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Abstract--We mvesngated whether differences m binding s~tes for [3H]forskohn could account for the 
low potency of forskolin on adenylate cyclase (EC 4 6 1 1) from rat lung compared with heart or liver 
adenylate cyclase Forskohn (0 1 raM) increased basal adenylate cyclase actwlty 41-fold m heart. 27- 
fold m liver, but only 3-fold m lung The low potency m lung could not be accounted for by any lack of 
enzyme or stlmulator~ nucleonde-bmdmg protein, since sodmm fluoride (10 mM) increased basal actlwty 
9-12-fold m all three tissues The effectiveness of forskohn on adenylate cyclase appears to be related 
to the presence of specific [3H]forskohn binding sites [3H]Forskohn binding in both heart and hver 
membranes was consistent with single binding sites with dissociation constants of 0 74 _+ 0 25 ~M and 
1 43 -+ 0 21 uM respectwely No such binding sites were detected lrl lung membranes The blndmg was 
of low affimty (> 100 #M) and showed no tendency to saturate These results are not consistent with the 
hypothes~s that the nucleonde-blndmg protein influences stimulation of adenylate cyclase by forskohn. 
rather [~H]forskohn binding sites appear to be an important determinant of the effect of forskolln in 
different ttssues 

Forskohn. a dtterpene isolated from Coleus 
forskohht, is a potent cardiac lnotrope, vasodtlator 
and activator of adenylate cyclase (EC 4.6 1.1) 
[1-4]. It is able to activate this enzyme, to vanous 
degrees, both in Intact cells as well as m cell-free 
systems [3, 5-71 and ts also capable of potenttatmg 
the effects of various hormones on adenylate cyclase 
[5, 8, 9] Dttle is known about how tt exerts these 
effects on adenylate cyclase Expertments with 
mutant S-49 cells [8-11] and partially purified 
enzyme preparatmns ]12-15[ suggest that forskohn 
interacts with etther the catalytic subunlt of adenylate 
cyclase or some other as yet unrecogmsed protem 
subunlt It has also been suggested that guanine 
nucleotlde stxmulatory proteins (Ns) might also be 
important in influencing the magnitude by which 
forskohn stimulates adenylate cyclase in various tis- 
sues. Forskohn 18 a weak acttvator of bovine sperm 
adenylate cyclase which lacks N s protein Some sen- 
Smvlty to forskohn is gamed upon complementatlon 
of bovine sperm membranes with human erythrocyte 
membranes contamang the N~ protein [16, 17] How- 
ever. the lack of N, protean cannot explain the poor 
responsiveness of rat lung adenylate cyclase to for- 
skohn, compared with adenylate cyclase in either 
heart, brain or hver [18] The aim of the present 
investigation was to examine whether other factors 
such as an apparent lack of forskohn binding sites 
on rat lung tissue mtght account for its poor respon- 
siveness compared with heart and liver 

M A T E R I A L S  A N D  METHODS 

Matertalr (cv-~2p)Adenoslne triphosphate (10- 
50Cl/mmol) was purchased from Amersham 
International Ltd. (Amersham, U K ) [2,8-3H] - 
Adenoslne-3'.5'-cychc phosphate (cychc AMP) (30- 

50 C1/mmol) and [12-3H]forskolln (31 6 C1/mmol) 
were purchased from New England Nuclear (Boston, 
MA). Isobutylmethylxanthine (IBMX) was obtamed 
from Aldrich (Mdwaukee, WI) and forskolm was a 
generous gift of Hoechst Australia Ltd 1-Ace- 
tylforskohn and 7-desacetylforskohn were 
synthestsed from forskolln by the methods of Bhat 
et al [19, 20]. Stock solutions (15 mM) of forskohn 
and tts dertvatlves were prepared m dimethyl- 
sulfoxlde (DMSO) and stored at -20  ° These were 
diluted as required N-2-hydroxyethylplperazlne-N'- 
2-ethanesulfontc acid (HEPES) and ethyleneglycol- 
bls(fl-amlnoethyl ether)-N,N'-tetraacetlc acid 
(EGTA) were obtamed from Calbtochem (La Jolla, 
CA) and guanoslne-5'-trtphosphate (GTP) and all 
other blochemlcals from Sigma (St Louis, MO) 

