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SUMMARY: The ab i l i t y  of a series of BI6 melanoma clones to form 
experimental lung metastases in syngeneic mice has been shown to correlate 
posi t ively with adenylate cyclase ac t iv i ty .  (Sheppard et al, Int.  O. Cancer 
3_! (1986) 713-722). To begin to ident i fy the components of the adenylate 
cyclase complex that account for enhanced enzyme ac t iv i t y  in highly 
metastatic tumor populations, cholate extracts containing the GTP-binding 
protein G s from BI6 melanoma clones of di f ferent metastatic capacities 
were reconstituted with membranes prepared from $49 cyc-, a variant 
lymphoma cell l ine that lacks G s function. The results revealed that 
extracts from a highly metastatic BI6 clone (FI0-C23) reconstituted 
s ign i f icant ly  greater adenylate cyclase ac t iv i t ies  in $49 cyc- membranes 
than parallel preparations from a BI6 clone (FI-C29) of low metastatic 
capacity. The data suggest that aberrations in G s function may contribute 
to the heightened responsiveness of adenylate cyclase observed in BI6 
melanoma clones of increased metastatic potential,  o 1987 Academic Pres~. ~nc 

The pharmacology of tumor cell dissemination and the hormonal mechanisms 

that may influence the dif ferent stages of the metastatic process are poorly 

understood. In previous investigations on a murine tumor model, we had 

The abbreviations used are: BSA, bovine serum albumin; Gpp(NH)p, 
5'-guanyl-B-y-imidodiphosphate; MSH, melanocyte stimulating hormone; 
Gs, stimulatory guanine nucleotide regulatory protein of the adenylate 
cyclase system; SDS, sodium dodecylsulfate. 
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established that the abi l i ty of mouse BI6 melanoma clones to form lung 

colonies after i .v. inoculation (experimental metastases) correlates 

positively with their abi l i ty to accumulate cAMP when challenged with agents 

that activate adenylate cyclase (e.g., forskolin or MSH) (1). Biochemical 

investigations on isolated plasma membranes revealed that Bl6 melanoma 

clones of high metastatic potential consistently displayed a greater than 

lO-fold activation of adenylate cyclase when stimulated directly by the 

diterpene forskolin (2). This is in contrast to the adenylate cyclase of 

Bl6 melanoma clones of low metastatic capacity which exhibited a less than 

5-fold activation under identical conditions. In the course of the same 

studies, we also observed that a combination of forskolin and the 

nonhydrolyzable GTP analog, Gpp(NH)p, produced a synergistic activation of 

the adenylate cyclase in the high metastatic clones but the effect of these 

agents was less than additive on the cyclase from low metastatic cells. 

Both forskolin and Gpp(NH)p are thought to activate adenylate cyclase by 

modulating the interaction of G s with the catalytic unit of the enzyme 

(3-9). At high concentrations, forskolin has also been shown to stimulate 

directly the catalytic component (lO-12). Our previous data suggested that 

aberrations in G s coupling to the catalytic unit of adenylate cyclase 

contributed to differences in cAMP metabolism observed in Bl6 metastatic 

variants (2). In the present investigations, we have attempted to examine 

this possibility by selectively measuring the G s activity of Bl6 clones 

using reconstitution studies. This was achieved by cholate extraction of 

G s from Bl6 plasma membranes followed by reconstitution with the adenylate 

cyclase catalytic unit in plasma membranes derived from $49 cyc- lymphoma 

cells (13), a cell line that lacks the G s protein (14). The results 

revealed that the biochemical phenotype associated with high and low Bl6 

metastatic potential can be transferred via the reconstitution procedures 

and suggest that aberrations in adenylate cyclase activity associated with 

enhanced expression of BI6 metastatic properties may be related to 

alterations in G s function. 
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MATERIALS AND METHODS 

Cell Culture 

The origin and properties of the BI6-FI and BI6-FIO melanoma sublines 
have been described (15). The Bl6 melanoma FlO-C23 and Fl-C29 clones were 
isolated by the limiting dilution technique and maintained in culture 
according to published procedures (16). 

