o ,  (3) p M N - Q 2 0 5 L a o



M it o g e n ic  E f f e c t s  o f  Q 2 0 5 L - a o

pM N contains  a selectable m arker  under  the control of  SV 40  

p rom ote r .  T h u s ,  cons t i tu t iv e  e x p r e s s io n  o f  g e n e t i c in  ( G 4 1 8 )  

r e s i s t a n c e  can be used to se lec t  t r a n s fe c te d  ce l l s  in w h ic h  

ant ibiot ic res is tance  is being expressed.  A compar ison  was made  

o f  t r ans fec t ion  e f f i c i e n cy  based upon  res i s tance  to 4 0 0  p . g / m l  

G 418  ( F ig u r e  3 0 ) ,  d e m o n s t r a t i n g  tha t  c o m p a r a b l e  l e v e l s  o f  

t r a n s fe c t i o n  e f f i c i e n c y  was be ing  a t t a in e d  w i th  the  v a r i o u s

t ra sns fe c te d  c o n s t r u c t s .  A charac te r is t ic  which  de f ines  some 

types of  t r a n s fo rm ing  genes is the ir  abil i ty  to enhance  g rowth.  

Thus ,  I sough t  to de te rm ine  w h e t h e r  Q 2 0 5 L - a o had a g rowth  

enhanc ing effect.  By comparing p M N - Q 2 0 5 L - a o t ranfected cel ls  to 

p M N - a 0 and pM N  transfected cells, I was able to detect  a decrease 

in doub l in g  t ime for  the p M N - Q 2 0 5 L - a o t ransfec ted  cel l s  (F igure  

31). A l though  on ly  a small  p roport ion  o f  ce l ls  migh t  ac tua l ly  

co n ta in  the  m u t a n t  gene ,  t h ro u g h  the use o f  a c o m p u t e r

s imulat ion I was  able  to model  a s i tuat ion where  an e n h a n ce d

growth  rate  o f  those  affec ted ce l l s  m igh t  a l t e r  the p e rc e iv e d

doubl ing t ime of  the whole cell populat ion  during the six day time 

course o f  the assay.
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pMN pMN-a * pMN-Q205La * pMN-raso o

2 9 .  T r a n s f e c t i o n  e f f i c i e n c y  in N I H - 3 T 3  ce l l s .  Ce l ls  were  
t r a n s fe c te d  with p M N ,  p M N - a 0  o r  p M N - Q 2 0 5 L a o . Genet ic in  
(G 418)  was added to a concen t ra t ion  o f  0 .4  g/1 and,  af ter  three 
days,  the number  of  surviving  colonies  were counted.
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3 0 .  D e x a m e t h a s o n e  d e p e n d e n c e  o f  m i to g en e s i s  in t r a n s fe c te d  
NIH-3T3 cells. Cel ls  were t ransfected with pMN ( A ) ,  p M N - a 0  ( ♦ ) ,  
p M N - Q 2 0 5 L a o ( ■ ) ,  or pM N-ras  ( • ) .  The  cells were then split, 
g rown  fo r  the ind ica ted  n u m b er  o f  days  and c oun ted .  U ppe r  
pane l ,  t ime  c o u r s e  o f  cel l  n u m b e r  wi th  add i t ion  o f  1 p M  
dexam ethasone  on al t ernat ing days .  Low er  panel ,  open  symbols ,  
t ime course o f  cell  num ber  withou t  addit ion of  dexamethasone .



T r a n s f o r m a t io n  by M utant  G 0 -a

The capabi li ty of  the expressed p M N - a 0  and p M N - Q 2 0 5 L a o 

to induce t ransformation of  NIH-3T3  cel ls  was assessed by three 

c r i t e r ia ;  f o rm a t io n  o f  foci  in c o n f lu e n t  cu l tu res ,  a n c h o r a g e

i n d e p e n d e n t  g rowth o f  the t rans fec ted  ce l ls  in sof t  aga r  and  

capabi li ty of  the t ransfected cells to induce tumors  in Nu/Nu mice.  

T ransfec t ion  and feeding  reg im en  are as fol lows:  Subcon f luen t

N IH -3 T 3  cel l s  were  t r ans fec ted  with pM N ,  pM N-cto  or  pM N -  

Q 2 0 5 L a o . Fresh m edium  was added and t reatment  of  the cel ls  

with dexamethasone was started. Cells were then allowed to grow 

for  two days. At this t ime,  each t ransfect ion plate was split  into 

four  plates and then grown to confluency ,  which takes 7-9 days.  

The  plates were scored for the number  of  foci 14-16 days  after  

the transfect ion.  In spite of  obtaining NIH-3T3  cells f rom several  

sources  I was unable  to obtain cells that  showed no background  

foci . Typ ica l ly  2-4 backg round  foci pe r  plate  were obse rved .  

T ra n s fe c t io n  with p M N  or  p M N - a 0  d id  not  resul t in enhanced  

focus formation.  Ne i the r  did the t reatment  of  un transfected cel ls  

with dexamethasone .  How ever ,  when cel ls  were t ransfected with 

p M N - Q 2 0 5 L c t o  and t reated with dexamethasone  3-6 t imes m ore  

foci were observed  than in p M N - a 0  t ransfected cells t reated with 

d e xa m e tha sone  (F igure  32) .  Non- t ransfec ted  cel ls  did not  show 

s ig n i f i c a n t  focus  f o r m a t i o n  u n d e r  iden t ica l  cu l tu re  c o n d i t i o n s  

(Figure  33) None  o f  the t ransfec ted cells showed enhanced  focus  

fo rmation when they  were not  t reated with dexamethasone  (Table

2). I was  unable  to ident i fy  any un ique  m orpho logy  in p M N -

Q 2 0 5 L a o induced foci. Typical  regions of  pMN, p M N - a o  and pM N-



Q 2 0 5 L a o plates are shown in Figure 34, parts A,B and C). The 

num ber  of  foci per  plate was dependen t  on the concen t ra t ion  of  

D N A  use d  d u r i n g  the t r a n s f e c t i o n  and  w a s  a s a t u r a b l e  

p h e n o m e n o n  (F igure  35) .  The  c onc en t ra t ion  ne e ded  for  half- 

m a x im a l  e f f e c t ,  d e t e r m i n e d  in th ree  se pe ra te  d o s e  r e s p o n s e  

e x p e r im e n t s  was  a pp rox im ate ly  1 p g  DNA (vec to r  plus  inser t) .  

