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Certain tumour cells contain activated ras genes that code for 21 OOO 
dalton proteins (p21). These proteins associate with the inner face of the 
plasma membrane and bind guanine nucleotldes speclflcally. In order to deter- 
mine whether p21s have functions similar to other GTP binding protelnst we 
investigated the regulation, by guanine nucleotldes, of adenylate cyclase (AC) 
a c t i v i t y  i n  membrane p r e p a r a t i o n s  i s o l a t e d  from f t b r o b l a s t s  (C127) t r ans fo rmed  
by a t e m p e r a t u r e  s e n s i t i v e  mutant of  K l r s t e n  sarcoma v i r u s  (Ts 371). The degree  
of AC stimulation by GMP P(NH)P increased when these cells were shifted from 
the permissive temperature (33°C) to the non-permlsslve temperature (39~). 
This effect was more pronounced at low Mg+ + and low GMP P(NH)P concentrations. 
AC stimulation remained unchanged in rat flbroblaats infected with a tempera- 
ture sensitive mutant of Rous Sarcoma virus. AC activity was depressed in 
C127 cells infected with wild type KIMSV. Our data illustrate the feasibility 
of correlating alterations in the AC system with ras gene expression and using 
such experimental approaches to elucidate the physiological functions of the 
p21 proteins. © 1985 Acad~ic Press, Inc. 

Kirsten and Harvey murine sarcoma virus (KI and Ha MSV) contain the ras 

oncogene which codes for the 21 000 dalton transforming protein p21 (I). A 

number of human tumours and chemically induced animal tumours have been shown, 

by transfection experiments, to contain activated ras genes that can induce 

t u m o r i g e n i c  and m o r p h o l o g i c a l  t r a n s f o r m a t i o n  of  NIH 3T3 f t b r o b l a s t s  (2-3).  As 

a r u l e ,  t hese  genes d i f f e r  from the  normal  protooncogene e - r a s  by no more than 

a s i n g l e  b a s e  p a i r  s u b s t i t u t i o n  ( 4 - 7 ) .  I t  has  a l s o  been  shown t h a t  a h i g h  

l e v e l  of  e x p r e s s i o n  of  the normal  c - r a s  gene can induce t r a n s f o r m a t i o n  (8). 

Al though the  p r e c i s e  mechanism by which p21 p r o t e i n s  cause t r a n s f o r m a t i o n  

i s  unknown, s u b c e l l u l a r  f r a c t t o n a t t o n  and e l e c t r o n  microscopy have i n d i c a t e d  

t h a t ,  a f t e r  p o s t  t r a n s l a t i o n a l  m o d t f t c a t t o n ~  t h e  m a t u r e  p r o t e i n s  become 

associated with the inner surface of the plasma membrane (9-10) and it is known 

that all forms of the ras proteins bind non-covalently and with hlgh affinity 
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to guanine nucleotldes (ii). Furthermore, the v-Ha-ras protein may be auto- 

phosphorylated using GTP as the phosphate donor(12). Normal cellular P21 iS  

not autophosphorylated - presumably because the c-ras gene product lacks a 

phosphorylatable threonine residue at position 59 (13). These observatlons 

suggested that the p21 proteins may function as latent phospbotransferases or 

GTPases and that they might belong to a distinct group of GTP-blndlng proteins 

that regulate normal cellular functions. It is known that GDP/GTP exchange and 

the hydrolysis of GTP to GDP are involved in a variety of membrane-medlated 

intracellular phenomena such as tubnlln assembly (14-16), adenylate cyclase 

responses to hormonal stimulation, (17-18) llght-induced activation o f  cGMP 

phosphodlesterase in the retina (19,20) or protein synthesis through initiation 

factor elf (21). In all of these processes the binding of GTP to specific 

binding proteins induces a conflrmatlonal change that promotes the interaction 

with an effector protein. 

