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SUMMARY

KASLOW, HARVEY R., ZVI FARFEL, GARY L. JOHNSON & HENRY R. BOURNE. (1979)
Adenylate cyclase assembled in vitro; cholera toxin substrates determine different
patterns of regulation by isoproterenol and GTP. Mol. Pharmacol., 15, 472-483.

Genetic and biochemical evidence indicates that hormone-sensitive adenylate cyclase
consists of at least three separable components: hormone receptor (R), a catalytic unit
(C) that synthesizes cAMP from ATP, and one or more regulatory factors, which we have
termed N, that are required for functional coupling of R and C and also for cyclase
stimulation by guanyl nucleotides, NaF, and cholera toxin. The functional absence of N

in a 549 lymphoma variant clone, cyc, allows in vitro assembly of hormone-sensitive
adenylate cyclase, using cyc membranes and N components in detergent extracts from
membranes of other cells (Ross, E. M. and Gilman, A. G. Proc. Nat. Acad. Sci., USA
74,3715-3719, 1977). Such cyclase systems, assembled in vitro using N components from
wild type S49 cells and turkey erythrocytes, are functionally distinguishable, each resem-

bling-in responses to guanyl nucleotides and isoproterenol-the cyclase system from
which the N component was derived. Thus, the N component determines certain func-
tional characteristics of the response to guanine nucleotides and isoproterenol. Human

erythrocyte membranes, which are virtually devoid of catalytic adenylate cyclase, also
contain the functional N component. Donor extracts of human and turkey erythrocytes
and S49 cells contain cholera toxin substrates, by two criteria: 1. The extracts transmit
effects of toxin on donor membranes to adenylate cyclase assembled in vitro using cyc
membranes; 2. Incubation with toxin plus [32P]NAD� specifically radiolabels substrates
in each type of membrane, including a peptide of Mr = 42,000, common to all three. The
results are consistent with the hypothesis that this peptide participates directly in
multiple functions of N.

INTRODUCTION In addition to hormone receptors and a

Genetic and biochemical investigation catalytic component, the adenylate cyclase
has begun to unravel the molecular basis of system of animal plasma membranes in-

hormonal stimulation of adenylate cyclase. cludes a third component (or class of com-
ponents’) that serves to couple receptors
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singular. However, the functions ascribed to the factor

may in fact require more than one molecule in addition

to receptor and catalytic units.
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and catalytic cyclase and also mediates ac-

tivation of the enzyme by guanyl nucleo-
tides, fluoride ion, and cholera toxin (1-6).
Peptides associated with this coupling fac-
tor have been identified in mammalian (7)
and avian (5, 8) membranes as substrates

for specific radiolabeling by cholera toxin
and [32P]NAD�.

How do catalytic cyclase and hormone
receptors interact with the coupling factor?
Some clues may be provided by comparison
of two well-studied and phylogenetically
separate hormone-sensitive cyclase sys-

tems, those of the mouse S49 lymphoma (9,
10) and the avian erythrocyte (11-16). The
two systems are similar in that both are
stimulated by fl-adrenergic catecholamines
and guanosine triphosphates, but several
differences between the two systems have

been documented: kinetic characteristics of
adenylate cyclase stimulation by hormone
and guanyl nucleotides (9, 12, 13), regula-

tion by guanyl nucleotides of apparent af-
finity of fl-receptors for binding agonists (9,
17), and the presence or absence of agonist-

specific refractoriness of adenylate cyclase
in intact cells (18, 19). If any one of these
differences between systems can be as-

signed to a particular component-recep-
tor, catalytic unit, or coupling factor-the
function of that component and its inter-

actions with the others will be better un-
derstood.

In this report we characterize and com-

pare the properties of coupling factors and
cholera toxin substrates of three membrane

systems-S49 lymphoma, turkey erythro-
cyte, and human erythrocyte. Using a tech-
nique for in vitro assembly of hormone-
sensitive adenylate cyclase developed by
Ross and Gilman (1), we have assessed the
function of heterologous coupling compo-
nents of the cyclase system in a single mem-
brane milieu. In this procedure, detergent
extracts of donor membranes (e.g., turkey

or human erythrocyte or wild type S49) are
added to membranes of an S49 clonal var-
iant line (20), termed cyc. The cyc mem-

branes contribute fl-adrenergic receptors

and catalytic units to the adenylate cyclase

activity measured in the mixture, while the
donor extracts supply the coupling factor,
functionally lacking in cyc, that mediates

cyclase stimulation by guanyl nucleotides
and fluoride ion (1, 2). This coupling factor
is associated with or identical to the mem-
brane substrates of cholera toxin, also de-
ficient in cyc, both functionally (6) and by
the criterion of specific radiolabeling with
[32P]NAD� (7). The results indicate that
the coupling factor, and not the fl-adrener-

gic receptor or catalytic unit, determines
kinetic characteristics of adenylate cyclase

stimulation by hormone and guanyl nucleo-
tides.