Transfect ion of  fixed concentrat ions of  plasmid DNA (20pg)  in five 

individual  experiments  indicated that  the effect  o f  Q205L cto  was 

h igh ly  s ign i f ican t  ( p M N - a o  vs. p M N - Q 2 0 5 L a o p>0.004).  In the 

l inear  range,  it was found that  p M N - Q 2 0 5 L a o e l ic i ted 150-300 

f o c i / p g  G o - a  DNA under  condi tions where p M N - / / - r a s  e licited 600- 

900 foci /pg H -r a s  DNA.

Transfec ted  cells  were assessed for a ncho rage  in d epe nde n t  

g rowth  by c loning  in soft  agar.  NIH-3T3 cells were t ransfec ted  

with pM N,  p M N - a o  or  p M N - Q 2 0 5 L a o -  The sub-conf luent  cel ls  

were  g row n  to c onf luency  and t rea ted  on a l t e rna te  da ys  with 

dexam ethasone  to induce t ranscr ipt ion  o f  the exogenous  message .  

Four teen  to s ixteen days  la ter ,  ce l ls  were d i spe r sed  and  seeded 

onto soft agar plates, at a concentrat ion of  10^ cells per  plate. Ten 

to f i f teen days  after  plat ing,  the sof t  agar plates  were  obse rved  

for  co lony  formation .  N u m e ro u s  co lon ies  were obse rved  in the 

p la te s  c o n ta i n in g  p M N - Q 2 0 5 L a o  t ransfec ted cells,  in con tras t  to 

p l a t e s  c o n t a i n i n g  p M N  o r  p M N - a o  t r a n s fe c te d  ce l l s .  A 

s i g n i f i c a n t l y  l o w e r  n u m b e r  o f  c o l o n i e s  f o r m e d  in n o n -  

d e x a m e t h a s o n e  t rea ted  ce l l s  tha t  had been t r a n s f e c t e d  w i th  

(Figure  36). Typical  regions  o f  plates containing cel ls  t ransfec ted 

wi th  pM N  (A),  pMN-a<>(B) or  p M N - Q 2 0 5 L a o (C) are show n  in



Figure  37. The plates  were counted  and a sum m a ry  o f  three 

p la t ing  expe r im en t s  each  de r ived  f rom i n d e p e n d e n t  t r ansfec t ions  

is shown.  It can readi ly be seen that while p M N - Q 2 0 5 L a o forms 

300 -400  co lon ies  per  104  cells,  the pM N or  p M N - a 0  forms less 

than 30 colonies  for the same amount  of  cells.

Since expression from pM N  vector  is an inducible  event ,  I 

sought  to address the quest ion  of  how long the Q 2 0 5 L - a o gene 

needed  to be t ranscr ibed in order  to del iver  a t ransforming  signal.  

This  may not be impor tan t  in the case of  some oncogenes  where 

muta t ions  are i r reversable .  Yet  in mult is t ep p rogress ion  towards 

t r a n s f o r m a t i o n  the  t e m p o r a l  i n t e g r a t i o n  o f  i n a p p r o p r i a t e  

ho rmona l  s ignals ,  plus  the t ransient  over -express io n  o f  prote ins  

m ay  be crucial  to the t rans fo rm in g  event .  Thus  I sough t  to 

de te rm ine  for how long was induct ion of  Q 2 0 5 L - a o necessary  in 

NIH-3T3 cells.  For  these s tudies , p M N - Q 2 0 5 L - a o was t ransfected 

into NIH-3T3  cel ls  and  the ce l ls  were  t reated accord ing  to the 

no rm a l  a l t e rna t ing  f e e d in g /d e x a m e th a s o n e  t r e a tm e n t  schedu le  as 

descr ibed  in Mater ia ls  and Methods.  Every o the r  day  for twelve  

days  af ter  t r ansfec t ion  and subc lon ing  o f  t r ans fec te d  cel l s ,  one  

plate of  cells were t rypsinized and plated in sof t  agar  plates  ( 1 0 4  

ce l l s /p la t e )  as d e sc r ibed  above .  Thus  the l eng th  o f  t im e  o f  

i nduc t ion  necessary  for  t rans fo rm at ion  could be m on i to red  over  

this twelve day t ime course.  The  formation of  co lonies  in soft  agar 

appeared  to be d e p e n d en t  on the length o f  t im e  the gene  was  

induced  by de xa m e tha sone  (F igure  38).

In o rder  to d e te r m in e  w he the r  ce l lu la r  t r a n s fo rm a t io n  by 

m utan t  G 0 - a  was ce l l - type  specif ic ,  subconfluen t  Rat-1 f ibroblas t



cells were t ransfected with pMN, p M N - a o .  p M N - Q 2 0 5 L a o  or pMN- 

v-H-ras  by calc ium phosphate  precipi ta t ion.  After  24 hours , fresh 

m e d i u m  w a s  a d d e d  an d  t r e a t m e n t  o f  the  c e l l s  w i th  

dexamethasone  was  started. Cel ls  were then al lowed to grow for 

two days. At this t ime, each t ransfect ion plate was split into four 

plates and then grown to confluency ,  which takes  7-9 days.  The 

plates  were sco red  for  the n u m b e r  o f  foci 2 1  d a y s  a f t e r  the 

t rans fec t ion.  Rat  1 cel ls  showed  no background  level o f  focus 

formation (Table  3). pM N-v-H -ras  t ransfection led to s ignif icant  

focus formation,  while  p M N - 2 0 5 L a o showed no focus formation in 

this assay, indicat ing  that the Rat-1 f ibroblas t  cell  l ine was  not 

capable  of  t ransformation by the mutant  G 0 - a .