Animals 

Female C57BL/6 mice were obtained from Charles River Breeding 
Laboratories (Hilmington, MA) and the Laboratory Animal Services Division of 
Smith Kline & French Laboratories (Philadelphia, PA). Animals were age- and 
sex-matched within each experiment. 

Experimental Pulmonary Metastasis 

Metastatic potential was assayed as described ( I ) .  The BI6 clone FI0-C23 
formed >300 lung colonies following an intravenous inoculum of 5 x lO 4 
cells and was defined as expressing high metastatic potential. Under 
identical conditions, clone Fl-C29 gave rise to a median of only three lung 
colonies and was classified as having low metastatic capacity. A complete 
description of metastatic properties of these two clones have been described 
previously (1,2,17). 

Preparation of plasma membranes from BI6 melanoma clones 

Membranes were prepared as described (2). 

Reconstitution 

Reconstitution of Mg-ATP-dependent adenylate cyclase in S49 cyc- wa~ 
performed according to Sternweis and Gilman (13). B r ie f l y  $49 cyc- plasma 
membranes were prepared as described above and the f inal  pe l le t  resuspended 
in HEPES buffer (protein concentration = 1.0 mg/ml). BI6 plasma membranes 
were suspended in I~ cholate (protein concentration : 5.0 mg/ml) and s t i r red  
on ice for 1 hr to so lub i l i ze  G s. Following centr i fugat ion (lO0,O00g x 20 
min.), the pe l le t  was resuspended in HEPES buffer (protein concentration : 
1.0 mg/ml) and assayed for adenylate cyclase. Cholate extracts were 
incubated at 30°C for 20 min to inact ivate residual ca ta ly t i c  component 
and then mixed with $49 cyc- membranes at a f ina l  cholate concentration of 
0.36~. To ensure saturat ion of $49 cyc- membranes with BI6 melanoma Gs, 
cholate extracts were di luted with I% cholate in HEPES buffer to provide 
samples constant in cholate concentration but containing decreasing amounts 
of G~. Following reconst l tu t ion,  membranes were centrifuged (lO0,O00g x 
20 mln.),  the pel lets resuspended in HEPES buffer and assayed for adenylate 
cyclase ac t i v i t y .  

Adenylate Cyclase Assay 

Adenylate cyclase activity was assayed as described previously (2). 

Protein Determination 

Protein was measured by the method of Lowry et al (19) using BSA as a 
standard. 

£32P]ADP-ribosylation of G s 

G s of membranes prepared from the BI6 melanoma clones was labeled in the 
presence of [32P]NAD (5pM) and cholera toxin (50 pg/ml) as described 
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previously (20). [32p]ADP-ribosylated G s was isolated by SDS-polyacrylamide 
gel electrophoresis (21) after equal amounts of membrane protein (14 pg) 
from each BI6 clone were loaded onto the gel. The [32p]-labeled G s was 
located on the gel by autoradiography, the protein band excised and 
quantitated by sc in t i l la t ion counting. 

MATERIALS 

BSA, cAMP, ATP, creatine phosphate, creatine phosphokinase, EGTA, GTP, 
Gpp(NH)P, Norit-SGX charcoal and MSH and IBMX were purchased from Sigma 
Chemical Co. (St. Louis, MO). Neutral aluminum oxide was obtained from E. 
Merck, Elmsford, NY, Dowex AG 50N-X8 from Bio-Rad Laboratories, Richmond, CA; 
~[32p]ATP (20 Ci/mmole) from Amersham/Searle Corporation, Des Plains, 
IL; [3H]cAMP (30 Ci/mmole) from New England Nuclear, Boston, MA; and 
forskolin from Calbiochem, La Jolla, CA. 

