


Clonal variation of adenylyl cyclase activity ln a rat tumor cell line 

caused by change ln G protein-catalYtic unit interaction. 

c•eKt7~~~M~,,-~t~mli~ffl~Rn~M ~,7 ~~--~~ 
l<::ll!J"9.:,lifl~ 

J II :/:8] 



ABSTRACT 

Two subclones of rat XC cell line characterized by different morphology 

exhibited quite different adenylyl cyclase response upon various stimula

tions. Upon treatment with cholera toxin, clone RK1 accumulated high level 

of intracellular cAMP thereby changing its polygonal morphology to elon

gated morphology, while the other clone LK1 with fibroblastic morphology 

failed to increase the intracellular cAMP and remained morphologically un

changed. When membrane fractions derived from these two clones were stimu

lated with 10 ttM forskolin, 10 ttM GTPr S, or 10 mM NaF, five to twenty

fold more cAMP was accumulated in RKl-derived membranes than in LK1-de

rived membranes. With the same membrane fractions, upon treatment with Mn++ 

which directly stimulates the catalytic unit, high level of cAMP was accumu

lated both in RKl and LK1, indicating that the catalytic function inducible 

by Mn++ was similar in the both clones. There was no significant difference 

in the level of expression of G protein a s• a i (at least a 11 and a 12l and 

f3 subunits between LKl and RKl. Cholate extracts of the membrane proteins 

of LK1 and RK1 reconstituted the adenylyl cyclase activity of eye- variant 

of S49 lymphoma cells to the same level. Therefore, it is inferred that the 

defect in LK1 resides in the interaction of stimulatory G proteins and the 

actual catal yst. 
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INTRODUCTION 

The adenylyl cyclase system is composed of three major components: 

receptor for the ligand, guanine nucleotide-binding proteins (G proteins) 

and actual catalyst (Gilman, 1984). The activity of the catalytic unit is 

regulated by stimulatory (Gs) or inhibitory (Gi) G proteins. Both Gs and Gi 

are heterotrimers consisting of a, f3 and 7 subunits. Common {3 and 7 

subunits are probably shared between Gs and Gi, however, the a subunit 

(a sl of Gs is different from that (a i) of Gi (Gilman, 1987). Although bio

chemical analysis of these components a r e well advanced (Ross and Gilman, 

1980; Gilman, 1987) and genes encoding f3 -adrenergic receptor (Dixon et al., 

1986), as (Itoh et al., 1986; Nukada et al., 1986a; Robishaw et al. , 1986; 

Sullivan et al., 1986), a i (Itoh et al., 1986; Nukada et al., 1986b; Sullivan 

et al., 1986; Jones and Reed, 1987; Itoh et al., 1988). f3 (Sugimoto et al., 

1985; Gao et al., 1987) and 7 (Hurley et al., 1984) s ubun its of G proteins 

and t he catalytic unit (Krupinski et al., 1989) have been molecularly 

cloned, mode of interaction between the G proteins and t he catalytic 

unit has remained relatively obscur e . For this analysis, cell mutants defec

tive in t he interaction will be of value. 

XC is a cultured cell line derived from a t umor obtained by injecting 

Prague strain of Rous sarcoma virus (RSV) to a Wiste r rat (Svoboda, 1961) . 

At least two morphologically different cell types are present in XC cell 

line. One type had a fibroblastic shape while the other had a polygonal 

shape. I was able to establish r elatively stable clones of each type. 

Interestingly these clones had very different adenylyl cyclase activity 

upon stimulation with chole ra toxin, forskolin and other agents. The differ

ence appeared to r eside in the step of interaction between as and the 

catalytic unit. Characterization of the abnormality will greatly contribute 

to the elucidation of t he mechanism of the interaction. 
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MATERIALS AND METOODS 

Cell culture 

XC cell line used in this study was kindly provided by late Dr. W. P. 

Rowe (National Institute of Allergy and Infectious Diseases, National Insti

tutes of Health), eye- variant (Bourne et al., 1975) and wild type S49 mouse 

lymphoma cell lines by Dr. H. R. Bourne (University of California at San 

Francisco). XC was grown in Dulbecco's modified Eagle's minimal essential 

medium supplemented with 7 % heat-Inactivated fetal calf s e rum and kanamy

cin. S49 lymphoma cells were grown in Dulbecco's modified minimal essential 

medium supplemented with 10 % heat-inactivated horse s e rum, 4.5 g/1 d

glucose and kanamycin. Cells were maintained under an atmosphere of 95 % 

air and 5 % C02 in a humidified chamber. XC cells were cloned by the 

cylinder method (Yoshikura et al, 1979) according to the morphology. Since 

the clones were not permanently stable in their morphology, frozen ali

quots were made soon after cloning. The clones used in the present study 

were stable at least for three months and the cells were thawed every 

three months for experimental use. 

Membrane preparations 

Crude plasma membrane fractions were prepared essentially as described 

(Ross et al.,1977b). XC cells were collected near or at confluency and S49 

cells at 1-3 x 10 6 cells/ml. The following procedures were performed at 4 

0 c. Cells were rinsed three times with cold PBS containing 1 mM MgCl2. They 

were homogenized in 25 mM Tris HCl, pH 7.5, 5 mM MgCl2, 1mM EGTA, 1 mM DTT 

and 100 kallikrein inactivator units/ml aprotinin by passing 20 strokes 

through 21 G needle. Nuclei and cell debris were removed by centrifugation 

for 5 minutes at 600 x g. The supernatant fraction was centrifuged for 30 

minutes at 20,000 x g. The pellets were resuspended in 75 mM Tris HCl, pH 
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7.5, 100 kallikrein inactivator units/ml aprotinin and 2.5 mM MgC12 at pro

tein concentration of 10-30 mg/ml. The protein concentration was measured 

by the method of Bradford (1976) using a kit (BioRad). The membrane prepa

rations were quickly frozen and kept in liquid nitrogen until usc. 