METHODS

Cell cultures. S49 mouse lymphoma cells
were propagated as described (20) in Dul-
becco’s modified Eagle’s medium contain-
ing 10% heat treated horse serum. Clones

used were wild type (24.3.2) and cyC
(94.15.1, also termed AC in other publica-
tions) (1-3, 20).

Cell membranes and extracts. S49 cell
membranes were prepared by a modifica-
tion (10) of the method of Ross et al. (9).

Turkey erythrocytes were lysed in the pres-
ence of DNAse and membranes harvested
as described (12). Human erythrocyte
membranes were prepared using the same
method with the omission of DNAse. Mem-
branes were stored at -70#{176}C. Erythrocyte

membranes (2.5-3.5 mg protein/mi) were
stored in 10 nmi Tris2 (pH 7.4), 0.3 M su-
crose, 0.2 mimi EDTA, and 1 mimi 2-mercap-
toethanol. Before use, these membranes
were suspended in 5-10 volumes of 10 mM

Tris-HC1 (pH 7.5), 0.1 mimi EDTA, 1 mimi 2-
mercaptoethanol (TEM buffer), centri-
fuged (10 min at 27,000 x g), and resus-

pended in the desired volume of TEM

2The abbreviations used are: cAMP, cyclic 3’,5’-

adenosine monophosphate; DTT, dithiothreitol;

EDTA, ethylenediamine tetraacetic acid; EGTA, eth-

yleneglycol-bis(/1-aminoethylether)-N,N’-tetraacetic

acid; GTP-yS, guanosine-5’-O-(3-thiotriphosphate);

Hepes, N-2-hydroxyethyl piperazine-N’-2-ethane sul-

fonic acid; SDS, sodium dodecyl sulfate; TEM buffer,

10 mM Tris-HC1 (pH 7.5), 0.1 mM EDTA, 1 mM 2-

mercaptoethanol; Tris, tris(hydroxymethyl)amino-

methane.
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buffer. 549 membranes (4-8 mg protein!
ml) were stored in 20 mM NaHepes (pH
8.0), 2 mimi MgCl2, 1 mM EDTA, 1 mimi 2-
mercaptoethanol, and 10% (w/v) glycerol.
These membranes were simply diluted with
TEM buffer to the desired volume.

Detergent extracts of S49 and turkey
erythrocyte membranes (3-5 mg protein!

ml) were prepared by adding Lubrol 12A9
to a final concentration of 0.7% (w/v), vig-
orously vortexing, and incubating overnight

on ice. The mixture was then centrifuged
(100,000 x g, 60 mm) and the supernatant
fraction was stored on ice or frozen rapidly
and kept at -70#{176}C. Extracts from human
erythrocytes (2.5 mg protein/mi) were pre-
pared in the same fashion, using 0.2% Lu-
brol.

Adenylate cyclase assembly and assay.

Components of adenylate cyclase were as-
sembled and assayed by adapting the
method of Ross et al. (1). When Lubrol

extracts were mixed with membranes of
cyc S49 cells, incubated on ice from 5-60
mm and then assayed at 30#{176},the rate of
cAMP synthesis increased during the first
5 to 15 mm at 30#{176}before a constant rate
was achieved. We therefore first pipetted
10 p1 of a Lubrol extract (containing Lubrol-
extracted protein derived from 30-50 �tg
membrane protein) into a test tube sitting
in ice, and began assembly by adding 70 p1
of an assembly cocktail containing 30 ig
cyc membrane protein, vortexing, and in-
cubating the mixture at 30#{176}for 20 mm. At
this time, 20 p1 of a[32P]ATP (1.5 mimi, 0.3-
1 �mCi) were added and the tube vortexed

again. [32P]cAMP synthesis under these
conditions, in the presence of NaF (10 mM)
or isoproterenol (100 ELM) and GTP-yS (100
�thi) was constant for up to 90 min. After 40
mm the assay was terminated and [32P]-

cAMP purified (21). The assembly cocktail
contributed the following components (con-
centrations are those after dilution by the

Lubrol extracts and the a[32P]ATP, in a
final volume of 100 p1): 50 mimi NaHepes
(pH 8.0), 6 mimi MgCl2, 0.2 mimi EGTA, 2 mimi

2-mercaptoethanol, 0.1 mg/mi bovine Se-
rum albumin, 10 mimi creatine phosphate,
10 U/mi creatine phosphokinase, 1 mimi
cAMP, 0.1 mimi ATP, and S49 cyc cell
membranes, 0.3 mg protein/mi. Final ATP

concentration was 0.4 mM. Effectors of ade-
nylate cyclase included in the assembly
cocktail when appropriate were: 10 mM

NaF, 100 jiM DL-isoproterenol, 100 �tM

GTP, 100 �LM GTPyS, or 5 mM MnCl2. When
membranes were assayed without the ad-

dition of extracts, the same procedure was
used, except that 10 p1 of the membrane
preparation were first pipetted into tubes,
and the assembly cocktail did not contain
cyc. The time course experiment employed

the same concentrations of components in
a large volume. After appropriate times,
aliquots (100 p1) were withdrawn and
[32P]cAMP purified (21).