RESULTS 

The responsiveness of adenylate cyclase in plasma membranes derived from 

BI6 melanoma clones of high (F]0-C23) and low (Fl-C29) metastatic capacity 

to different stimuli is shown in Figure ]. Gpp(NH)p el ici ted comparable 
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TREATMENT 

Activation of adenylate cyclase in B]6 melanoma clones of low 
(F1-C29) and high (F]0-C23) experimental metastatic potential. 
Partially purified membranes were challenged with Gpp(NH)p 
(10 ~M), forskol in (I00 pM) or forskol in (I00 pM) plus 
Gpp(NH)p (lO ~M) for 20 min at 30oc. Adenylate cyclase 
ac t i v i t y  was determined as described in Materials and Methods. 
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responses in membranes isolated from the two clones. In contrast, forskolin 

was more effective in stimulating adenylate cyclase in membranes from FIO-C23 

cells than in parallel preparations from FI-C29 cells. The combination of 

Gpp(NH)p and forsKolin induced a synergistic response in the adenylate 

cyclase in the FlO-C23 cells but the response in the low metastatic Fl-C29 

clone was less than additive. 

To investigate further the marked difference in the adenylate cyclase 

activities of the two clones, we next attempted to resolve the components of 

the adenylate cyclase complex. The G s proteins from the FlO-C23 and FI-C29 

clones were covalently labeled in the presence of [3zP]NAD and cholera 

toxin (20). Following SDS-polyacrylamide gel electrophoresls we found that 

the pattern of [32P]ADP-ribosylated G s was identical for the two clones 

(M r : 45,000) and the incorporation of label into G s was not 

significantly different (data not shown). 

The functional properties of G s from the Bl6 melanoma clones were 

examined by reconstitution techniques. Following procedures developed by 

Sternweis and Gilman (13), the G s proteins from the plasma membranes of the 

FIO-C23 and FI-C29 clones were solubilized by cholate extraction. Incubation 

of the detergent extracts for 20 min at 30°C inactivated residual adenylate 

cyclase catalytic unit, as monitored by challenge with O.l mM forskolin (data 

not shown), thus eliminating its contribution to adenylate cyclase activities 

measured in the reconstitution system. The G s in the cholate extracts was 

subsequently reconstituted with the catalytic unit of adenylate cyclase in 

$49 cyc- membranes (Figure 2). As reported previously (22) the adenylate 

cyclase activity of naive $49 cyc- membranes was stimulated by forskolin 

but not Gpp(NH)p. Also, synergistic activation of the cyclase in the 

combined presence of Gpp(NH)p and forskolin was not observed. However, 

reconstitution with G s from either FIO-C23 or Fl-C29 cells resulted in 

activation of adenylate cyclase by Gpp(NH)p comparable to that seen in the 

relevant Bl6 donor clones. Following reconstitution with the G s extract 

from the high metastatic FlO-C23 clone an increased responsiveness of the 
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Reconstitution of adenylate cyclase act iv i ty  in $49 cyc- 
membranes. Cholate extracts from the Bl6 melanoma clones 
FI-C29 and FlO-C23 were reconstituted with $49 cyc- 
membranes and adenylate cyclase act iv i ty  measured as indicated. 

adenylate cyclase to forskolin alone was observed relative to naive $49 

cyc- membranes and a synergistic response was detected in the 

reconstituted system when challenged with a combination of Gpp(NH)p and 

forskolin. In contrast, G s extracts from low metastatic FI-C29 clone were 

significantly less effective. $49 cyc- membranes reconstituted with G s 

extracts from this clone failed to show enhanced responsiveness to 

forskolin, and enzyme activity in the presence of both forskolin and 

Gpp(NH)p was only slightly greater than additive. Moreover, the extract 

from FI-C29 membranes inhibited the reconstitution of adenylate cyclase 

activity by the extract from F]0-C23 membranes. Stimulation of $49 cyc- 

adenylate cyclase by the combination of forskolin and Gpp(NH)p following 

reconstitution with extracts of FlO-C23 membranes, Fl-C29 membranes or with 

a mixture of both extracts ( l : l )  were 134-fold, 50-fold and 94-fold 
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Titration of $49 cyc- membranes with cholate extracts from 
the Bl6 melanoma clones. FI-C29 ( , )  and FI0-C23 (0). Cholate 
extracts were incubated with $49 cyc- membranes and the 
reconstituted membranes challenged with forskolin lO0 ~M or 
a combination of forskolin (100 wM) and Gpp(NH)p (I0 ~M) 
as indicated. 