Measurement of Intracellular cAMP accumulation 

5 x 104 XC cells were plated in each well of 24 multi-well plates (Nunc). 

On the following day, medium was changed to serum free Eagle's minimal 

essential medium containing 20 mM HEPES, pH 7.4, 0.1 mM isobutylmethylxan

thine (IBMX) and various concentrations of test reagents. After incubation 

at 37°C, the medium was discarded and cAMP was extracted three times with 

ethanol in a total volume of 2 ml. Ethanol was evaporated and the residual 

cAMP was dissolved in 50 mM sodium acetate buffer at pH 4.0 (Nissenson, 

1985). cAMP was measured with cAMP radioimmunoassay kit (Yamasa shoyu, Co 

ltd.). 

Measurement of cAMP accumulation ln membrane fractions 

The reaction mixture containing 20 fl g of membrane protein was incubated 

with or without test reagents in 100 !ll of reaction buffer (50 mM Tris HCl, 

pH 7.5, 1 mM ATP, 5mM MgCl2, 0.1 mM EDTA, 0.25 mM IBMX, 20 mM creatine 

phosphate and 50 units/ml creatine phosphokinase)(Kimura and Shimada, 1983). 

Reactions were carried out at 37°C for 5 minutes and stopped by boiling. 

cAMP was assayed with a radioimmunoassay kit. Linear increase of cAMP 

during 30 minutes incubation was confirmed. 

Cholera toxln-medlated ADP- ribosylatlon 

500 fl g/ml of cholera toxin was activated by incubation at 37°C for 20 

minutes in a buffer con tainlng 25 mM potassium phosphate, pH 8.0, and 20 IIWI 
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DTT. Membrane proteins were incubated at 30°C for 45 minutes with 50 11 g/ml 

of activated cholera toxin in 50 11 1 potassium phosphate buffer (100 mM 

potassium phosphate, pH8.0, 12 mM thymidine, 1 mM ATP, 0.1 mM GTP, mM 

MgCl2, 0.5 mM EDTA, 5 mM HEPES and 7 11M [32P]NAD)(Rlbel ro-Neto et al., 1985). 

15 111 of the reaction was mixed with 15 111 of 2 x Laemmli's sample buffer, 

boiled for 2 minutes and 20 11 l (1/5 of each reaction) was separated 

through 10 % SDS-polyacrylamide gel electrophoresis (Laemmli, 1970). The 

gels were fixed, stained, dried and exposed to a Fuji RX film with an 

intensifying screen. 

Pertussis toxin-mediated ADP-ribosylation 

200 11 g/ml of pertussis toxin was activated at 30°C for 30 minutes in the 

presence of 100mM DIT and 100 mM ATP. The reaction was carried out in the 

similar conditions as described for cholera toxin-mediated ADP-ribosylation 

except that 100 mM Tris HCl, pll7.5 was substituted for potassium phosphate 

buffer and that the incubation time was 20 minutes (Ribeiro-Neto, 1985). The 

final concentration of pertussis toxin was 20 11 g/ml. 

Reconstitution of adenylyl cyclase system 

Reconstitution of adenylyl cyclase system was performed as described 

(Rlch et al., 1984) with minor modifications. Equal volume of suspension 

buffer containing 2 % sodium cholate was added to crude membrane fractions 

of XC cells. The mixtures were stirred for 1 hour at 4°C and centrifuged 

at 100,000 x g for 60 minutes at 4°C. The supernatants (cholate extracts) 

were incubated for 20 minutes at 30°C to inactivate the catalytic compo

nent. Membrane fractions of eye- S49 lymphoma cells and cholate extracts 

were mixed at various concentrations and kept at 32°C for 20 minutes for 

preincubation in 50 111 containing 50 mM Tris HCl, pH 7.5, 0.5 mM ATP, 0.1 mM 
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GTP, 1 mM EDTA, 2 mM MgCl2 and 0.2 % sodium cholate. After preincubation 50 

11l of assay solution was added to get the final concentration of 50 mM 

Tris HCl, pH7.5, 1 mM ATP, 5 mM MgCl2, 0.5 mM EDTA, 0.25 mM IBMX, 10 lli"l NaF 

and 20 11M AlCl3. Incubation was for 5 minutes at 37°C. To exclude the 

influence of the detergent on the adenylyl cyclase activity, t he concentra

tion of sodium cholate was fixed to 0.1 %. The r eaction was stopped by 

boiling. cAMP was measured as described above . Fluoride stimulated adenylyl 

cyclase activities of eye- membrane and t he heat-inactivated c holate ex-

tracts were also monitored . 

Northern blot analysis 

Total RNA was isolated from cultured cells by the gua nidine hydroc hlo

ride method (MacDonald et al., 1987). 10 11 g of total cellular RNA was frac

tionated through 1 % agarose gels containing formaldehyde (Maniatis et al., 

1982), blotted to Nitroplus 2000 membranes((Micron Separations Inc ., MA), 

hybridized with DNA probes. Probes were mouse-de rived as eDNA pGM13s and 

a i 2 e DNA pGM1.3 (Sullivan et al., 1986) kindly provided by Or. H. R. Bourne 

(University of California) . The probes were [32p]-labe l ed with the oligola

be ling kit (Boehringer Mannheim). 