Preparatton of homogenates and crude 
membranes Homogenates of heart, liver and lung 
for esttmatmg adenylate cyclase actlvtty were pre- 
pared from male Wlstar rats 1150-250 g) by hom- 
ogenlsmg (Polytron, PT10, setting 2.5, 30 sec) the 
tissues in 10 vol of ice-cold 50 mM HEPES pH 7 5 
buffer containing 3 mM dtthiothre~tol and 1 mM 
EGTA [21] The homogenate was passed through 
two layers of gauze prior to assay for adenylate 
cyclase actlvtty Protein concentration of heart 
homogenates averaged 22 mg/ml, while those of 
lung and hver averaged 15 mg/ml and 26 mg/ml 
respectively 

Crude membrane fractions for use in the 
[3H]forskohn bmdlng studies were obtamed by hom- 
ogenlslng (Polytron PT10, setting 2 5, 30 sec) the 
three tissues m 4-10 vol of TEB buffer (10 mM Trls 
HCI, pH 8 0, l mM EGTA, 1 mM thtoglycolhc acid 
and 2 mM MgCl2) containing 10% sucrose The 
homogenates were initially centrifuged at 500 g (15 
rain) and the resulting pellets carefully discarded 
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The supernatant was centrifuged at 30,000 g (15 mxn) 
and the pellet collected and resuspended in either 1 
vol (heart and lung) or 3 vol (liver) of TEB per 
original unit weight of tissue Protein concentrations 
in crude cardiac membrane suspensions averaged 
approximately 7 mg/ml, while those for lung and 
liver averaged 3 5 mg/ml and 17 mg/ml respectively 

Estimates ot protein in tissue homogenates and 
membrane preparations were performed by the 
method of Lowry etal [22] after overnight hydrolysis 
in 1 M NaOH (37 ° ) Bovine serum albumin was 
used as the standard. Both tissue homogenates and 
membrane suspensions were used immediately after 
preparation 

Adenylate cyclase Adenylate cyclase activities in 
homogenates were measured with [o~-32p]ATP as the 
substrate according to Little et al [21]. The incu- 
bation mixtures contained 50 mM HEPES pH 7 5, 
6 7 mM phosphoenolpyruvate, 6U pyruvate klnase, 
100 #M GTP, 5 mM MgC12, 10 mM KCI, 1 mM 
lsObutylmethylxanthine, 0 25 mM 32p-ATP (0 45 
/tCI) and 15 gl tissue homogenates in a total volume 
of 150/4 Forskohn and Its derivatives were added 
to the incubation mixtures in 5% DMSO in 50 mM 
HEPES buffer pH 7 5 The final concentration of 
DMSO in the incubation was 0 67% This and higher 
concentrations of DMSO have been found to have 
minimal effects on adenylate cyclase activities [23] 
Incubations were carried out at 30 ° for 10 rain in a 
shaking water bath The incubation was terminated 
by transfer to a 0 ° bath and addition of 100/A of a 
solution containing 40 mM ATP, 1 4 mM cyclic AMP 
and 2% sodium dodecylsulfate in 50 mM HEPES 
pH 7 5 Cyclic AMP (3H, 20,000 dpm) was also 
added to each sample to monitor recovery of cychc 
AMP which was isolated as described by Salomon et 
al [24] 

[3Hlforskohn binding The bmdlng of [~H]for- 
skohn to the membrane preparations was carried out 
by a rapid filtration assay similar to that described 
for [3H]dihydroforskohn [23] In a typical assay 100 
!d of membranes was added to glass tubes containing 
400 #1 50 mM Tris HCI pH 7 5 buffer containing 1 
mM MgCI> 0 67% DMSO and [3H]forskolln Con- 

centratlons of forskohn greater than () 1 !,M were 
obtained by adding unlabelled forskohn The incu- 
bations were carried out at 30 ° t o r  10 mln and ter- 
minated by rapidly filtering the samples (-~2 sec) 
under vacuum through Whatman GF/C filters The 
filters were rapidly washed with 3 × 3 3 ml of ice- 
cold 50 mM Trls HCI. pH 7 5 containing 1 mM 
MgCI2 The filters were dried by suction and counted 
at similar efficiencIes (ca 35%) in a liquid sclntlllatu/n 
counter 