Cholera toxin treatment of membranes.

Membranes (1.5-5 mg protein per ml) were
incubated with 15 mM potassium phosphate
(pH 7.4), 20 mM thymidine, 5 mM ADP-
ribose, 20 mM arginime-HC1, 100 U/mi Tra-

sylol, 100 �LM GTP, 10 gig/mi cholera toxin
(activated with 20 mM DTT [10]), and
NAD�. For labeling experiments [32P]-
NAD� was 10 �tM (5-30 Ci/mmol); for other

experiments NAD� was 1 mM. After addi-
tion of membranes, the mixture was incu-
bated 20 mm at 30#{176}.For labeling experi-
ments, the reaction was terminated by di-
luting with 10 volumes of ice cold 15 mM

potassium phosphate (pH 7.4), centrifuging,

resuspendimg in the same volume of phos-
phate buffer, and centrifuging once again.

Pellets were suspended in 1% Lubrol and
centrifuged after an overnight incubation
on ice. To the supermatamt were added SDS
(1% final concentration) and 2-mercapto-
ethanol (5% final concentration). Samples
were heated (60#{176},60 miii). After standing

overnight at room temperature, the sam-
ples were electrophoretically analyzed (see
below). For experiments involving activity

determinations, the reaction ws terminated
by adding 10 volumes ice cold TEM buffer

and the membranes were washed twice by
centrifugation. The membrane pellets were
then suspended in TEM buffer and either
assayed, extracted with Lubrol, or stored
frozen.

Cholera toxin treatment of turkey eryth-
rocyte membrane extracts mixed with S49
cyc membrane. Lubrol extracts (5 ml) were
applied to 2 ml Whatman DE-52 columns.
The columns were washed with TEM
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buffer, and 2 ml 0.5 M NaCl in TEM buffer
were applied. The NaC1 fraction contained
component(s) that assembled a functional
cyclase when incubated with 549 cyc

membranes and the assembly cocktail if
Lubrol (0.016%) was present and ionic
strength maintained (NaC1 � 100 mM).

After this incubation, the reagents de-
scribed above for cholera toxin reactions
were added and this mixture incubated an
additional 20 mm at 30#{176}.For labeling ex-
periments, the mixtures were diluted, cen-
trifuged, and processed as described above.
For activity measurements, a[32P]ATP plus
appropriate effectors were added, and after
40 mm at 30#{176}[32P]cAMP purified (21).

SDSpolyaciylamide gel electrophoresis.

Membranes (1.5-7 mg protein/mi) and Lu-
brol extracts were treated with SDS and 2-
mercaptoethanol as described above. Dis-
continuous SDS-polyacrylamide gel elec-
trophoresis was performed by the method
of Laemmli (22) as described by O’Farrell
(23) using 10% acrylamide gels. After stain-
ing, destaining, and drying, X-ray film was
exposed to the gels.

Mr determinations. The electrophoretic
mobility of the peptide labeled by cholera
toxin common to all membranes (except
cyc) is the same as, or slightly greater than
that of Band V of human erythrocyte mem-
branes, with an estimated Mr = 4143,000
± 10% (24). Although a previous calibration
of our gel system suggested Mr = 45,000 (7),
here we assign Mr = 42,000 to the peptide,
owing to its relation to Band V.

Materials. Heparinized turkey blood
from female turkeys was purchased from
the Willie Bird Turkey Farm, Petaluma,
CA. Human erythrocytes in 0.38% sodium
citrate were a gift from Dr. Paul Insel.

Compounds were of reagent grade.
GTP-yS was bought from Boehrimger
Mamnheim. Creatine phosphate, creatine
phosphokinase, DNase (type DN-100),
ATP, GTP, Tris, Hepes, EDTA, EGTA,
NAD�, thymidine, ADP-ribose, and argi-
nime-HC1 were from Sigma Chemical Co.
Trasylol was from Mobay Chemical Cor-
poration.

SDS gel electrophoresis materials were
from Bio-Rad. [32P]NAD was synthesized
from a[32P]ATP (ICN) as described (7).

Cholera toxin and sucrose (ultra pure) were
from Schwarz-Mamm. Lubrol 12A9 was a
gift from ICI, Ltd. X-ray film (NS-2T and
XR-2) was from Kodak.

DL-isoproterenol and L-norepinephrine
were from Sigma Chemical Co. Practolol
and L-prOpranolOl were kind gifts of Ayerst
Laboratories. L-epinephnne and L-lsopro-
terenol were from Sterling-Winthrop.