Western blot analysis 

Crude membrane fractions we r e fractionated by SDS-polyacrylamid e gel 

electrophoresis (Laemmll, 1970), and e l ect rophoretically blotted to Nitroplus 

2000 membranes as described (Towbin et al., 1979) . The membran es we r e proc-

essed as desc ribed by Handa et al. (1987). Anti- as rabbit serum was pre

pared by Or. H. Uchiyama (Hamamatsu Medical School) by injecting oligopep

tides consisting of 49 amino acid residues of bovine as according to the 

sequence r epo rted by Nukada et al. (l986a). These 49 amino acids are com-
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pletely conse rved between bovine and rat (Itoh et al., 1986; Jones and 

Reed, 1987). Anti-a i rabbit serum was prepared by Dr. J. Kameyama (Universi

ty o f Tokyo) by injecting ollgopeptides consisting of 10 C-terminal amino 

acid residues of bovine a i according to the sequence reported by Nukada 

e t al. (198Gb). These 10 residues (KNNLKDCGLF) are completely conse rved in 

rat a il and a i 2• however, rat a 13 is differe nt in 2 residues 

(KNNLK!;CGL.X.)(Jones and Reed, 1987; Itoh et al., 1988) and rat a 
0 

is diffe r

e nt in 4 r esidue s (@lNLRGCGL.X.)(Itoh et al.,l986; Jones and Reed, 1987). These 

anti as and anti-a i antibodies were kindly provided by Dr. T. Haga (Uni

versity of Tokyo). Affinity-purified rabbit anti- .B r subunits antibody 

(Katada e t al., 1987) was kindly provided by Dr. T. Katada (Tokyo Institute 

of Technology). Anti-rabbit IgG goat serum conjugated with horse radish 

perox idase (Cappel Laboratories Inc .) was used as a secondary antibody. 



RESULTS 

Derivation of clones 

XC cell line is derived from a rat Rous sarcoma (Svoboda, 1961). Wh en the 

cells were plated in l ow numbers to form col onies, some colonies consisted 

of elongated fib roblas tic cells, and some others composed of polygonal 

cells. By r epeated subclonings, I established clones LKl and RKl, consist

ing of pure population of elongated cells (Fig. lA) and of polygonal cells 

(Fig. lC). r espectively. They we r e morphologically stable at l east fo r three 

months. Southern blot analysis using Rous sarcoma virus LTR probe revealed 

that LKl and RKl clones were derived from the same cell, because the sites 

of integration of Rous sarcoma virus were the same in the two clones (note 

that the integration site of retroviruses is random, data not shown). 

Different activation levels of adenylyl cyclase 

between two XC subclones 1n response to various agents 

Cholera toxin is composed of A and B subunits. B subunit binds to the 

ganglioside GMl on the cell surface (Craig and Cuatrecasas, 1975). The A 

subunit catalyzes mono-ADP-ribosylation of a subunit of the stimulatory G 

protein (Johnson et al., 1978). The ADP-ribosylated as irreve rsibly acti

vates the catalyst of the adenylyl cyclase (Gill and Meren, 1978). The toxin 

is also known to elongate cultured mammalian cells such as Chinese hamste r 

ovary cells (Guerrant et al., 1974). 

I examined the effect of the toxin on the morphology and the cAMP level 

of the two XC clones. Cholera toxin at a dose of 100 ng/ml markedly 

e longated RKl cells (Fig. lD) but dld not affect the morphology of LKl 

cells (Fig. 18). The basal level of cAMP was essentially the same for both 

LKl and RKl (Fig. 2). The amount of cAMP accumulated was plotted as a 

function of dose (Fig. 2A) and as a function of time (Fig. 28). In RKl, the 
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treatment for 2 hours with the toxin at a dose of 1 ng/ml resulted in a 

detectable rise, and at 100 ng/ml 800-fold increase. The response of LKl 

was r emarkably different; increase was only 16-fold even at 100 ng/ml, and 

prolonged exposure to the toxin did not result in the significant rise in 

the cAMP level (Fig. 28). With forskolln (Seamon and Daly, 1981), t he same 

pattern was obtained (Figs . 2C and D) . 

Adenylyl cyclase activities of the membrane fractions. 

Crude me mbrane fractions we re prepared from LKl and RKl, and were used 

to t est the effect of fo rskolln, GTP 7 S, NaF and Mn++ on adenylyl cyclase 

(Table 1). Forskolin stimulates the catalytic unit directly in Its low-affini

ty activation but requires as for its high-affinity activation (Seamon and 

Daly, 1981, 1986; Clark et al., 1982). GTP 7 S activates adenylyl cyclase as 

it exchanges with GOP but is not hydrolyzable to GOP. NaF is known to 

act ivate the e nzyme by interacting with Gs (Howlett et al., 1979). Mn++ 

stimulates the catalyst directly (Ross et al., 1978). 

Using 20 11 g of membrane proteins the zero-time cAMP l eve ls were 9 and 

10 pmol/mg protein in RKl and LKl, r espectively. Adenylyl cyclase activiti es 

elicited from five minutes incubation in the r eaction buffer alone (5 mM 

MgCl2) we re 89 and 21 pmol/min/mg prote in for RKl and LKl, respective ly. 