"Non-specific" binding of [~H]torskolln was detm- 
mined in the presence of 0 1 mM forskohn and was 
predominantly due to binding of [3H]forskolln to the 
filters In a typical experiment with liver membranes 
and 10 nM [3H]forskolln, total membrane binding 
averaged 3200 cpm with 124 cpm bound to filters 
(3.4 and 0 125% ot cpm added, respectively) Fdter 
blanks were determined in each experiment b~ c,trr.~- 
lng out parallel experiments in tubes containing no 
membranes 

Saturation specific binding isotherms were ana- 
lysed directly by computer as described by Parker 
and Waud [26] as well as by using hnearlzed trans- 
formations of the binding isotherms (Eadie-Hofstec 
plot) [27] [3H]forskohn displacement curves were 
analysed as described by Parker and Waud [261 Fhe 
value for maximum binding capacity (Bma,) derived 
from the Eadle-Hofstee plot was used to esumate 
the Hill coefficient (nil) from the Hill plot [311 All 
results are the means -+ S.E 

R E S U L T S  

Adenylate o'clase actmatton b) Jorskoltn attd 
dert Call oes 

The ability of forskolln to stimulate adenylate 
cyclase in homogenates prepared from rat heart, 
hver and lung is illustrated in Fig 1 Basal activity 
of cardiac adenylate cyclase is increased 9-fold by 
0 1 #M forskohn whilst 0.1 mM forskohn increased 
activity 41-fold It was not possible to determine 
whether this represented maximum levels of stimu- 
lation since 0 1 mM forskohn is close to its limit ot 
solubility in the incubation medium [25] All con- 
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F~g l Stimulation of adenylate cyclase by increasing concentranons of forskohn and 10 nIM fluoride 
in homogenates of rat heart, liver and lung Basal adenylate cyclase activities m these homogenates 
averaged 8 I ± 1 6 pmol/mln/mg for heart. 15 4 ± 3 1 pmole/mm/mg for lung and 3 0 + 0 54 pmole.' 

mm/mg for liver Results arc the mean ± S E of three s~mflar experiments 
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Fig 2 Comparison of the relative abilmes of forskolm (Q), l-acetylforskohn ( 0 )  and 7-desa- 
cetylforskohn (A) to increase adenylate cyclase actiwtles of rat heart, hver and lung homogenates 

Results are the means --_ S E of three experiments. 

centrations of forskolin exerted a greater effect on 
cardmc adenylate cyclase activity than on liver and 
lung adenylate cyclase (Fig 1). Although forskolin 
always stimulated adenylate cyclase activaty in homo- 
genates of rat lung, reaching 3-fold with 0.1 mM 
forskohn, thas represented only about 7% of the 
stimulation ach]eved with cardiac adenylate cyclase. 
In contrast to the poor ablhty of forskohn to stimulate 
rat lung adenylate cyclase compared with either heart 
or liver, sodium fluoride was a potent activator of 
lung adenylate cyclase. Sodium fluoride elevated 
lung adenylate cyclase approximately 9-fold (Fig. 1). 
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Fig 3 Displacement of [3H]forskolln from hver mem- 
branes by unlabelled forskohn [3H]Forskohn was incu- 
bated w~tb hver membranes m the presence of increasing 
concentraUons of unlabelled forskohn and the amount of 
[~H]forskohn bound to membranes determined as 
described m the methods Results (mean -+ S E ) are typi- 
cal of three s~mflar experiments performed m tnphcate 

Cardmc and liver adenylate cyclase were elevated 
between 11- and 12-fold by sodmm fluoride 