In order  to de te rmine  w he the r  the t rans fo rm in g  e ffec t  of 

p M N - Q 2 0 5 L a o was  due  to the d e x a m e th a s o n e  added  to  the 

cul ture  medium, c D N A  for  a 0  and  Q 2 0 5 L a o were subcloned into 

the  v e c to r  p R C / C M V .  T h i s  v e c to r  a l l o w s  fo r  c o n s t i t u t i v e  

e x p r e s s i o n  o f  the  i n s e r t e d  g e n e  u n d e r  c o n t r o l  o f  the  

c y t o m e g a l o v i r u s  p r o m o t e r .  C e l l s  t r a n s fe c te d  w i th  Q 2 0 5 L a o  

showed s ignif icant ly  enhanced  capab i l i ty  to form foci and  grow in 

soft  agar (Table  3).
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3 1 .  Focus  Formation in confluen t  NIH-3T3  cel ls  t ransfected with 
20 p g  D N A  /75 m M  plate of  cel ls  and treated with dexamethasone  
(1 | i M )  on al te rna t ing  days.  DNA was t ransfec ted  by ca lc iu m  
p ho s p h a te  p rec ip i t a t ion .  T w o  days  after t ra ns fec t ion ,  the cel ls  
were  d iv id ed  into three 75 m M  plates  and a l lowed  to grow to 
c onfluency  in 5%  ca lf  se rum supp lemented D M E  cul tu re  medium. 
Foci  were coun ted 14 days  af ter  t ransfection by l ight  microscopy.  
(N = 8  +/- S.E.M.)



pMN pMN-ao pMN-Q205Lao

32. Focus Formation in conf luent  NIH-3T3  cells t ransfected with 
20 p g  DNA /75 mM plate of  cells. Non t ransfection controls  were 
ce l ls  g row n  a c co rd in g  to  the sa m e  t r a n s fe c t ion  p r o to c o l  as 
t ra n s fe c te d  ce l ls  (5 %  c a l f  s e rum  s u p p le m e n te d  D M E  cu l tu re  
media ) .  M oc k  t rans fec ted cont ro ls  cons is ted  of  add ing  ca lc ium  
phosphate with no DNA. (N=3 +/- S.D.)



Table 2

F o c u s  fo rm at ion  in T r a n s f e c t e d  F ib r o b la s t  Cell L ines

Transfection Foci/ plate
Vector No Treatment Dexamethasone p Value

NIH-3T3 Cells

pMN 2.3 ± 1.5 1 1.0 t 2 . 6 0 .007
pMN-a0 4.7 t  1.2 1 1.3 t 2.1 0 .0 0 9
pMN-Q205Lao 1 1.7 ± 3.5 33.7 t 8.5 0 . 0 1 4
pM N -ra s 11.0 ± 3.0 45 .0 i 5.6 0.001

RAT-1 cel ls

pMN ND 0
pMN-a0 ND 0
pMN-Q205Lao ND 0
p M N -ra s ND 77 .7 1 14.5

NIH-3T3 or RAT-1 f ibroblasts  w ere  t r ans fec ted  with indicated
vectors.  After transfect ion, the cells w ere  grown for 48 hours
and  then split into six 60 mm culture dishes .  D e xam e thasone  (1 
pM final) w as  added  to three  of the se  d ishes  on al terna te days .  
Foci were counted  14-18 days  after sub-culturing.  Values 
r ep resen t  mean  ± S.D. of triplicate determinations  from a t  least  
two independen t  t ransfections,  p Values were  determined  by a 
one-tai led S tuden t ’s  t te s t  and shows the effect of
d e x a m e th a s o n e  trea tment.  ND, not determined
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33 .  P h o tom ic ro sc opy  o f  r eg ions  in conf luen t  cu l tu re ,  16 days 
after t ransfection with pM N  (A), p M N - a 0  ( B ) o r  p M N - Q 2 0 5 L a o (C). 
The bar represen ts  300 p.



0 . 0 1 0.1 1 1 0  
pg DNA T r a n s f e c t e d

1 0 0

3 4 .  Dose response profi le off  p M N - a 0  (O) and p M N - Q 2 0 5 L a o ( • )  
cD N A transfected cells with respect  to foci per  plate.  Carr ier  DNA 
(NIH-3T3  whole cell  D N A was used to t ransfect  each plate  with a 
m in im um  of  20 p g .  Two days  after  t ransfec t ion,  the cel ls  were
divided into three 75 m M  plates and grown to conf luency.  Cells
were t reated every  o ther  day with 1 p M  d e x a m e th a s o n e .  Foci
were counted 14 days after  transfection.  (N=3 +/- S.D.).



pMN p M N - a o p M N -Q 2 0 5 L a Q p M N - r a s

3 5 .  A n c h o r a g e  i n d e p e n d e n t  g r o w th  o f  N I H - 3 T 3  f ib r o b la s t s  
t ransfected with pM N,  p M N - a 0  or  p M N - Q 2 0 5 L a o cDNA. Colony  
fo rm ation  in soft agar m ed ium  with N IH -3T3  cel l s  Open  bars:  
c o l o n i e s  f ro m  c e l l s  w i t h o u t  t r e a t m e n t  w i th  d e x a m e t h a s o n e .  
S h a d e d  ba rs :  c o l o n i e s  f r o m  c e l l s  t r e a t e d  w i th  1 p M
d e x a m e t h a s o n e .  C e l l s  w e r e  t r a n s f e c t e d  a n d  c u l t u r e d  as 
monolayers  for 14 days. Cel ls  were then seeded into soft aga r  at a 
concen tra t ion of  10,000 cells /dish.  Colonies  were coun ted  af ter  an 
a d d i t i o n a l  21 d a y s .  T h e  c e l l s  w e r e  n o t  t r e a t e d  w i th  
dexamethasone  during growth  in soft  agar in any of  the condi t ions 
shown. (N=3 +/- S.D.).



3 6 .  Pho tomicroscopy  of  co lo n ie s  fo rm ed  in p lat es  o f  NIH-3T3 
cel ls  t ransfected with (A)pMN,  (B) p M N - a 0 or  (C)  p M N - Q 2 0 5 L a o . 
Ce l ls  were t ransfected and cu l tu red  as m ono laye rs  fo r  14 days.  
Cel ls  were then seeded into soft agar at a concen tra t ion o f  10,000 
c e l l s / d i s h .
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3 7. Effec t  o f  vary ing  pe r iods  of  d e x a m e th a s o n e  t r e a tm e n t  on 
anchorage  independen t  growth .  Time  cou rse  of  the n u m b e r  of  
days  the cells  were g rown  with a l t e rna te  day  d e x a m e th a s o n e  
t r e a tm e n t  pr io r  to p la t ing  in sof t  aga r  d i shes .  Ce l ls  were  
t ransfec ted  and grown for  the indicated n u m b er  of  days  before  
being seeded into soft agar medium. Dur ing  this t ime per iod ,  the 
cells were treated on every other  day with 1 p M  d e x a m e t h a s o n e .  
Cel ls  were then seeded into soft agar at a concentrat ion of  10,000 
cel ls/dish.  The cells were not  treated with dexamethasone  during 
cul ture  in the soft agar  media . All colonies  were counted 16 days 
after seeding. (N=3 +/- S.D.).