Stimulation with GTP7 S raised the level up to 256 pmol/mln/mg in RKl but 

only to 47 pmol/min/mg in LKl. Stimulation with 10 mM aF raised the l evel 

up to 309 pmol/min/mg in RKl but only to 51 pmol/min/mg in LKl. The r e was 

thus about six-fold greater cAMP accumulation in RKl than LKl. Forskolin 

(10 11M) elevated the level up to 731 pmol/min/mg in RKl but only to 37 

pmol/min/mg in LKL Thus twenty-fold greater cAMP was accumulated in RKl 

in conformity with the in vivo data (Figs. 2C and D) . Upon stimulat ion 

with Mn++ which can activate the catalytic unit by itse lf, the membranes of 
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LKl accumulated the high level of cAMP as those of RKl (239 and 291 

pmol/min/mg, respectively). The above experiments indicated that the cata

lytic unit in LKl was functional as in RKl, but can not reach to the full 

stimulation when the interaction with Gs is required. 

Expression of G protein subunits 

Since the activity of the catalytic unit is regulated both positively and 

negatively by G proteins, it is pertinent to examine the expression of G 

protein subunits in XC cells. To examine the mRNA expression of as and a 1 

subunits, total cellular RNA was extracted from LKl and RKl. 10 /1. g of 

total RNA was subjected to Northern blot analysis using as and a i2 spe

cific eDNA probes. The amount of RNA loaded per lane was checked by stain

ing with ethidium bromide (Fig. 3C). There was no significant difference in 

the level of as (Fig. 3A) or a i2 (Fig. 3B) transcripts between LKl and RKl. 

To examine the protein expression of G protein subunits, membrane pro

teins were separated through 10 % polyacrylamide gels and subjected to 

Western blot analysis. 

Anti-as antibody detected 52 and 45 kDa proteins (indicated by arrow

heads on the left, Fig. 4A). The two bands were present in wild type S49 

mouse lymphoma but were absent in eye- variant which lacks as (Ross and 

Gilman, 1977a, data not shown) and the size of them fits the published 

molecular mass of as (Northup et al., 1980) which are translated from the 

two alternatively spliced mRNAs (Robishow et al., 1986). XC cells express 

more abundant 52 kDa than 45 kDa as· The blot shown in Fig. 4A shows 

slightly more 52 and 45 kDa forms of as in LKl than in RKl, however, the 

results fluctuated slightly when the membrane proteins extracted on differ

ent occasions were used. It is unlikely that there is any significant dif

ference in as protein expression between LKl and RKl. 
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Anti-a i antibody which recognizes ail and a i 2 (Dr. T. Haga, personal 

communication) detected a band migrating around 41 kDa (indicated by an 

arrow, Fig. 48). The molecular mass of ail and a i2 is 40.4 and 40.5 kDa, 

respectively (Gilman, 1987). Because the intensity of the band fluctuated 

slightly as in the case of a s• t he r e does not seem to be a significant 

diffe rence in the expression between LK1 and RKl. 

Affinity-purified anti-l:l r subunits antibody detected one ma j or band 

around 35 kDa (indicated by a white arrowhead, Fig. 4C) . The molecular mass 

correspond with that of l:l subunit (Katada et al., 1987) . The amount was 

almost the same in LKl and RKl. r subunit was no t detected in our condi

tion. Therefore, LKl and RKl expressed similar l evels of a s• a i (at least 

ail and a i2) and l:l subunits of the G proteins. 

Functional assay of a s 

The as subunit is released from the heterotrimeric form by association 

of GTP with as· Released as directly stimulate the catalytic unit (Gilman, 

1987) . Although the above Northern and Western blot analyses indicated 

that as expression was almost the same in RKl and in LKl, it was possible 

that as in LKi was functionally defective. In order to check this possibil

ity, I compared the capability of the chelate extracts from LKl or RK1 

membranes to reconstitute the adenylyl cyclase activity in the membranes 

of eye- variant. Here it should be noted that chelate ext raction and 

subsequent incubation at 30 °C inactivate the catalytic unit but not as 

subunit in LKl or RK1 membranes. The chelate extracts from LKl or RKl 

showed quite similar dose- response activity in reconstituting eye- adenylyl 

cyclase (Fig. 5). Therefore, as in LKl was as functional as that in RKl. 

ADP-ribosylation of as and a i 
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Cholera toxin or pe rtussis toxin catalyzes t he incorpora tion of [32P]ADP

ribose from [32P] NAD into as or a i• r espective ly. Thus, ADP- ribosyl ated as 

or a i can be visualized by incubating membrane proteins in t he pres ence 

of [32P]NAD and cholera toxin or pe rtussis toxin, r espectivel y, and by 

subsequent SDS-polyacrylamide ge l electrophoresis (Ribe iro-Neto et al., 

1985). 