RESULTS

Kinetic interaction of hormone and
guanyl nucleotides. Several laboratories
have studied catecholamine and guanyl mu-
cleotide stimulation of adenylate cyclase in
turkey erythrocyte (11-17) and wild type
S49 membranes (9, 10). Isoproterenol, a
potent $-adrenergic agonist, has been re-
ported to exhibit a nearly absolute require-
ment for exogenous guanosime triphos-
phates to stimulate adenylate cyclase in
both systems (9, 13, 15). In both types of
membranes maximal activation occurs
when isoproterenol is combined with a hy-
drolysis resistant guanosine triphosphate,
such as guanylyl- 5’- imidodiphosphate
(Gpp(NH)p) or guanosine-5’-O-(3-thiotri-
phosphate) (GTP-yS) (9, 13, 15). However,
comparison of the time course of cAMP
synthesis shows two clear differences be-
tween the two membranes (Fig. 1). First,
GTP stimulates adenylate cyclase activity
less effectively in turkey erythrocyte than

80

TIME (mm)

Fic. 1. Time course of cAMP synthesis by (A) S49
wild type and (B) turkey erythrocyte membranes

Effectors, 100 �&M when present, were: 0 = GTP,

D = GTP’yS,#{149} = GTP plus isoproterenol,#{149} = GTPyS

plus isoproterenol. Values represent amount of cAMP

generated per 30 �tg protein at 30#{176}.
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in 549 membranes, especially in the pres-
ence of isoproterenol (10% vs. 80% of max-

imal activity measured in the presence of
isoproterenol plus GTP’yS). Secondly, stim-
ulation of cAMP synthesis by guamyl mu-
cleotides shows a more stringent require-
ment for the simultaneous presence of iso-
proterenol in turkey erythrocyte than in

549 membranes. Thus, GTP-yS alone acti-
yates cAMP synthesis much more slowly in

the turkey system than in 549. As reported

(9), isoproterenol affects the rate predomi-
nantly rather than the maximal extent of
cyclase activation by hydrolysis-resistant
GTP analogues. Measuring cAMP synthe-
sis during a single time period from 20 to 60

mm after addition of stimulating agents
also demonstrates these differences (Table
1) (see METHODS).

In addition, as previously reported (10,
12), treatment of both types of membranes
with cholera toxin makes the stimulatory
actions of GTP resemble those of hydroly-
sis-resistant analogues. Although toxin
treatment makes S49 membranes respond
to GTP alone, toxin-treated turkey eryth-
rocyte membranes continue to show a rel-
atively more stringent requirement for the

simultaneous presence of isoproterenol
(Table 1). This direct comparison of the
interaction of guanyl nucleotides and iso-
proterenol in the adenylate cyclase systems
confirms previous studies of S49 and turkey
erythrocyte membranes.

In vitro assembly of adenylate cyclase.

Ross and Gilman (1) reported that mixing

cyc “recipient” membranes with deter-
gent-solubilized “donor” extracts from wild

type S49 membranes leads to assembly of
adenylate cyclase activity that cam be stim-

ulated by isoproterenol, guanyl nucleotides
and fluoride ion. Donor extracts and recip-
ient membranes, tested separately, showed
little or no response to these effectors3.

3Adenylate cyclase activity in cyc membranes is

virtually undetectable in response to any of these

effectors. Under the conditions used in the assembly

experiments reported here (see METHODS), GTP-yS

and NaF cause barely detectable stimulation of ade-

nylate cyclase activity in detergent solubiized extracts

of wild type S49 or turkey erythrocyte membranes,

while isoproterenol has no effect. In no case did the

detergent extract show more than 10% of the activity

TABLE 1

Adenylate cyclase activity of wild type S49 and

turkey erythrocyte membranes

Membranes were or were not treated with cholera

toxin and assayed as described in METHODS.

Turkey Erythro-
- cyte

Cholera toxin
treatment - + - +

Additionsa Relative activityb

GTP 0.08 0.57 0.01 0.09
GTP + iso-

proterenol 0.80 0.89 0.11 0.62

GTP-yS 0.86 0.86 0.38 0.38

NaF 0.77 0.39 0.18 0.14

GTPyS + iso-

proterenol (234) (257) (109) (105)C

a Additions were 100 �tM, except NaF = 10 mM.

F) Activity is relative to that in the presence of

GTP-1S plus isoproterenoL
Values in parentheses represent pmol cAMP per

miii per mg membrane protein measured as described

in METHODS. All values are means of duplicate exper-

iments. The range of variability was no greater than

10% for any value.