Table 3

C o n s t i t u t i v e  e x p r e s s i o n  of  Q 2 0 5 L a Q in NIH-3T3 cel l s

A s s a y Transfection Vector
pRC/CMV p R C /C M V -Q 2 0 5 L a o p Value

F o c i / p l a t e 1.3 ± 1.5 8.8 i  3.0 0 0 0 9

C o l o n i e s / p l a t e 0.33 t 0 .58 22 .7  ± 6 10 0 . 0 2

Q 2 0 5 L a o  cDNA w as  inser ted by blunt end  ligation into the Apal 
s ite of the pRC/CMV vector  multiple cloning region. Constitutive 
express ion  is maintained by the cytomegalovi rus promoter .  NIH- 
3T3 f ibroblasts  were  t r ans fec ted  with indicated vectors.  After 
t ransfec t ion,  the cel ls  w e re  grown for 48  hours  and  then split 
into six 60 mm culture d i shes .  Foci were  counted  14-18 days  
af te r  sub-culturing. The cel ls  w e re  then  pla ted  (104 cells per  
plate) onto soft aga r  cloning dishes .  Two w eeks  after plating, the 
n u m b e rs  of formed co lonies  w e re  counted .  Foci and  Colonies 
va lues  rep resen t  mean  ± S.D. of triplicate de te rminations  from at 
leas t  two independen t  t ransfect ions,  p Values were  de te rmined by 
a  one  tailed Student 's  t test  .



T u m o r i g e n i c i t y  o f  G o - a  m u t a n t

We next tested if the pM N, p M N - a 0  and p M N - Q 2 0 5 L a o

transfec ted  cel ls  could induce  tumors  in N u /N u  mice.  It was

found that pM N  and p M N - a 0  t ransfected cells induced tumors  at

v e ry  low f r e q u e n c y  (0 -1 6 %  of  m ic e ) ,  h o w e v e r  ce l l s  w h e n  

t rans fec ted  with pM N -Q 2 0 5 L c io  induced tumors  in more than 80%

of  mice injected.  Three  separate  experiments  are shown in Table  

4. Since it appeared that  all t ransfected NIH-3T3 cel ls  induced  

tumors  in mice over  a long period of  t ime,  I sought to dete rmine 

the latency of  tumor formation in mice injected with the mutant ,  

wi ld  type or  vector  t ransfected cells (Table  5). These experiments  

di sp layed  a time related response  of  tum or  formation relat ive to 

tu m o r  size. For  these expe r im en t s ,  cel ls  were t ransfec ted  and 

grown for two  weeks.  Pools  o f  these cells were then split  and 

in je c te d  in to  ind iv idua l  mice .  L a t e n c y  o f  tu m o r  fo rm a t io n  

a p p e a r e d  to  o c c u r  o v e r  a p p r o x i m a t e l y  t w e lv e  d a y s  a f t e r  

s u b c u ta n e o u s  in jec t ion  o f  105 ce l l s /an imal .  A typical tu mor  

fo rm ed  from cells t ransfected with p M N - Q 2 0 5 L a o is shown on an 

ind iv idual  mouse  in com pa r i son  to a m ouse  injected with cells  

t ransfected with p M N - a 0  (Figure 40).



Table 4

T u m o r  I n d u c i n g  C a p a b i l i t y  O f  p M N - a 0 a n d  p M N - Q 2 0 5 L a o 
I n  T r a n s f e c t e d  C e l l s

T r a n s f e c t i o n  T um orogenicity
V e c t o r  m i c e  d e v e l o p i n g  t u m o r s / m i c e  i n j e c t e d

EXP I EXP II EXP III

p M N 1 / 1 0 0 / 6 1 /  6

p M N - a 0 2 / 1 0 1 / 5 1 / 5

p M N - Q 2 0 5 L a o 6 / 1 0 5 / 5 5 / 5

NIH-3T3 fibroblasts  (1 0 ^ per plate) were  t ransfec ted  with 20 pg 
of vector DNA (pMN) without or with the indicated insert and  then 
grown to conf luency for 14 d ay s ,  with incubation on a l te rna te  
d a y s  with 1 mM d e x a m e t h a s o n e .  The  conf luent  cel ls  were  
d i s s o c ia te d  by trypsin-EDTA t r e a tm e n t  a n d  w a s h e d  twice with 
se rum free DMEM. Pools of 10® cells  in 0.2 ml DME were injected 
per  m o u se  subcutaneously .  Tumor formation w as  scored  15 to 20 
d ay s  later. Eventually (after 8 to 12 weeks) ,  all an imals  began  to 
deve lop  tumors.  Effect of pM N-Q 205Lao  w a s  highly significant, 
by S tu d e n t ’s  one-tailed t te s t  (pMN vs. pM N-Q205Lao : p<0.005; 
pMN-ao vs. pMN-Q205Lao : p<0.004).



Table 5

Tum or La tency  In Nu/Nu Mice In jec ted  
With T r a n s f e c t e d  NIH-3T3 Cel ls

Tu mor  Diamete r  (mm) on  Day:

T r a n a f a c t l o n
V e c t o r _______________ 4______ S_______12_____ IS_____ 26_

pMN

p M N -ac

p M N -Q 2 0 5 L ac

0.0 0.0 0.0 0.0 1.0
0.0 0.0 0.0 0.0 0 0
0.0 0.0 0.0 0.0 0 0
0.0 0.0 0.0 0.0 0.0

0.0 4.0 3.0 3.5 8.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0 0
0.0 0.0 0.0 0.0 1.0

0.0 0.0 0.0 0.0 0.0
0.0 3.4 8.1 14.2 15.0
0.0 0.0 2.5 5.9 6.5
0.0 0.0 4.0 3.8 6.0

NIH-3T3 cel ls were  transfec ted  with 20  pg  of vector  DNA 
containing appropr ia te inserts  and then  se lec ted  with 400 pg /m l  
G418 and maintained in 200 pg/ml G418.  Cells were grown to 

confluency for  14 days with incubat ion on al ternate  days with 1 
p M  dexamethasone.  The confluent  cells were dissociated by 

t ryps in -EDTA trea tment  and washed  tw ice  with se rum free 
DMEM. Pools of lO6  cells in 0.2 ml D M E were injected per mouse 
subcutaneously.  Pools  o f  cells were injected at a concen tra t ion of  
1 0 ^ cells subcutaneous ly into athymic mice and tu mor  formation 
was monitored in individual  animals .