Fig. 6A and B show the cholera toxin-mediated ADP-ribosylation. Black 

arrowheads show the ADP-ribosylated as proteins while white arrowhe ads 

show the ADP-ribosylated A1 subunit of cholera toxin, the only toxin 

component heavy enough to be retarded by the ge l (Lester et al., 1982). The 

bands migrating around 97.4 kDa molecular size marker were ADP-ribosylated 

in the absence of cholera toxin (data not shown). Whe n 100 11 g of membrane 

proteins were used, much greater amount of radiolabel was incorporated 

into proteins in LK1 than in RKl (compare lane 1 in Fig. 6A with lane 1 in 

B). There was a discrepancy in the apparent amount of as protein in the 

cholera toxin-mediated ADP-ribosylation and the Western blot analysis shown 

above. To examine the possibility of the involvement of some inhibitor(s) of 

ADP-ribosylation, serially diluted membrane proteins were subjected to 

cholera toxin-mediated ADP-ribosylation (Fig. 6A and B). In LK1 radiolabel 

incorporation into as proteins decreased in a dose dependent manner as 

the input membrane proteins decreased (Fig. 6A), however, the pattern of 

the incorporation was drastically different in RKl (Fig. 6B). The highest 

incorporation was observed when 25-6 11 g of membrane protein was used 

(lanes 3-5, Fig. 6B) . When larger amounts of membrane protein were used, the 

radiolabel incorporation paradoxically decreased. When smaller amounts of 

membrane protein were used, the difference in radiolabel incorporation 

between LK1 and RKl diminished (compare lanes 5-7, Fig. 6A and B). Similar 

result was obtained in pertussis toxin-mediated ADP-ribosylation (Fig. 6C 
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and D) . The refore, it can be concluded that membranes of RKl contained 

high activity that inhibits ADP-rlbosylation. 

13 



DISCUSSION 

XC cells gave rise to subclones with different adenylyl cyclase activity 

in response to cholera toxin, forskolin, GTP r S and NaF. One clone named 

R.Kl was r esponsive while another c lone LKl was r efractory. What brings 

about this clonal variation in adenylyl cyclase? 

Intracellular cAMP l evel can be increased by eithe r arrest of its decay 

or increase of its generation. It must be the latter mechanism which ope r -

ates he re because IBMX, an inhibitor of phosphodiesterase, was always 

included in the assay, and in e xperiments with Mn++, the cAMP level in LKl 

could reach the l evel of R.Kl. Thus, it must be the step in the generation 

of cAMP which was defective in LKl. 

The adenylyl cyclase activity could be impaired by an abnormality in the 

catalytic unit or in the regulatory G proteins. As membrane proteins of LKl 

accumulated the same level of cAMP as those of RKl upon stimulation with 

Mn++, the enzymatic function of the catalytic unit was not impaired in LKl. 

The catalytic unit is controlled positively by Gs and negatively by Gi. The 

positive control by Gs is exerted by GTP-a s released from GOP-a s f3 r 

hete rotrime r (Gilman, 1987). LKl and R.Kl expressed almost equal amount of 

as and the cholate ext r acts of the membrane proteins reconstituted the 

adenylyl cyclase activity of eye- cells equally well. The refore, as in LKl 

is similar to that in R.Kl both quantitatively and qualitatively. LKl ex

pressed almost the same amount of a i (at l east ail and a i2) and (3 subu

nits as RKl. Although the possible contribution of a i3 to the unresponsive 

phe notype of LKl has not been ruled out, the role of a i3 in the adenylyl 

cyclase system has not been clarified and the generally accepted model of 

the negative control by Gi is that (3 r subunits inte rfe re with Gs dissoci

ation and inhibit the stimulatory function of Gs (Gilman, 1987). The refore, it 

is unlikely that the catalytic unit in LKl is inhibited by Gi. From the 
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above discussion and by exclusion of implausible explanations it is in

ferred that the defect in LKl is in the step of interaction between as and 

the catalytic unit. As a cause of impaired interaction the catalytic unit of 

LKl might have a defect at the coupling site with as keeping the catalytic 

domain intact. Alternatively, meeting of normal catalytic unit and as might 

be impaired by some properties in or around the membranes of LKl (Neer 

and Clapham, 1988). 

Up to now several mutants which have defects in adenylyl cyclase have 

been isolated. Two among them merit close comparison with LKl. Schimmer et 

al. (1984) reported forskolin-resistant mutants of Yl adrenocortical tumor 

cells. The mutants had decreased adenylyl cyclase activity against forsko

lln and corticotropin compared to the wild type but retained fluoride

stimulated activity. As cholera toxin-mediated incorporation of [32P]NAD to 

as was reduced as much as 70 %, a defect in as was suggested (Schimmer et 

al., 1987). Thus, their mutants are different from LKl. H21a (Salomon and 

Bourne, 1981) derived from S49 lymphoma has a character shared by LKl. It 

failed to respond to cholera toxin and GTP r S, but the amount of cholera 

toxin-mediated ADP-ribosylation of as was similar in the mutant and the 

wild type. The major difference from LK1 is that detergent extracts of H21a 

membranes failed to reconstitute the adenylyl cyclase activity of eye-. 

Therefore, the abnormality in LK1 appears to be unique. 

It has been known that toxin-mediated ADP-ribosylation cannot be used to 

quantitate the amount the a subunits of G proteins (Ribeiro-Neto et al., 

1985). The difference in ADP-ribosylation between LK1 and RK1 was striking 

when relatively high amount of membrane proteins were used; ADP-ribosyla

tion in RK1 was remarkably inhibited. Since ADP-rybosylation of proteins 

both specific (as and a i) and nonspecific to the toxins (bands around 97.4 

kDa molecular marker in Fig. 6) was inhibited, it is likely that the inhibl-
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tion was caused by the consumption of NAD, the cosubstrate of ADP-ribosy

lation. NAD is a substrate of NAD splitting enzyme, NAD glycohydrolase 

(Hayaishi and Ueda, 1977). It is Inferred that RKl might contain higher NAD 

glycohydrolase activity. NAD glycohydrolase is high in macrophages (Artman 

and Seeley, 1978) and induced by differentiation in HL-60 human leukemic 

cells (Borelli et al., 1985). LKl and RKl are different not only in morphol

ogy but also in adenylyl cyclase and possibly in NAD glycohydrolase activ

ities. It must be interesting to study how these heterogeneous differences 

are produced. 