To investigate the possible involvement of p21 proteins in the 

transduction of signals that lead to changes In the concentration of cAMP we 

have studied the effects of guanyl nucleotides on adenylate cyclase (AC) acti- 

vity in membrane preparations isolated from murlne flbroblasts transformed by 

infection with a temperature sensitive mutant of Kirsten murlne sarcoma virus 

(Ts371) cultured at the permissive and non permissive temperatures (22). 

MATERIALS /LND NETIlODS 

R e a g e n t s  

3H cAMP a n d  ~32 p ATP w e r e  o b t a i n e d  f r o m A m e r s h a m .  C r e a t i n e  k i n a s e ,  GTP 
a n d  GMP P(NH)P w e r e  f r o m  B o e h r i n g e r - M a n n h e i m .  F o r s k o l i n  w a s  o b t a i n e d  f r o m  
C a l b i o c h e m - B e h r i n g  a n d  k e p t  a t  - 2 0 ~  a s  a 10 mM s t o c k  s o l u t i o n  i n  e t h a n o l .  
O t h e r  r e a g e n t s  w e r e  o b t a i n e d  f r o m  Sigma.  
Cells and cell cultures 

Cells used in this study were obtained from the following sources:- MoUse 
C127 cells : Centre de Biochimie, Universlte de Nice (Prof. Cuzln). Ts 371 
C!27 cells and wild type KiMSV C127 cells (22): Hopltal St-Louis, Paris (Prof. 
P.R. Bolron). Fisher rat 3T3 cells and the same cells infected with a 
thermosensltlve mutant (PAl) of Rous sarcoma virus: Instltut Curle,Orsay 
(Dr.Calothy). NIH 3T3 cells and the same cells transfected wlth human myc 
gene: Instltut de la Recherche sur le Cancer, VilleJulf (Dr. D'Autry). Cells 
were grown and maintained as monolayer cultures in a humid atmosphere of 5% CO 
in air in Dulbecco's modified Eagle's medium (Flow laboratories) supplemented 
with 10% foetal bovine serum and 2mM glutamlne. 
Membrane preparation 

Monolayers were washed three times with PBS and then incubated for 5 
minutes in ice cold i mM NaHC03 containing I mM dlthiothreltol. The dishes 
were then scraped with a rubber policeman, the detached cells were homogenized 
at 4°C with 8 strokes of a teflon-glass potter homogenizer, and the homogenstes 
were centrifuged for 45 mln at 35 O00g. The pellet was resuspended in a 
minimum volume of fresh bicarbonate medium and stored under liquid nitrogen. 
Adenylate cyclase assay 

The assay was initiated by the addition of 20 1 of membrane suspension 
(50-100 ~g of protein) to 40 ~I of assay medium to give final concentrations of 
0.3 mM ~3=p ATP (2xlO e cpm), 1 mM cAMP, 50 mM Trls HCI pH 7.6, 25 mM 
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ph0sph0creatlne and I mg/ml creatlne phosphoklnase. Duplicate samples were 
incubated at 32°C in a shaking waterbath. Assays were stopped by the addition 
of 0.2 ml of 0.5N HCI and boiling for 6 mln. followed by the addition of 0.2 ml 
of 1.5 M Imldazole pH 7.6. Samples were then added to a column of alumina 
using a modification using the method of White (23) and cAMP was eluted with 3 
ml of !O mM Imldazole-HCl pH 7.6. Blank values obtained by this procedure 
were always less than 0.005% of the total radioactivity applied. The y~eld was 
calculated from the recovery of an added 3H cAMP "spike". The protein content 
was determined by the method of Lowry et al (24) using crystallized bovine 
serum albumin as a standard. 

RESULTS AND DISCUSSION 

Changes in AC a ctlvlty in mouse C127 cells infected with the 

thermosensltlve KIMSV mutant, Ts 371, were studied by seeding and culturing the 

cells at 33°C. When seml-confluent, some of the cultures were shifted to 39°C 

for 48 hours while the remainder of the cells were kept at 33°C. This protocol 

avoided the effects of cell density on AC activity (25) and allowed sufficient 

time after the temperature shift for the transformed phenotype to become 

expressed (22). 