These workers presented evidence (1-3) in-

dicating that the cyc membrane contrib-
utes fl-adrenergic receptors and catalytic

adenylate cyclase to such mixtures, while
donor extracts contribute one or more cou-
pling or regulatory elements. In addition,
assembly of cyclase activity responsive to

isoproterenol requires an intact cyc mem-
brane4 (1). Which characteristics of the
newly assembled cyclase system derive
from regulatory (donor) elements, and
which are derived from the membrane mil-

ieu and components contributed by cyc?
Certain characteristics of guanyl nucleotide
and isoproterenol stimulation of cyclase are
conferred by the regulatory factor in donor
extracts (Table 2). The heterologous ade-
nylate cyclase assembled from turkey
erythrocyte donor extracts and cyc mem-
branes synthesizes cAMP at maximal rates
(stimulated by isoproterenol plus GTP-yS),
comparable to those seen in the homolo-
gous assembly (using wild type S49 ex-

tracts). However, regulation of adenylate

cyclase in the heterologous assembly more

measured after mixing it with cyc membranes (results

not shown).
4G. L. Johnson, unpublished observations.
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TABLE 2

Adenylate cyclase a ssembled in vitro

Donor extract”�
Source-Cholera toxin

S49
Wild Type

Turkey
Erythrocyte

Human
Erythrocyte

treatment

Additions”

+ - +

Relative activityc

- +

GTP 0.04 0.71 002 0.20 0.02 0.85

GTP + isoproterenol 0.30 1.30 0,11 1.53 0.27 1,08

GTPyS 0.65 0.88 0.24 0.67 0,67 0.98

NaF 0.56 0.38 0.86 0.09 0.68 0.42

GTP-yS + isoproterenol (108) (103) (60) (119) (279) (107y’

a Lubrol 12A9 extracts of donor membranes prepared and mixed with 849 cyc membranes as described in

METHODS. Donor membranes were or were not treated with cholera toxin and NAD� before extraction with

detergent.
b Additions were 100 � except NaF, which was 10 mM.

C Activity is relative to that in the presence of GTP-yS and isoproterenol.

� Values in parentheses represent pmol cAMP synthesized per mm per mg cyc protein. Each value or

fractional value shown is the mean of 5 or 6 experiments.

closely resembles that seen in turkey eryth-
rocyte membranes than that of wild type
S49 membranes or of thy hbmologous ade-
nylate cyclase assembl�1 dsing S49 donor

extracts (compare Fig. 1 and Table 1 with
Table 2).

First, in the presence of isoproteremol
GTP is relatively less effective as a stimu-

lator of adenylate cyclase in the heterolo-
gous than in the homologous enzyme as-

sembly (11% and 30%, respectively, of max-
imal cAMP synthesis). Second, stimulation
of cAMP synthesis by GTP and GTPyS

more stringently requires isoproterenol in
both the heterologous enzyme system and
turkey erythrocyte membranes than in S49.
The persistence of these two differences
between the donor membranes through sol-
ubilizatiom with detergent and assembly
with cyc membranes suggests intrinsic dif-
ferences between specific regulatory com-
ponents of the two cyclase systems.

Fluoride ion. In our hands NaF stimu-
lates adenylate cyclase less effectively than
isoproterenol plus GTPyS in turkey eryth-
rocyte membranes and its effectiveness is
not much reduced by treatment with chol-
era toxin and NAD� (Table 1). Other work-

ers have reported that NaF stimulates
cAMP synthesis to an extent comparable
to that seen with isoproterenol plus GTP-yS

and that cholera toxin treatment markedly
reduces the stimulatory effect of fluoride
(12). No reason for these discrepancies is

apparent, and both findings were reproduc-
ible in multiple independently prepared
membrane samples in our laboratory.

It is also difficult to interpret the fact

that NaF stimulates adenylate cyclase even
better in the system assembled from turkey
erythrocyte donor extract and cyc than in
the homologously assembled enzyme (Ta-

ble 2). The relative effects of NaF stimula-
tion in the intact membranes do not parallel
those seen in the enzyme systems assem-

bled in vitro. Several possible explanations
could account for these discrepancies, in-
cluding: 1. Detergent in the assembly mix-

ture depresses isoproterenol stimulation
more than that of fluoride ion, changing
their relative effectiveness5; 2. Detergent
solubilization may alter regulatory compo-
nents so that NaF stimulation is more ef-

fective; 3. A component contributed by cyc
partially determines the relative effective-

ness of NaF.

Nonetheless, cholera toxin treatment of
turkey erythrocyte membranes before de-
tergent extraction markedly reduces NaF
stimulation of the heterologously assem-
bled enzyme (Table 2). Toxin produces a
similar, but less extensive, decrease in NaF
stimulation of S49 membranes (Table 1)
and of the homologously assembled enzyme
(Table 2). Thus the effects of cholera toxin
on both GTP and fluoride regulation are

5This appears to be the case with wild type S49

membranes; H. R. Kaslow, unpublished observations.
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transmitted to the cyclase assembled in

vitro.
In summary, these results indicate that

donor detergent extracts from both 549 and
turkey erythrocyte membranes contain a
regulatory component of adenylate cyclase
that can be altered by cholera toxin and
that determines the pattern of cyclase re-
sponsiveness to isoproternenol, guanyl mu-
cleotides, and -at least in part-fluoride
ion.

Classification of f3. adrenergic receptors.