16 



LITERATURE CITED 

Artman, M., and Seeley, R.J. (1978) Nicotinamide adenine dinucleotide split

ting enzyme:A characteristic of the mouse macrophage . Science, 202:1293-

1295. 

Borelli, T.J ., Konno,S., Vuolo, L.L., Qualni, F., and Wu, J.M. (i985) Induction of 

human HL-60 leukemic cell diffe rentiation by immune inte rferon is accom

panied by an increase in NADase activity and by a dec rease in DNA-bind

ing prote ins. Biochemistry Inte rnational, 11:61-68. 

Bourne, H.R., Coffino, P., and Tomkins, G.M. (1975) Se lection of a variant 

lymphoma cell deficient ln adenylate cyclase. Science, 187:750-752. 

Bradford, M. (1976) A rapid and sensitive method for the quantitation of 

microgram quantities of protein utilizing the principle of protein-dye 

binding. Anal. Biochem. , 72:248-254. 

Clark, R.B., Goka, T.J., Green, D.A., Barber, R., and Butche r, R.W. (1982) Dif

ferences in the forskolln activation of adenylate cyclases in wlld-type 

and variant lymphoma cells. Mol. Pharmacol., 22:609-613. 

Craig, S.W., and Cuatrecasas, P. (1975) Mobility of cholera toxin r eceptors 

on rat lymphocyte membranes . Proc. Natl. Acad. Sci. U.S.A., 72:3844- 3848. 

Dixon, R.A.F, Kobilka, B.K., Strader, D.J. , Benovic, J.L., Dohlman, H.G., 

Frielle, T. , Bolanowskl. M.A., Bennett, C.D. , Rands, E., Diehl, R.E., Mu mford, 

R.A., Slater, E.E., Sigal, I.S. , Caron, M.G. , Lefkowitz, R.J., and Strade r, C.D. 

(1986) Cloning of the gene and eDNA for mammalian ,B-ad rene rgic recepto r 

and homology with rhodopsin. Nature, 321:75-79. 

Gao, B., Gilman, A.G., and Robishaw, J.D. (1987) A second form of the ,B 

subunit of signal-transducing G proteins. Proc. Natl. Acad. Sci. U.S.A., 

84:6122-6125. 

Gill, D.M., and Meren, R. (1978) ADP-ribosylation of membrane proteins cata

lyzed by cholera toxin: Basis of the activation of adenylate cyclase. 

17 



Proc. Natl. Acad. Sci. U.S .A., 75:3050-3054. 

Gilman, A.G. (1984) G proteins and dual control of adenylate cyclase. Cell, 

36:577-5079. 

Gilman, A.G. (1987) G proteins: Transducers of receptor-generated signals. 

Ann. Rev. Blochem., 56:615-649. 

Guerrant, R.L., Brunton, L.L., Schnaitman, T.C. , Rebhun, L.I., and Gilman, A. G. 

(1974) Cyclic adenosine monophosphate and alte r ation of Chinese hamster 

ovary cell morphology: A rapid, sensitive in vitro assay fo r t he entcro

toxins of Vibrio cholerae and Esche ricia coli. Infect. Immun. 10:320-327. 

Handa, H., Toda, T., Tajima, M., Wada, T., Ilda, H., and Fukasawa, T. (1987) 

Expr ession of the human adenovirus Ela product in yeast. Gene, 58 :127- 136 

Hayaishi, 0, and Ueda, K. (1977) Poly (ADP-ribose) and ADP-ribosylation of 

proteins. Ann. Rev. Blochem., 46:95-116. 

Howlett , A.C., Ste rnweis, P.C. , Macik, B.A., Van Arsdale, P.M., and Gilman , A.G. 

(1979) Reconstitution of catecholamine-sensitive adenylate cycl ase. J . Biol. 

Chern., 254:2287-2295. 

Hurley, J .B., Fong, H.K.W., Teplow, D.B., Dreyer, W.J ., and Simon, M.I. (1984) 

Isolation and characterization of a eDNA clone for the r subunit of 

bovine retinal transducln . Proc. Nat l. Acad. Sci. U.S.A., 81:6948-6952. 

Itoh, H., Kozasa, T., Nagata, S., Nakamura, S., Katada, T., Ui, M., lwai, S., 

Ohtsuka, E., Kawasaki, H., Suzuki, K., and Kazi ro, Y. (1986) Molecular clon

ing and sequence determination of cDNAs for subunits of t he guanine 

nucleotide-binding proteins Gs, G1, and G0 from rat brain. Proc. Natl. 

Acad. Sci. U.S.A., 83:3776-3780. 

Itoh, H. , Toyama, R., Kozasa, T., Tsukamoto, T., Matsuoka, M., and Kazi ro, Y. 

(1988) Presence of three distinct molecular species of Gi Protein a 

subunit. J. Biol. Chern., 263:6656-6664. 

Johnson, G.L., Kaslow, H.R., and Bourne, H.R. (1978) Genetic evidence that 

18 



cholera toxin substrates are regulatory components of adenylate cyclase. 

J. Biol. Chern., 253:7120-7123. 

Jones, D.T., and Reed, R.R. (1987) Molecular cloning of five GTP-binding 

protein eDNA species from rat olfactory neuroepithelium. J . Biol. Che rn., 

262:14241-14249. 