3 8 . Photographic  represen ta t ion  o f  mice  in jec ted  subcu taneous ly  
with cel ls  t ransfected with (A) p M N - a 0  or  (B)  p M N - Q 2 0 5 L a o . 
N I H - 3 T 3  f ib rob la s t s  (10 5 per  plate)  were t ransfected with 20 p g  
o f  c D N A .  Cel ls  were  g row n  to c o n f lue ncy  fo r  14 days  with 
in cuba t io n  on a l te rna te  days  with 1 p M  d e x a m e th a s o n e .  T h e  
c on f lue n t  cells  were  d i ssoc ia ted  by t ry p s in -E D T A  trea tm ent  and 
washed  twice with serum free  DME. Pools  o f lO 6  cells in 0 .2 ml 
D M E  were  in je c te d  pe r  m o u se  s u b c u ta n e o u s ly .  M ice  w e re  
pho tographed 28 days after  injection of  cells.
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D i s c u s s i o n

The resul ts presented in this thesis suggest  that act ivat ion of  G 0  

can promote  growth,  prol i ferat ion and t rans format ion.  These  effects  

have  been  addressed in dependen t ly ,  us ing di ff e ren t  assays  in order  

to d e m o n s t ra t e  the overa l l  e ff ec t  o f  pe rs i s te n t  ac t iva t ion  o f  G 0 . 

M uta t ions  that block G T P a se  ac t iv i ty  and thus pe rs i s ten t ly  act ivate  

the G protein have been found in G s and G; isolated from cancerous  

t issues.  It has been demons t ra ted  that  ac t ivat ion  o f  Gs may  be 

mitogen ic  on its own at least in ce r ta in  cell  types (Zachary  £1 al-  

1990). G j - a  subunits have also been shown to be both mitogenic  and 

t r ans fo rm ing  in var ious cell  types  (Pace  £ 1  ai- 1991 , Gupta  £1 a i  

1992).

The demons t ra t ion  that the GTPyS act ivated G o - a  subuni t  can 

t rigger  the re-entry of  the oocyctes  into the cell cycle  a l lowed for the 

u n e q u iv o c a l  d e m o n s t r a t i o n  of  g row th  p r o m o t in g  c a p a b i l i t y  o f  a 

known G protein (Krol l  £ i  aL 1991). The different ia l  effects  of  the 

protein kinase C inh ibi tor  peptide indicate  G o - a  and proges te rone  act 

t h rough  d i s t i n c t  p a th w a y s  to p r o m o te  oo c y te  m a t u r a t io n .  T he se  

observa t ions  suggest  that  mult iple  pa thways  may exis t  to t rigger  the 

re-entry of  the oocyte into the cell cycle.  Although this is not  a new 

idea, as ras and insul in have been shown to induce G V B D  util iz ing 

m e c ha n ism s  indepe nde n t  of  parts  o f  the p roges te rone  pa th w ay ,  the 

observat ion that the G o - a  subunit  induces G V B D  by means  o f  protein 

k inase  C ac t ivat ion  is in terest ing.  In addi t ion ,  s ince  ac t ivated  G 0  

causes  C a 2+ release from IP 3 sensi t ive s tores (Moriari ty  et a i  1990), it



is pos s ib l e  that ,  th rough  the a c t iva t ion  o f  the C A M  sens i t iv e  

p h o s p h o d i e s t e r a s e ,  a c t i v a t e d  G 0 can low er  c A M P  levels.  Thus ,  

concurren t  lowering of  c A M P  levels  and the s timulat ion of  protein 

kinase  C may consti tute one signal  for  re-entry into the cell cycle.

Even though there  are  d i f fe ren t  p a th w a y s  to t r igger  oocyte  

maturat ion the final resul t  is still the same,  as assessed by germinal  

vesic le  dissolut ion in the sliced sect ions o f  mature  oocytes  and the 

appe a ra nce  of  c o nde nse d  c h ro m o s o m e s  ind ica t ive  of  m e taphase  II. 

T h e  conve rge nc e  of  the G 0 - a ,  p r o g e s t e r o n e  and ras  m atu ra t ion  

pa th w ays  at the synthesis  of  mos protein presents  an intr iguing site 

at which growth s ignals  may come together .  The limited dist r ibut ion 

m a y  m a k e  p p 3 9 m o s  a un ique  en t i ty  in oocytes .  How ever ,  the 

act iva t ion  of  an ana logous  se r ine / threonine  k inase  dow ns t ream  from 

protein kinase C act ivat ion is possible in somatic  cells.  There have 

been  s u g ge s t ions  o f  k inase  c a sc a d e s  in ce l lu la r  g rowth  con tro l  

( K a m a t a  and F ung  1990,  B u rkha nd  and  T ra u g h  1983)  as  m any  

g rowth associated prote ins  are both kinases  and phosphoproteins .  It 

h a s  been  r e p o r t e d  tha t  raf ,  a c y t o p l a s m i c  s e r - th r  k i n a s e  is 

downst ream of  protein kinase C in NIH-3T3 cells and in T  cells (Kolch 

e l a l 1991, Seigel e l al 1990). Ser-thr  kinases  such as raf,  pirn and 

mos are oncogenic  in somatic  cells indicating that it is possible  that 

s imilar  pathways may  exist .  In addit ion, it has been shown that  mos 

is activated by phorbol  es ter s t imulation of  protein kinase C in NIH- 

3T3 cel ls  (A l -B agdad i  e l aL 1990). Thus ,  act ivat ion of  cell growth 

m a y  be a c h ie v e d  by a p h o s p h o r y l a t i o n  c a s c a d e ,  s im i l a r  to 

g l y c o g e n o l y s i s  in l ive r ,  in tha t  k i n a s e s  are  r e s p o n s i b l e  fo r  

ph o spho ry la t ion  o f  k inases ,  l ead ing  to a s ignal  am p l i f i ca t ion  and



ul t imately to cell growth. This  has not,  as yet,  been proven for  cell 

g r o w t h .