The relative potencies of adrenergic ago-
mists in stimulating cAMP synthesis by tur-

key erythrocyte membranes follow the pat-
tern described for the $1-subclass of recep-
tor (isoproterenol> norepinephrine > epi-
nephrine, in the ratio of 1:0.46:0.13, respec-
tively), while the S49 membrane shows a

/32 pattern (isoproterenol> epinephrine>>
norepinephrime, in the ratio of 1:0.23:0.015,
respectively). Practolol, a relatively selec-
tive fl1-adrenergic antagonist, is 5-fold more

potent as an inhibitor of isoproterenol stim-
ulation of adenylate cyclase in turkey

erythrocyte membranes than in S49 (re-
sults not shown).

The coupling factor supplied in donor
extracts does not determine the pharma-
cological subclass of /3-adrenergic receptor
in the enzyme assembled in vitro, however.
As defined by rank order of agonist potency
and relative resistance to antagonism by
the fli-adrenergic blocker, practolol, the en-
zyme assembled in vitro using the turkey

erythrocyte donor extract shows a $2 pat-

tern of responsiveness to catecholamines

(isoproterenol > epinephrine > norepi-
nephrine, in the ratio of 1:0.14:0.011, re-
spectively), like that of S49 and unlike that
of the turkey erythrocyte. Thus the pat-
terns of guanyl nucleotide responsiveness
and pharmacological subclassiflcation of
$-adrenergic receptors are determined by
physically separable components.

Donor extracts from human erythro-
cytes. Unlike avian erythrocytes, human
erythrocytes are almost devoid of adenylate
cyclase activity (25). Our human erythro-
cyte membrane preparation synthesizes
less than 4 pmol cAMP per mm-mg protein
(in the presence of NaF or isoproterenol
plus GTP-yS), a rate that is less than 4% of

that observed in wild type 549 or turkey
erythrocyte membranes. Mn2� ion (5 mM),

reported to stimulate adenylate cyclase ac-
tivity in several tissues and cell types, in-
cluding cyc (3, 26), does not stimulate
cAMP synthesis by human erythrocyte
membranes or detergent extracts (result
not shown). This result suggests that the

catalytic unit of adenylate cyclase is func-
tionally deficient in human erythrocytes.

Nonetheless, detergent extracts of hu-
man erythrocyte membranes contain a
component (or components) that can as-

semble adenylate cyclase activity if mixed
with cyc membranes (Table 2). In its re-
sponsiveness to GTP and its requirement

for isoproterenol, the cyclase assembled us-
ing human erythrocyte extracts resembles
that assembled from S49, rather than the
turkey erythrocyte. Human erythrocyte
membranes also contain a functional chol-
era toxin substrate, as shown by the in-
creased responsiveness to GTP of adenylate
cyclase assembled in vitro from extracts of
toxin-treated human erythrocyte mem-

branes (Table 2).
Identification of cholera toxin sub-

strates. What molecules in donor extracts

transfer the effects of cholera toxin to ade-
nylate cyclase assembled in vitro? Wild
type S49 membranes contain multiple pep-

tides specifically radiolabeled by incubation
with cholera toxin and [32P]NAD�: A single
band of Mr = 42,000 and a doublet of Mr =

52-53,000 are seen on polyacrylamide elec-
trophoresis in SDS; these bands are defi-
cient in cyc (7; Figs. 2 and 3). Specific
cholera toxin substrates can also be identi-
fied in extracts of human and turkey eryth-
rocyte membranes (Figs. 2 and 3).

Human erythrocyte membranes contain
only one peptide (Mr = 42,000) specifically
radiolabeled with cholera toxin and [32P]-
NAD� (Fig. 2). Background (nonspecific)
labeling in the absence of toxin is quite low.

In turkey erythrocyte membranes, how-

ever, radiolabeling of material in the ab-
sence of toxin frustrated our initial at-
tempts at identifying specific toxin sub-
strates (Fig. 3). In order to reduce this
background, an alternative procedure was
developed. The regulatory factor in deter-
gent extracts of turkey erythrocyte mem-
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A B

Fic. 2. Autoradiograms of an SDS slab gel electrophoresis of Lubrol extracts of membranes incubated

with [32P]NAD� either with or without cholera toxin

A = short exposure; B = long exposure. 1 = human erythrocyte with cholera toxin; 2 = S49 wild type with

cholera toxin; 3 = S49 wild type alone; 4 = human erythrocyte alone. 0 = origin, TD = position of tracking dye,

arrow = Mr 42,000.