Katada, T. , Oinuma, M., Kusakabe, K., and Ui, M. (1987) A new GTP-binding 

protein in brain tissues serving as the specific substrate of islet-acti

vating protein, pertussis toxin. FEBS Lett., 213:353-358. 

Kimura, N., and Shimada, N. (1983) GDP does not mediate but rather inhibits 

hormonal signal to adenylate cyclase. J. Biol. Chern., 258:2278-2283. 

Krupinski, J., Coussen, F., Bakalyar, H.A., Tang, W-J., Feinstein, P.G., Orth, K., 

Slaughter, C., Reed, R.R., and Gilman, A.G. (1989) Adenylyl cyclase amino 

acid sequence: Possible channel- or transporter-like structure. Science, 

244:1558-1564. 

Laemmli, U.K. (1970) Cleavage of structural proteins during the assembly of 

the head of bacteriophage T4. Nature, 227:680-685. 

Lester, H.A., Steer, M.L., and Michaelson, D.M. (1982) ADP-ribosylation of 

membrane proteins in cholinergic nerve terminals. J. Neurochem., 38:1080-

1086. 

MacDonald, R.J., Swift, G.H., Przybyla, A.E., and Chirgwin, J.M. (1987) Isolation 

of RNA using guanidinium salts. Methods Enzymol., 152:219- 227. 

Maniatis, T., Fritsch, E.F., and Sambrook, J., (1982) In: Molecular c loning. 

Cold Spring Harbor Laboratory, Cold Spring Harbor. pp.202-203 

eer, E.J., and Clapham, D.E. (1988) Roles of G protein subunits in transmem

brane signalling. Nature, 333:129-134. 

Nissenson, R.A., Strewler, G.J., Williams, R.D., and Leung, S.C. (1985) Activa

tion of the parathyroid hormone receptor-adenylate cyclase system in 

osteosarcoma cells by a human renal carcinoma factor. Cancer Hes., 

19 



45:5358-5363. 

Northup, J.K., Sternweis, P.C., Smigel, M.D., Schleifer, L.S., Ross, E.M., and 

Gilman, A.G. (1980) Purification of the regulatory component of adenylate 

cyclase. Proc. Natl. Acad. Sci. U.S.A., 77:6516-6520. 

Nukada, T., Tanabe, T., Takahashi, H., Noda, M., Hirose , T., Inayama, S., and 

Numa, S. (1986a) Primary structure of the a -subunit of bovine adenylate 

cyclase-stimulating G protein deduced from the eDNA sequence. FEBS Lett., 

195:220-224. 

Nukada, T., Tanabe, T., Takahashi, H., Noda, M., Haga, K., Haga, T., Ichiyama, A., 

Kangawa, K., Hiranaga, M., Matsuo, H., and Numa, S. (1986b) Primary struc

ture of the a -subunit of bovine adenylate cyclase-inhibiting G protein 

deduced from the eDNA sequence. FEBS Lett., 197:305-310. 

Ribeiro-Neto, F.A.P., Mattera, R., Hildebrandt, J.D., Codina, J., Field, J.B., 

Birnbaumer, L., and Sekura, R.D. (1985) ADP-ribosylation of membrane 

components by pertussis and cholera toxin. Methods Enzymol., 109:566-573. 

Rich, K.A., Codina, J., Floyd, G., Sekura, R., Hildebrandt, J.D., and Iyengar, R. 

(1984) Glucagonn-induced heterologous desensitization of the MDCK cell 

adenylyl cyclase. J. Biol. Chern., 259:7893-7901. 

Robishaw, J.D., Smigel, M.D., and Gilman, A. G. (1986) Molecular basis for two 

forms of the G protein that stimulates adenylate cyclase. J. Biol. Chern., 

261:9587-9590. 

Ross, E.M. and Gilman, A.G. (1977a) Reconstitution of catecholamine-sensitive 

adenylate cyclase activity: Interaction of solubilized components with 

receptor-replete membranes. Proc. Natl. Acad. Sci. U.S.A., 74:3715-3719. 

Ross, E.M., Maguire, M.E., Sturgill, T.W., Biltonen, R.L., and Gilman, A.G. (1977b) 

Relationship between the f3 -adrenergic receptor and adenylate cyclase. J. 

Biol. Chern., 252:5761-5775. 

Ross, E.M., Howlett, A.C., Ferguson, K.M., and Gilman, A.G. (1978) Reconstitution 

20 



of hormone-sensitive adenylate cyclase activity with resolved components 

of the enzyme. J. Biol. Chern. , 253:6401-6412. 

Ross, E.M. , and Gilman, A.G. (1980) Biochemical properties of hormone-sensi 

tive adenylate cyclase. Ann. Rev. Biochem., 49:533-564. 

Salomon, M.R., and Bourne, H.R. (1981) Novel S49 lymphoma variants with 

aberrant cyclic AMP metabolism. Mol. Pharmacol., 19:109-116. 

Schimmer, B.P., and Tsao, J . (1984) Isolation of forskolin-resistant adrenal 

cells defective in the adenylate cyclase system. J. Bioi. Che rn. , 259:5376-

5379. 

Schimme r, B.P., Tsao, J., Borenstein, R., and Endrenyi, L. (1987) Forskolin

r esistant Y1 mutants harbor defects associated with t he guanyl nucleo

tide-binding regulatory protein, Gs. J. Bioi. Chern., 262:15521- 15526. 

Seamon, K., and Daly, J.W. (1981) Activation of adenylate cyclase by t he 

diterpene forskolin does not r equire the guanine nucleotide regulatory 

protein. J . Biol. Chern., 256:9799-9801. 