The effects of 7-desacetylforskohn and 1-ace- 
tylforskolin on adenylate cyclase actwlty were also 
examined m the three tissues. Although 7-desa- 
cetylforskohn was somewhat less potent than for- 
skohn (Fig. 2), It exerted a similar potency profile m 
the three tissues. The order of potency for stimu- 
lating adenylate cyclase was heart > hver >> lung. In 
contrast, 1-acetylforskohn appeared most potent in 
stimulating adenylate cyclase m hver homogenates 
This appeared due to the rapid hydrolysis by hver 
homogenates, of 1-acetylforskohn to forskolin. Th~s 
was confirmed by TLC analysis of the products of 
the membrane mixture at the end of the incubation 

[3H]forskohn bmdmg 
The abdlty of forskolm to displace [3H]forskolln 

from cell surface membranes was examined in rat 
hver (Fag 3) The displacement isotherm is con- 
slstent with [3H]forskolln binding to a single, satu- 
rable site on liver membranes. The Hill coefficients 
(nil) of the binding isotherms (Fig. 4) averaged 
0.90 -+ 0 05. The dissociation constant for 
[3H]forskohn was 1.43-+ 0.21 ~M with maximum 
binding on liver membranes being 5.2 -+ 0 4 pmoles 
[3H]forskohn/mg protein (Fig. 4) 

Results of comparisons of [3H]forskolm binding 
to rat heart, liver and lung are shown in Fig 5 
[3H]forskohn also bound to heart in a manner con- 
slstent with the presence of specific [3H]forskohn 
binding sites on crude membranes Specific 
[3H]forskohn binding tended to be higher m crude 
liver than heart membranes (Fig 5) However, as 
with liver, [3H]forskohn displacement curves were 
consistent with a single binding site, "H = 
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Fig 4 Specific binding of [~Hlforskohn to rat liver mem- 
branes Binding was determined by incubating rat liver 
membranes with [~H]forskolin as described in the methods 
The result shown is representative of three similar experi- 
ments performed in triplicate Data ~s consistent with a 
single binding site for [3H]forskolln (K D = 0 94 uM and 
B ..... = 4 43 pmole/mg protein) Inset depicts a Hill plot of 

the same data with slope (nt0 = 0 95 

0.78-+ 0 21, with a mean dissociation constant of 
0 74 -+ 0 25 ,uM Al though [3H]forskohn bound to 
rat lung membranes ,  binding was of very low affimty 
(dissociation constant > 100 uM). The binding sites 
showed no tendency to saturate even w~th forskohn 
concentrat ions approaching 100 #M (Fig. 5) It was 
not possible to detect  s~gnlficant concentrat ions of 

higher ( - 1  #M) affimty binding sites on rat lung 
membranes  

D I S C U S S I O N  

We have confirmed previous observations on the 
differing degrees to which adenylatc cyclase from rat 
heart ,  hver  and lung are snmulated by forskohn [18] 
Forskohn was most potent  m stimulating cardmc 
adenylate cyclase fol lowed by hver adenylate cyclase 
It was least effective m stimulating rat lung adenylate 
cyclase In contrast to the markedly different 
responses to forskohn,  all three adenylate cyclase 
preparat ions were actwated to a s~mdar degree by 
sodmm fluoride Th~s suggests that the low potency 
of forskohn on adenylate cyclase from rat lung ~s not 
due to any lack of guanine nucleotlde stlmulator~ 
protein (Ns) or catalytic units The ability of forskohn 
to stimulate adenylate cyclase seems to be more 
related to the presence of saturable forskohn binding 
s~tes. 