D e x a m e t h a s o n e  d e p e n d e n t  p M A M - n e o  e x p re s s io n  o f  a 0  or 

Q 2 0 5 L - a o  appears  to be a fai rly wel l regu la ted  process . The  PCR 

amplif ica t ion of  reverse  t ranscr ibed  c D N A  o f  the a 0  or  Q 2 0 5 L - a o 

m essage  shows that under  the amplif icat ion condi t ions applied,  no  a o  

or  Q 2 0 5 L - a o  m e s s a g e  c o u ld  be d e t e c t e d  in n o n - d e x a m e t h a s o n e  

t reated cells,  a l though an ampl if iab le  s ignal  was detected af te r  many 

(> 40 )  PCR cyc les .  The  ab i l i t y  of  D r a l l  r es t r ic t ion  e n z y m e  to 

d i sc r im ina te  the wild type  and mutant  fo rm s  of  the ampl if ied  a 0  

m e s s a g e  p r e s e n t s  a u s e fu l  t e c h n ic a l  m e a n s  o f  d e t e c t i o n  and  

di scr imina t ion.  Addit iona l ly ,  it appears  that  the mutat ion introduced  

in to the a 0  cD N A  does  not  affect  the abi l i ty  o f  the gene  to be 

e x p re s s e d ,  nor  does  it a f f e c t  the a p p a r e n t  m o le c u la r  w e i g h t  as 

assessed by SD S-P A G E  and im m unoblo t t ing .  This  apparen t  lack of 

g ro ss  m o rp ho log ic a l  c h a n g e  m ay  be i m p o r t a n t  in c a rc in o g e n e s i s  

because  it suggests  that  such a mutat ion in v ivo  wou ld  no t  r educ e  

G o - tx  subuni t  synthesis .  Express ion  of  such  mutant  fo rm s  cou ld  be 

de le te r ious to the cell .  Addi t ional ly ,  these resul ts a lso suggest  that 

cel l s  express ing  such a muta t ion  can e scape  imm unosurve i l l ance  due 

to its overall  similari t ies to the native subunit .

Not  all genes that  p rom ote  cel lular  g rowth  may be oncogenes .  

Clear ly ,  there exist  both p rom ote rs  and in i t i a to rs  o f  t rans fo rm at io n ,  

as well  as pro teins  which  m ay  act as bo th .  Q 2 0 5 L G o - a  p r o te in  

s t i m u l a t e s  c e l l  g r o w t h  in c u l t u r e  a n d  e v e n t u a l l y  p r o m o t e s  

t ransformation .  How ever  the possibi li ty  canno t  be exc luded  at this 

po in t  that  Q 2 0 5 L G o - a  protein acts in concer t  with other  spontaneous



muta t ions  e i ther  by s t imulat ing the clonal  expans ion  of  pre-exis t ing  

m u ta t io n s  in N IH -3 T 3  ce l l s  or  i n d u c i n g  n e w  m u ta t ions  th rough  

e n h a n c e d  g ro w th  rate  and  reduc e d  f id e l i t y  of  gene  rep l i ca t ion .  

Indeed ,  the mitogen ic  e ffec t  o f  Q 2 0 5 L - a o in  t r ans fec te d  cel ls  may  

indicate  that the oncogenic  effect  o f  this gene  is due to expansion of  

o t h e r  p re - e x i s t in g ,  or  n e w ly  a c q u i r e d  m u ta t io n s .  p 2 1 ras  a l so  

appears  to induce  ce l lu lar  growth,  and it is impor tant  to note that 

ras,  in p r imary  embryonic  f ib roblasts ,  is not  oncogenic  on its own,  

but  only in coordinat ion with another oncogene  (Land £1 al- 1983).

In order  to ascer tain that the effects  of  Q 2 0 5 L -a o  were not due 

to  the  c o n c e r t e d  e f f e c t  o f  som e  c e l l u l a r  p roce s s  t r igge re d  by 

d e x a m e t h a s o n e ,  it w a s  n e c e s s a r y  to  d e t e r m i n e  w h e t h e r  a 

c o n s t i t u t i v e l y  e x p re s s in g  vec to r  c o n ta i n in g  Q 2 0 5 L - a o  could also 

induce  cellular  t ransformation.  The pR C /C M V  containing the Q205L- 

a 0  v ec to r  i nduce d  t ra n s fo rm a t io n  in N I H - 3 T 3  cel ls .  Thus ,  the 

t r a n s f o r m i n g  e f f e c t  o b s e r v e d  wi th  p M N - Q 2 0 5 L o t o  appear s  to be 

specif ic  for the transfection of  the gene and not  due to the activat ion 

o f  a c e l l u l a r  c o m p o n e n t  by d e x a m e t h a s o n e .  N e v e r th e l e s s ,  the  

o b s e rv e d  m in im u m  t ime neces sa ry  for  i n te rm i t t e n t  d e x a m e th a s o n e  

t r e a tm e n t  in o rder  to ob ta in  p M N - Q 2 0 5 L a o - induc e d  sof t  a g a r  

co lon ies  indicates  that the protein must  accumula te  to a certain level 

be fo re  cel lular  t ransformation can occur .  Alterna t ive ly,  these resul ts  

m a y  be i n te r p re te d  to s u gge s t  that  a d o w n s t r e a m  e f f e c to r  o f  

Q 2 0 5 L a o must  be act ivated  for a su ff i c ient ly  long period of  t ime 

before  t ransformation can occur.  It may  a lso  be that, while Q205L-  

a 0  is expre ssed  in su ff i c ient  levels  even  at ea r l ie r  t ime  per iods ,  

o the r  events  m us t  be intergra ted  be fore  ce l lu la r  t ransfo rmat ion  can



occur.  These other events,  as descr ibed  above,  may be the expansion 

or aquisi t ion of  o ther  mutat ions.