A B

1 2 12 3

FIG. 3. Autoradiograms of the SDS slab gel elec-

trophoresis of Lubrol extracts from membranes in-

cubated with [32P]NAD� with or without cholera

toxin and DEAE extract

(A) turkey erythrocyte membranes incubated with

[32P}NAD� either (1) with or (2) without cholera toxin;

and (B) S49 cyc membranes incubated with [32P]-

NAD� plus (1) DEAE turkey erythrocyte membrane

branes was adsorbed to DEAE-cellulose,
eluted with salt, and then added to cyc
membranes (see METHODS). Adenylate cy-
clase in the resulting mixture was similar,
in its pattern of response to isoproterenol

and guanyl nucleotides (not shown), to that
assembled using the original detergent ex-
tract (Table 2). In addition, treatment of
this mixture (turkey erythrocyte DEAE ex-
tract plus cyc membranes) with cholera
toxin and NAD� increased GTP stimula-
tion of adenylate cyclase (not shown) in the
presence of isoproterenol, just as if the tur-
key erythrocyte membranes had been
treated with toxin before assembly of the
cyclase in vitro.

The ability of the DEAE extract to confer
toxin-sensitivity on cyc membranes made
the experiment depicted in Fig. 3 feasible.
Treatment of the mixture of DEAE extract

and cyc membrane with toxin and [32P]-

NAD� produces specific radiolabeling of a

fraction and cholera toxin, (2) DEAE turkey erythro-

cyte membrane fraction, and (3) cholera toxin. 0 =

origin, TD = position of tracking dye, arrow = M�

42,000.
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peptide band of Mr = 42,000. As reported

previously (7), toxin causes no specific ra-
diolabeling of cyc membranes alone (Fig.
3). A simple interpretation of this result is
that the turkey erythrocyte extract contrib-
uted a specific toxin substrate.

The radiolabeling experiments with
erythrocyte membranes indicate that a sin-
gle toxin substrate in donor extracts is suf-
ficient to transfer the effects of cholera
toxin observed in the in vitro assemblies of
adenylate cyclase.

DISCUSSION

Current evidence (1-6) indicates that the
transduction of an external hormonal signal
into intracellular cAMP synthesis requires
a minimum of three distinct membrane

components: Hormone receptors (R), cata-
lytic adenylate cyclase (C), and a coupling
component, termed N (6) because it me-
diates effects of guanyl nucleotides. Al-

though more than one molecular species
may play a role in performing functions

ascribed to N, one of these is the class of
membrane peptides that can serve as sub-

strates for ADP-ribosylation by cholera
toxin (5, 7, 8). The absence of N in cyc S49
lymphoma cells, both functionally (6) and
as a substrate for cholera toxin (7), allows
the in vitro assembly of hormone-sensitive
adenylate cyclase systems by combining
cyc membranes with N components de-
rived from other cells (1-3, 6). The present
report compares N components and cholera
toxin substrates of mouse S49 cells with

those of turkey and human erythrocytes.
The results establish that N determines
certain functional differences between ade-

nylate cyclase systems of different cell
types. The results also show that the ability
of N to interact with other components of

adenylate cyclase has been conserved in the
divergent evolution of birds and mammals,

as was implied by earlier studies (27) of
heterokaryons constructed from turkey
erythrocytes and murine cells.

Turkey erythrocyte compared with S49.
The adenylate cyclase system of turkey
erythrocytes differs from that of S49 cells
in: 1. Responding to $-adrenergic agents in

a pattern characteristic of /3’- rather than

$2-adrenergic receptors; 2. Decreased rela-
tive stimulation by GTP compared to
GTP-yS; 3. More stringently requiring iso-
proterenol for stimulation by guanyl nu-
cleotides. Our results indicate that the dif-
ference between /3, and $2 receptors is not
due to interactions of similar R with differ-
ent N components. In contrast, differing
responsiveness to GTP and requirements

for isoproterenol reflect intrinsic properties
of N components in the two cyclase sys-
tems, rather than their interactions with R,
C, or the membrane environment.

Recent kinetic studies of the turkey
erythrocyte cyclase system suggest possible
reasons for these differences. Cassel and
Selinger described an isoproterenol-stimu-
lated GTPase activity in turkey erythrocyte
membranes (15), kinetically related to the
activation of adenylate cyclase by isopro-
terenol and GTP (13) and blocked by treat-
ment with cholera toxin (12). They pro-

posed that the binding of GTP activates
adenylate cyclase� and that hydrolysis of
GTP to GDP reduces cyclase activity; iso-
proterenol activates cAMP synthesis by
promoting the replacement of GDP at the
nucleotide site by GTP (14). Thus the in-
creased stimulation of cyclase by GTP in
S49 relative to that of turkey erythrocyte
membranes (Fig. 1, Table 1) may be due to
less rapid hydrolysis of the nucleoside tri-
phosphate in S49. If so, N components in
donor extracts confer characteristically dif-

ferent rates of GTP hydrolysis on adenylate
cyclase assembled in vitro, since the effects
of GTP in mixtures of each donor extract
with cyc resemble those observed in the
respective donor membranes (Tables 1 and

2).
Two additional observations suggest that

isoproterenol stimulates a lower rate of
GTP hydrolysis in wild type S49 mem-
branes: 1. Under conditions in which iso-
proterenol-stimulated GTPase was easily
measured in turkey erythrocyte mem-
branes (i.e., background GTPase activity in
S49 membranes is appropriately low), no

stimulation of GTPase by isoproteremol in
S49 membranes is detected.6 2. Cassel and
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Selinger reported that the increased rate of
cAMP synthesis in turkey erythrocyte
membranes exposed to GTP and epineph-
rime persists for 4 sec after addition of pro-

pranolol (13); we confirmed this result but
found that catecholamine-stimulated rates

of cAMP synthesis by S49 membranes per-
sist for 25-30 sec after propranolol.7 Both
these findings are consistent with a slower
rate of hydrolysis of GTP at the activating
nucleotide site in S49 membranes.