respectively. The results of these experiments indicate that the properties 

of the reconstituted adenylate cyclase mirror the activities of the donor 

Bl6 melanoma clones of distinct metastatic potentials. 

To eliminate the possibility that the differences in adenylate cyclase 

responsiveness in the reconstituted $49 cyc- membranes were due to an 

artifact in the differential extraction and transfer of G from the Bl6 s 

clones, a reconstitution t i trat ion was carried out in which increasing 

concentrations of cholate extract from FlO-C23 and Fl-C29 clones were 

combined with a fixed amount of s4g cyc- membranes. The detergent 

concentration was maintained constant at 0.36~ during the t i t rat ion. As 

shown in Figure 3, the responses of the reconstituted adenylate cyclase to 

either forskolin or the combination of forskolin and Gpp(NH)p saturated with 

respect to the G s extracts from both the FIO-C23 and Fl-C29 clones. 
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DISCUSSION 

In the present study, enzyme reconstitution studies using the adenylate 

cyclase from membranes of $49 cyc- cells were used to assess G s activities 

in murine Bl6 melanoma clones of low (Fl-C29) and high (FlO-C23) metastatic 

capacity. The results indicated that G s extracted from both FI-C29 and 

FIO-C23 clones can reconstitute adenylate cyclase activity in $49 cyc- mem- 

branes and that the level of enzyme activity reflects the enzyme properties 

of the donor melanoma cells. These conclusions are supported by the follow- 

ing observations. First, reconstitution with G s extracted from either 

Fl-C29 or FlO-C23 clones conferred Gpp(NH)p-sensitive adenylate cyclase 

activity to the $49 cyc- membranes. Stimulation of the $49 cyc- cyclase 

by NaF and the beta-adrenergic agonist isoprotenenol were also simultaneously 

reconstituted (data not shown). However, since these parameters do not 

correlate with metastatic potential (1,2) they were not further charac- 

terized. These data are consistent with donation of G s activity to $49 

cyc- membranes from the BI6 melanoma clones. 

Second, $49 cyc- membranes reconstituted with extracts from the highly 

metastatic F10-C23 clone exhibited significantly greater synergistic activa- 

tion of adenylate cyclase when challenged with a combination of Gpp(NH)p and 

forskolin than membranes reconstituted with extracts from F1-C29, a clone of 

low metastatic potential. These differences in reconstituted adenylate 

cyclase activities were not attributable to differences in the amount of G s 

in the two Bl6 clones. Although we have studied only two clones, the results 

suggest that enhanced G s activity is associated with augmented metastatic 

capacity. One caveat in the interpretation of these observations is that 

although activation of adenylate cyclase by a combination of Gpp(NH)p and 

forskolin in donor Fl-C29 membranes was, as expected, less than additive in 

the reconstituted $49 cyc- preparations, the effects of these two agents 

was slightly greater than additive. The reason for this apparent discrepancy 

is not clear, but may reflect imprecisions inherent in the reconstitution 

procedures. 
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The role of cAMP in unregulated cell proli feration and metastatic spread 

remains to be defined. Previous studies have linked these processes with 

alterations In adenylate cyclase act iv i t ies and modifications of adenylate 

cyclase-associated guanine nucleotide binding proteins (23-25). Our results 

provide evidence that aberrations in G s function contribute to the 

heightened responsiveness of adenylate cyclase in Bl6 melanoma clones 

expressing enhanced metastatic potential. 
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