Because  the NIH-3T3  f ib rob las t  is an imm or ta l i zed  cell  line, 

m u t a t i o n s  have  a l m o s t  d e f i n i t e l y  b e e n  a c q u i r e d  d u r i n g  the 

immortal i zat ion  process .  Serial passage  o f  these  cell l ines enhances 

the probab i l i t y  that  addit ional  m u ta t ions  m ay  occur .  Addi t iona l ly ,  

p ro lo n g e d  con tac t  inh ib i t ion  p ro b ab ly  se lec ts  for  ce l ls  c on ta in ing  

fu r the r  gene t ic  l e s ions  fo r  loss  o f  c o n ta c t  inh ib i t ion ,  l ead ing  to 

"spontaneous" t ransformation.  These  factors  a lso affect the athymic 

mouse  assay,  as mos t  mice injected wi th  N IH -3 T 3  cel ls  u l t imately 

deve lo p  tumors .  Hence ,  it is necessa ry  to observe  the la tency  of  

tum or  formation after injection o f  t ransfected cells.  The  ear l ier  the 

fo rmation of  tumor,  the fewer  spon taneous  events  that are probably  

occuring,  and thus,  less temporal  inte rgrat ion o f  t ransfo rming  events  

is necessary.  By these cri ter ia , cells  t r ansfo rmed  by Q 2 0 5 L - a o  a r e  

t u m o r i g e n i c .

The  fai lure o f  pM N -Q 205L c to  to t r a n s fo rm  RAT-1 f ib roblas ts  

may be due to the lower number  o f  endogenous  mutat ions found in 

these cell  types. Both  NIH-3T3 and RAT-1 cells  are m ese nc hym e

derived cells that undergo  many gene expre ss ion  changes  du r in g  the 

course of  terminal  differentia tion.  How ever ,  RAT-1 cells appear  to be 

less on the ve rge  o f  t ra n s fo rm at ion  as ind ica ted  by the lack of

spontaneous foci formation.  RAT-1 cells t ransfected with p M N ,  pMN- 

a o ,  or p M N - Q 2 0 5 L a o do not  form foci under  condi tons were pMN-ras  

induces  foci formation .  Th is  indicates  that  the effects of  Q 2 0 5 L - a o

are cell type specif ic .  The basis for  this  specif ici ty  is no t  clear.  It

m ay  be tha t  N I H - 3 T 3  ce l ls  h a v e  a c q u i r e d  d i f f e r e n t ,  o r  m ore
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n u m e r o u s  m u ta t ions  du r ing  i m m o r t a l i z a t i o n  and  s u b s e q u e n t  cell 

passage.  It is possible that RAT-1 cells m ay  not  have the necessary 

mutat ion for Q 2 0 5 L a o to act in synergy with,  or  to expand.

Mutat ions that lead to growth p romot ion  and cancer  have been

found  in many of  the proteins  that  t ransduce  ex tracel lu la r  s ignals to

in tr ace l lu la r  responses .  Horm ones ,  h o r m o n e  receptor s ,  k inases  and 

t ransc r ip t ion  factors  have all been iden t i f ied  as po tent ia l  s i tes  by 

w h ic h  a m uta t ion  can  induce  n e o p la s t i c  g row th .  O u r  c u r ren t  

unde rs t a n d in g  ind ica te s  that  there  are  at leas t  th ree  gene ra l i zed  

m echan ism s  by which ex trace l lula r  s ignals  can be t rans lated into  an 

in t r a ce l lu l a r  g rowth  response .  F i rs t ,  r e c e p to r  t y ro s in e  k inases  

phosphory la tc  in trace l lu la r  e ffec tors .  An e xa m ple  of  an oncogene  

p roduc t  o f  this type  is the e rb -B  r ecep to r ;  second ,  G pro tein

d e p e n d en t  receptors ,  which  act  by t ransmi t t ing  its s ignal  vi a  a G

pro tein to an in trace l lu la r  effec tor .  An e x a m p le  of  an oncogene  

product  of  this type is the mas receptor  or  the altered a i - a d r e n e r g i c  

r e c e p t o r  c a p a b l e  o f  i n d u c i n g  t r a n s f o r m a t i o n  ; and  th ird ,  an

in t race l lu la r  ho rm one  recep to r  that  is t r a n s loc a te d  to the nuc leus  

after binding a lipid soluble ho rmone .  An example  of  an oncogene  

p roduc t  o f  this type  is the e rb -A  rec e p to r .  A l though  ho rm one

a c t iva t ion  o f  m any  d i f fe ren t  r e c e p to r s  have  been  sh o w n  to be 

mitogenic ,  until the s tudies p resented  in this thesis as wel l  as  the

recen t  papers  f rom Bourne 's  and  Johns o n ' s  groups  ( G u p ta  s i  al- 

1992, Pace  £ l  al- 1991)  there has never  been a dem ons t ra t ion  that 

lock ing  a G prote in  in a pe rs i s ten t ly  ac t iva ted  s ta te  can  induce

g r o w t h .



The potential role of m utated G o - a  subunit as an oncogene may 

be im portant. It is apparent that oncogen ic ity  arises from m utations 

in va rious  com ponen ts  o f  c e l lu la r  signal t ran sd u c tio n  m echan ism s. 

As the m echanism s of ce llu lar  signal transduction  are d issected, it is 

apparent that m any pathw ays m ay be turned on by a single protein. 

The signal t ransduc tion  m ec h a n ism s  o f  the  cell a p p e a r  to con ta in  

exq u is i te  reg u la to ry  co n tro ls  to  p rev en t  o v e r-a m p lif ica t io n .  It is 

possib le  that a m utation in a grow th p rom oting  G protein  may be far 

e nough  ups tream  to a ffec t  severa l  r e g u la to ry  pa th w a y s .  The G 

p ro te in  is the fa r thes t  ups tream  c o m p o n e n t  o f  s igna l l ing  pa thw ays

with the exception of the receptor. Receptors , how ever appear to  be 

the p r im ary  targe ts  o f  nega tive  feed b ack  reg u la tio n  by several 

m e c h a n is m s  in c lu d in g  p h o s p h o ry la t io n ,  s e q u e s t r a t io n  or d o w n -  

regu la tion . G p ro te ins , how ever, do  not appear  to be ex tens ively  

regu la ted  by nega tive  or pos it ive  feedback  m echan ism s . Hence, a 

m uta ted  G protein that is pers is ten tly  ac tive  can d e liv e r  a continous

signal and thus induce aberran t g row th  by con tinuous ly  ac tivating

m u lt ip le  p a th w ay s .