Membrane preparations from the cells were then studied for their ability 

to catalyze the synthesis of cAMP in the presence of different concentrations 

of Mg++ and the unhydrolyzable analog of GTP, GMP P(NH)P. This analog was used 

since y32p GTP is rapidly hydrolyzed by the membrane protein and for the 

reason that the analog leads to the formation of a persistently "activated" 

state of the enzyme since the nucleotlde binding site of the regulatory protein 

is "non exchangeable" in the presence of Mg++. The effect of GMP P (NH)P and 

Mg++ on membranes from Ts 371 C127 cells cultured at permissive and restricted 

temperatureswere demonstrated in the experiments summarized in Fig. I. As can 

be seen, the degree of AC stimulation by GMP P(NH)P increased when cells were 

shifted to the non-permlsslve temperature. This effect was more pronounced at 

low Mg++ and low GMP P(NH)P concentrations. It is noticeable that the activa- 

tion of AC by GMP P(NH)P occurs with a higher ECs0 (50% effective concentra- 

tion) in cells cultured at the permissive temperature than in cells cultured at 

39.5 C (inset Fig. 1). Control experiments showed no significant differences 

in AC activity or in the relative stimulation by GMP P(NH)P in Ts 371 C127 

cells during the course of their exponential growth at 33°C nor in parental 

C127 cells or Fischer rat 3T3 cells cultured at 33°C or 39°C. 

Cellular transformation is known to be associated with changes in enzyme 

activity, membrane llplds, distribution of cytoskeletal proteins and other 

functions. It was possible, therefore, that the changes in AC activity that we 

observed were not primarily attributable to v-ras gene expression but secondary 

to changes in the environment of the AC complex resulting from the effect of 

transformation on the membrane or the cytoskeleton. With this possibility in 
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Left panel: cells were grown at permissive temperature(33.0*C) 
Right panel: cells cultured at 33 C were shifted to nonpermlsslve tempe- 

rature (39.5~) for 48 hours. 
I n s e t  : v a r i a t i o n  o f  EC s0 ( 1 / 2  e f f e c t i v e  e f f e c t )  f o r  a c t i v a t i o n  o f  s d e n y l a t e  

c y c l a s e  a c t i v i t y  b y  GMP P(NH)P  

mind we have measured basal AC activity and AC responsiveness to GMP P(NH)P 

stimulation In membranes isolated from Fisher rat 3T3 cells Infected wlth a 

temperature sensitive mutant of Rous sarcoma virus (RSV). Cells cultured at 

the permissive temperature (33°C) were no different from cells cultured at the 

non-permlsslve temperature (39.5°C) in this regard. 

Transformation induced by RSV is associated with the other cellular fea- 

tures of transformation and Involves the expression of an one gene product (ere 

pp60) that is similar to p21 In its tendency to associate wlth the cytoplasmic 

surface of the plasma membrane. The fact, therefore , that transformation wlth 

RSV does not affect AC activity whereas ras gene expression does, supports the 

contention that p21 proteins are specific In thls regard. 

Cellular AC activity may be subject to simultaneous inhibitory and stlmu- 

latory control by regulatory proteins that share wlth p21, the ability to blnd 

guanine nucleotldes. The stlmulatory and Inhibitory proteins are heterodlmers 

that contain different GTP-blnding subunlts (ai:MW 41 000 ast MW 42 O00) lfi 

association with the same ~ (MW 35 000) subunit. The "subunlt dissociation" 
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model (27) for the regulatory action of the G proteins implies that persistent 