Seamon, K.B., and Daly, J .W. (1986) Forskolin: Its biological and che mical 

properties. Adv. Cyclic Nucleotide Protein Phosphorylation Res., 20:1-150. 

Sugimoto, K., Nukada, T., Tanabe, T., Takahashi, H., Noda, M., Minamin o, N., 

Kangawa, K.,Matsuo, H., Hirose, T., Inayama, S., and Numa, S. (1985) Primary 

structure of the f3 -subunit of bovine transducin deduced from the eDNA 

sequence. FEBS Lett., 191:235-240. 

Sullivan, K.A., Liao, Y-C., Alborzi, A., Beiderman, B., Chang, F-fl., Masters, 

S.B., Levinson, A.D., and Bourne, H.R. (1986) Inhibitory and stimulatory G 

proteins of adenylate cyclase: eDNA and amino acid sequences of the a 

chains. Proc. Natl. Acad. Sci. U.S.A., 83:6687-6691. 

Svoboda, J. (1961) The tumorigenic action of Rous sarcoma in r ats and the 

permanent production of Rous virus by the induced rat sarcoma XC. 

Folia Biologica (Prague), 7:46-60. 

21 



Towbin, H., Staehelin, T., and Gordon, J. (1979) Electrophoretic transfer of 

proteins from polyacrylamide gels to nitrocellulose sheets: Procedure 

and some applications. Proc. Natl . Acad. Sci. U.S.A., 76:4350-4354. 

Yoshikura, H., Naito, Y., and Moriwaki, K. (1979) Unstable resistance of G 

mouse fibroblasts to ecotroplc murine leukemia virus infection. J. Viral., 

29:1078-1086. 

22 



Fig. 1. Phase contrast microscopy of subclones of XC, LKl (A, B) and RKl (C, 

D) with (B, D) or without (A, C) cholera toxin (CI'X). 5 x 104 cells we r e 

plated in 12 well titer plates. On the following day the photographs we r e 

taken before (A, C) and 18 hours after addition of 0.1 11 g/ml of cholera 

toxin (B, D). Bar, 30 11m. 
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Fig. 2. Effect of cholera toxin (CTX) and forskolin on LKJ and RKl. Dose-re-

sponse for chol e ra toxin-stimulated (A) or forskolin-stimulated (C) cAMP 

accumulation. Incubation time was two hours (chole r a toxin) or one hour 

(forskolin) . Time course of cAMP accumulation after stimulation with 10 

11 g/ml of choler a toxin (B) o r 50 11M of forskolin (D). • , RKl ; 0, LKl. 
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Fig. 3. Expression of a 5 and a 12 mRNAs. 

A; Northern blot analysis of as· B:Northern blot analysis of a 12. C:Ethidi

um bromide staining of the gel to show the amount of total RNA loaded per 

lane. Lane 1: LKl. Lane 2: RKl. 
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Pig. 4. Exp ression of a s• a i and /3 proteins. A: Western blot analysis using 

anti- as antibody. Black arrowheads indicate as proteins. B: Western blot 

analysis using anti- a i antibody. An arrow indicates a i proteins. C: Western 

blot analysis using anti-/3 7 subunit antibody. A white arrowhead indicates 

/3 subunit proteins. Lane 1: LKl. Lane 2: RKl. 
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Fig. 5. Reconstitution of adcnylatc cyclase system In eye- S49 lymphoma 

cells. A: The amount of eye- me mbranes was constantly 100 11 g per r eac-

Lion and cholate extracts from LKl (0) and RKl ( • ) we re varied. B: 

The amount of cholate extracts from LKl (0) or RKl ( • ) was constantly 

10 11 g and the amount of eye- membrane was varied. 
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Fig. 6. ADP- ribosylation of a 5 or a i with activated cholera toxin or 

pertussis toxin . Membrane proteins of LKl (A,C) 

or RKl (B, D) we r e ADP-rlbosylated with [32P]NAD and activated cholera 

toxin (A,B) or pertussis toxin (C,D). Serial two-fold dilution of the mem

brane proteins were subjected to toxin-mediated ADP-ribosylation and 1/5 

of each reaction mixtures was loa ded per lane. The amounts of the proteins 

in t he r eaction were: Lane 1: 100 11 g. Lane 2: 50 11 g. Lane 3: 25 11 g. Lane 4: 

12 11 g. Lane 5: 6 11 g. Lane 6: 3 11 g. Lane 7: 1.5 11 g. Figures ma rked with 

lower case letters are gels stained with Coomassie brilliant-blue and 

co rrespond to each autoradiography marked with upper case l etters. Black 

arrowheads indicate as prote ins. Arrows indicate a i prote ins. White arrow

heads Indicate the A1 subunit of chole ra toxin. 
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Table 1. 

Adenylate cyclase activity of membrane fractions 

No incubation a 

Basal activity b 

10 11M GTP7 S 

10 mM NaF 

10 11M forskolin 

10 mM MnC12 

LKl 

10 :': 4 

21 :': 2 

47 :': 3 

51 :': 1 

37 :': 1 

239 :': 33 

RKl 

9 :': 1 

89 :': 8 

256 :': 45 

309 :': 23 

731 :': 87 

291 :': 18 

Figures indicate amount of cAMP (mean :': S.E. derived from three determina

tions, pmol/mln/mg generated by 20 11 g of membrane fractions incubated for 

five minutes with or without stimu lating agents. _1:1: immediately after dissolv

ing membranes into the reaction buffer. b incubation without any reagents. 
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