The ups tream  location  o f  G p ro te ins  in cell s igna lling , their 

re la tive  in sens itiv ity  to  feedback  regu la tion , and apparen t  ability  to

u n d e rg o  m u ta t io n s  d u r in g  c a r c in o g e n e s i s  m ak e s  G p ro te in s  a 

p robab le  targe t  fo r  c h e m o th e ra p e u tic  in te rv en tio n .  The des ign  of 

p h a rm a co lo g ica l  agen ts  that in h ib i t  G p ro te in  /  e f fe c to r  coup ling  

m ight prove useful in cancer  therapy . O f course, the localization of 

the G p ro te in  in the p lasm a  m em brane  m akes d rug  design  m ore 

difficult. In addition, the ubiquitous nature o f  G protein  action in so 

m an y  d i f fe re n t  h o rm o n a l  s ig n a l  t r a n s d u c t io n  s y s te m s  c re a te s  a



problem of specificity. Thus, a d iscrim ination of which G proteins are 

u til ized  in a part icu la r  pa thw ay will be im portan t  for fu ture  drug 

design . The con tinued  attem pt to m ap  the th ree -d im ensiona l  nature 

of the G protein a - s u b u n i t ,  inc lud ing  i t ’s e ffec to r  enzym e ac tivation  

dom ain , should  ultim ately  lead to ra t ional  d rug  des ign , a llow ing  for 

d isc r im ina tion  betw een G pro te ins  as well as se lec tive  b lockade  of 

e ffec to r  enzym e s tim ula tion .

M ore than one growth fac to r  is requ ired  for norm al ce llu la r  

p r o l i f e r a t io n ,  w’hich is p ro b a b ly  r e la te d  to  a r e q u i r e m e n t  for 

in te rac t ions  betw een s igna lling  sys tem s. The m u lt is tep  p rogress ion  

m odel o f  c e l lu la r  t ra n s fo rm a t io n  su g g e s ts  that  each  m u ta t io n  or 

altera tion  that occurs as a step tow ards  carc inogenes is  is a potentia l 

target for chem otherapy . In tervention  at any level m ay prec lude  the 

ou tcom e that would norm ally  occur w ithout in te rven tion . Thus, the 

charac te r is t ics  o f  the G protein provide  an excellen t  oppo r tun ity  for 

c h e m o th e ra p e u t ic  m an ip u la t io n .  T he  in h ib i t io n  o f  a s ig n a l l in g  

pa thw ay  that  is ac tiva ted  by an o n co g en e  p ro d u c t  cou ld  lead  to 

reve rsa l  o f  ce ll  t ran s fo rm atio n .  S ince  there  are m any  p a th w a y s  

involved in growth-rela ted  signalling, it m ight be possible to inhibit  a 

p a th w a y  a c t iv a te d  by an o n c o g e n e ,  and leave  o th e r  s ig n a l l in g  

pa thw ays  necesary  for norm al m etabo lism , intact.

These studies have also enhanced  the unders tand ing  o f  the role 

o f  the ph o sp h o lip ase  C /p ro te in  k inase  C s igna l l ing  sys tem  in cell 

cycle  p rogress ion  and transfo rm ation . Inh ib ito rs  of these  pa thw ays,  

like  in h ib i to rs  o f  G p ro te in s ,  w ould  be e xpec ted  to  inh ib i t  m any 

ce l lu la r  functions .  T here  are m any sub types  of e f fe c to r  e nzym es  

such as phospholipase  C, so specific inh ib itors  o f  subtypes m ay  also



be o f  clincical use in b locking ce llu lar  grow th. P resently , i lm ofosine 

and hexadecy lphosphocholine , w hich are e th e r  l ipid ana logs  and n o n ­

sp ec if ic  in h ib i to rs  o f  p h o s p h o l ip a s e  C, a re  in c l in ic a l  tr ia ls  as 

an ticancer  agents (Powis 1991). These ag en ts  have been shown to 

inh ib i t  c e llu la r  fo rm ation  o f  inosito l  p h o sp h a te s ,  and inh ib it  C a ^  + 

r e l e a s e .

Pro te in  k inase C has a lread y  been im p l ica ted  as the site  of 

ac tion  o f  m any cu rren tly  u t i l iz e d  c h e m o th e ra p e u t ic  agen ts .  The 

es trogen  recep to r  a n tagon is t ,  tam ox ifen , is an in h ib i to r  o f  pro te in  

k inase  C, a lthough it is unc lea r  w he ther  co n c en tra t io n  needed  for 

in h ib i t io n  m ay be h igher  than th e ra p e u t ic  c o n c e n t ra t io n s  (A itken  

and  L ippm an  1985). A d d i t io n a l ly ,  the  c h e m o th e ra p e u t ic  a g e n t ,  

d o x o ru b ic in ,  is an in h ib i to r  o f  p ro te in  k in a se  C, yet the h ig h er  

concen tra t ions  necessary  for this action are m uch h igher  than those 

used in cu rren t  cancer  c h e m o th e ra p y  (H a n n u n  e l  a L  1989). There 

are m any d ifferen t forms o f  pro te in  k inase  C and sub-type  specific  

inh ib ito rs  m ay be useful. A dd it iona lly ,  it is paradox ica l  that tum or 

prom oters , which activate PK C , stim ula te  g row th  in some cell types, 

yet induce  term inal d iffe ren tia t ion  in o thers .  H ence , it is unc lear  

w h e th e r  w hen  s e ek in g  to  d e s ig n  P K C  sp e c i f ic  d ru g s ,  s p e c if ic  

activators  or inhibitors should be sought.

In itially  it was thought that insight in to  ce llu la r  transform ation  

w o u ld  r e q u i r e  an u n d e r s t a n d in g  o f  n o r m a l  c e l l u l a r  g ro w th  

regula tion . H ow ever, it is from the study o f  oncogenes  and aberrant 

pa th w ay s  tha t  we are g a in ing  an u n d e rs ta n d in g  o f  norm al g row th  

control. An understanding o f  cell cycle con tro l  and cell p ro liferation  

is fundam enta l  to all aspects of m edicine. It will p rov ide  not only



i n s ig h t s  in to  c a n c e r  b io lo g y  b u t  a ls o  n o rm a l  d e v e lo p m e n t ,  

e n doc r ino logy , neuro logy  as well as m any  o ther  areas of bio logical 

in terest.  T he  elucidation  and con tro l  of the m echan ism s  by which 

c e l lu la r  g row th  are  regu la ted  w ill  be one o f  the m ost im portan t  

c o n tr ib u tio n s  to hum an know ledge . Pe rs is ten t  ac tiva tion  of ce llu lar  

grow th  and transform ation  by G pro te ins  is bu t one sm all p iece  of 

this com plex  puzzle.
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