stimulation or inhibition of AC activity by GTP analog depends upon the rela- 

tive concentrations of ~ e. and 8 subunlts; the affinities and exchange 
sl 

rates of the nucleotide-bindlng sites; and the concentration of Mg++. More- 

over it has been suggested by Gilman and his coworkers (28) that the 8 subunlt 

of the inhibitory GTP binding protein exerts its inhibitory activity by asso- 

clatlng with the e s subunlt and inactivating the stimulatory guanine nucleotl- 

de-blnding complex. This inhibitOry association is favoured by the relative 

absence of Mg++ or guanine nucleotldes. These considerations suggested that p21 

proteins might exert their effects by interacting with the G protein subunits 

or, directly, with the catalytic unit of AC. Nevertheless, to the best of our 

knowledge, no inhibitory process mediated by inhibitory GTP binding proteins 

has previously been documented in cultured flbroblasts. 

We therefore performed a series of experiments in which membranes were 

prepared from non-lnfected C127 cells, C127 cells infected with wild type 

Kirsten sarcoma virus (wt-Ki MSV) and cells that were infected with Ts 371 

KiMSV and cultured at the permissive temperature. The effect, on AC activity, 

of incubating the membranes with varying concentrations of GMP.P(NH)P in the 

presence or absence of I0 pMforskolln are shown graphically in Fig. 2. 

The results of these experiments are noteworthy in the following respects. 

Firstly, basal AC activity was moderately increased by infection of C127 cells 

with thermosensitive KiMSV whereas it was profoundly depressed by infection of 

the cells with the wild type virus. Secondly, AC activity in membranes iso- 

lated from non infected cells and Ki C127 cells were responsive to GMP P(NH)P 

whereas the responses of membranes from Ts-371 cells were attenuated. 

Forskolin has been shown to increase AC activity both in intact cells and 

purified membranes (29). Although its site of action has not been elucidated, 

it has been suggested that there are two components that mediate the action of 

forskolln on AC: one requires that G proteins are occupied by GTP whereas the 

other does not (30,31). In our experiments forskolin (i0 mM) caused a 16-fold 

rise in AC activity in cells infected with KiMSV, but only a 2-fold rise in 

cells infected with Ts 371. It is notieable that unlike Ts 371 C127 cells, 

forskolln potentiated the stimulation by GMP P(NH)P in C 127 cells and Ki MSV C 

127 cells. 

The depressed levels of AC activity in membranes derived from cells trans- 

formed with wt KiMSV is of interest since we were unable to demonstrate 

similar effect (or any effect on GMP P(NH)P responsiveness) in NIH 3T3 cells 

transformed by transfection with a human myc gene. Changes in AC activity 

therefore are not a general feature of transformation. While this work was in 

progress, Beckner (32) described depressed AC activity in MDCK cells trans- 

formed with Harvey sarcoma virus, in Ki MSV-transformed NRK cells and in rat 
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fibroblasts transformed with middle T. Our results are consistent with their 

observations In this respect. The failure of c-mye expression to alter AC 

activity may reflect the fact that, unlike p21 proteins, the c-myc gone pro- 

ducts are localized in the nucleus of cells where they appear to function as 

DNA-binding proteins (33,34). 

We have no satisfactory explanation for the interesting differences we 

observed between AC activity of membranes from cells infected wlth wt KIMSV and 

from cells cultured at the permissive temperature, after infection wlth Ts-371 

KiMSV. Shih et al (22) have shown structural differences between p21's from 

Ts-371 KIMSV and that from cells infected with the wild type virus. Further- 

more, p21 from wt KiMSV cells Is phosphorylatable in vivo whereas that from Ts- 

371 KIMSV greaded at permissive temperature is not. It would prove most inter- 

esting if the striking differences we have observed with regard to AC activity 
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could be attributed to the chemical differences that have been described in the 

structure of the ras gene products. 

The results reported in this paper show that p21 proteins have effects upon 

the AC system. These effects may be involved in mediating transformation and 

thus provide a convenient experimental system for quantitatlng transforming 

gene expression. It would be of interest to examine p21's ability to modulate 

AC activity in reconstituted systems such as those that have been described 

with tubulln (35,36). 
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