The precise mechamsm by which forskohn activ- 
ates adenylate cyclase is. as yet, unknown It has 
been suggested that Ns proteins may be reqmred 
for forskohn to exert ~ts st~mulatory effects on the 
enzyme.  Ewdence  m support  of this hypothes~s has 
been based on complementanon  studies of human 
erythrocytes containing N~ protein w~th boYme sperm 
membranes ,  which do not contain N, protein and 
whose adenylate cyclase is not activated by forskolln 
[16] A d d m o n a l  evidence for the involvement  of N, 
proteins has been obtained from comparisons of 
adenylate cyclase act~vlt~es and their stimulation by 
forskohn m S-49 "wild type" WT strata and the cyc 
variant of S-49 cells which lack an effective N~ protein 
[8, 9]. Both basal and forskohn activated adenylate 
cyclase activity are lower m the cyc variant of S-49 
cells than m the " w d d  type" WT strata However .  
when st~mulatlon ~s expressed as a multiple of the 
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Fig 5 Comparison ol the binding charactenstms of [3H]forskohn to crude cardiac hvcr and lung 
membranes [~H]Forskohn (0 1 !tM) was incubated with tissue membranes in the presence of increasing 
concentrations of unlabelled forskohn [~H]Forskolin bound to membranes was determined as described 
m the methods Results are the means ± S E of three separate experiments performed m tnphcate 
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corresponding basal activity, the degree by which 
forskolin stimulated adenylate cyclase m the two cell 
stratus IS similar These results suggest that Ns may 
mfluence basal adenylate cyclase activity mde- 
pendently from forskolin stimulation. More recently, 
it has been reported that forskolln ts capable of 
stimulating solublllsed adenylate cyclase catalytic 
units free of Ns protein [12-15]. Our results are 
consistent with the latter experiments suggesting that 
Ns protein is not essential for adenylate cyclase acti- 
vation by forskohn. The limited response of lung 
adenylate cyclase to high concentrations of forskolln 
compared with cardiac adenylate cyclase, was not 
hmlted by the responsiveness of the N s protein. 

The responsiveness of adenylate cyclase to for- 
skohn appeared to be qualitatively related to the 
number of [3H]forskohn binding sites present on the 
membrane preparations In crude cardiac and hver 
membranes [3H]forskohn binding sites with mean 
affinity constants of 0.74 gM and 1 43/~M respect- 
tvely could easily be detected. This order of affinities 
is m good agreement wtth the relative potency of 
forskolln on adenylate cyclase in the two tissues (Fig. 
1). However, binding of [3H]forskolin to rat lung 
membranes appears to be of very low affinity with 
no indlcatton of saturablhty Forskohn causes small 
elevations in adenylate cyclase actlvlty in this tissue. 
It was not possible in the present study to completely 
exclude the presence of low levels of higher ( - 1 - 2  
ktM) affinity binding sites for [3H]forskolin in rat lung 
membranes. However, the hmlted responsiveness of 
adenylate cyclase to forskohn is consistent wxth there 
being a very small number of bmding sites on this 
tissue 

Recently two binding sites for [3H]forskolln have 
been ldenttfied on rat brain membranes [28, 29] 
It has been suggested that the lower affinity site 
( K o -  0 1 gM) may be assocmted with the dtrect 
activation of adenylate cyclase whilst the higher affin- 
ity site (KD -- 15 nM) might be associated with tts 
abtllty to potentiate hormonal actlvatton [28]. In rat 
hver membranes we could detect only a single low 
affinity bmding site for [3H]forskolln. Desptte the 
presence of Ns protein in hver membranes and its 
ablhty to interact with the catalytic unit of adenylate 
cyclase, no high affinity sites could be detected. Our 
results of a single binding site for [3H]forskolin in 
hver are consistent with recent reports of the pres- 
ence of a single stte for forskohn binding, Identified 
by [3H]14,15-dthydroforskohn on rat adlpocytes and 
liver membranes [23, 30]. We did not examine 
whether a htgh affimty [3H]forskohn binding site was 
present on cardmc or lung membranes. However, 
our results obtained with liver do not support the 
hypothesis that the high affimty site for [3H]forskohn 
found on rat brain membranes represents an inter- 
action between the forskohn binding stte and the Ns 
protein [28] 

In the present study, we have confirmed that for- 
skohn selectively actwates adenylate cyclase in cer- 
tam t~ssues It is a potent acttvator of adenylate 
cyclase m rat heart and liver whilst in rat lung it 
only causes relatively modest elevations in enzyme 
activity. The abdlty of forskolin to activate adenylate 
cyclase in these ttssues appeared dependent upon 
the presence of [3H]forskohn bmdmg sttes Both the 

location and nature of these binding s~tes within the 
adenylate cyclase system will have to be determined 
before an understanding of the mechanism by which 
forskohn activates adenylate cyclase ts achieved 
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