Activation of cAMP synthesis by guanyl
nucleotides shows a more stringent require-
ment for isoproterenol in turkey erythro-

cyte than in S49 membranes (Fig. 1, Table
1). Cassel et al. recently reported that iso-
proterenol releases GDP from turkey eryth-

rocyte membranes, and proposed that the

catecholamime makes the guanyl nucleotide
site more accessible to guanyl nucleotides
(14). We have confirmed this result.8 It is
possible that the nucleotide binding site of
the S49 N component is more accessible to
guamyl nucleotides in the absence of isopro-
terenol, although the hormone analogue
can still promote more rapid binding of
GTP and GTP-yS. If so, the N components
of donor extracts determine similar relative
accessibilities of nucleotide binding sites in
the in vitro assemblies of adenylate cyclase,
since the characteristic requirement for iso-
proterenol persists in the mixture of turkey

erythrocyte donor extract and cyc.

Cholera toxin substrates. Peptides that
are specifically radiolabeled by cholera
toxin in wild type S49 membranes are not
detected in cyc membranes which are also
functionally deficient in N (1-6, 7; Figs. 2

and 3). Toxin also catalyzes transfer of the
ADP-ribose moiety of [32P]NAD� to a sin-
gle peptide in pigeon erythrocyte mem-
branes (5, 8). This ADP-ribosylated protein
was partially purified on a guanyl nucleo-
tide column; addition of the partially puri-
fied protein fraction to column effluent
fractions containing catalytic adenylate cy-
clase increased stimulation of the cyclase
by guamyl nucleotide (5). This genetic and
biochemical evidence indicates that cholera
toxin substrates are closely linked or iden-

tical to the cyclase component, which we

have termed N, that mediates stimulation
of cAMP synthesis by guanyl nucleotides
and fluoride ion.

What is the relation of cholera toxin sub-

strates to coupling of hormone receptors
and cAMP synthesis? The hypothesis that

these substrates participate directly in cou-
pling of R to C is consistent with all the
evidence presented here: By the criterion
of specific radiolabeling with [32P]NAD�,
donor extracts derived from wild type S49
and turkey and human erythrocytes con-

tain such substrates, which are deficient in

cyc (7, Figs. 2 and 3). N components in
each of these donor extracts contribute to
functionally distinguishable assemblies of
isoproterenol-stimulated adenylate cyclase
activity in combination with cyc mem-
branes, and in each case the characteristic
effect of toxin treatment, enhanced sensi-
tivity to GTP, is transmitted to the assem-
bled enzyme (Table 2).

The data do not rule out the possibility
that other molecules in donor extracts, in
addition to the toxin substrates, may be
necessary for coupling R to C. Receptors
for /3-adrenergic amines and prostaglandins
are functionally uncoupled from cAMP
synthesis in variant S49 clones of the UNC
phenotype (28), and UNC membranes ex-

hibit radiolabeled toxin substrates similar

in apparent molecular weight to those of
wild type S49 cells (7). Determination of

the number of different molecular species
that comprise N, R, and C will ultimately
require their complete purification and re-
constitution into a functioning hormone-
sensitive adenylate cyclase.

The polyacrylamide gel patterns of
[32P]NAW-labeled toxin substrates do im-
pose certain constraints on the possible mo-
lecular complexity of coupling receptors to
cAMP synthesis. Gel patterns indicate sin-
gle labeled peptide bands (Mr = 42,000) iii

human, turkey (Figs. 2 and 3), and pigeon
erythrocytes (5, 8). Membranes of wild type

S49 and rat hepatoma (HTC-4) cells exhibit
a similar labeled band and an additional
doublet (Mr = 52-53,000 [7; Fig. 2]). Our
data indicate that donor extracts containing
a single toxin substrate, supplied by either
human or turkey erythrocytes, can confer
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on cyc membranes sensitivity to isoproter-
enol, guanyl nucleotides and NaF. Thus,
these activities do not require the addi-
tional toxin substrates (presumably the
doublet of Mr = 52-53,000) present in wild
type S49. Furthermore, these additional
S49 peptides do not account for the differ-

ences between S49 and turkey erythrocyte
membranes observed in activation by iso-
proterenol and GTP, because human eryth-

rocyte extracts, containing a single toxin
substrate, combine with cyc to assemble
an enzyme similar to that assembled from

S49 (Table 2).
No biological function has been assigned

to the additional toxin-labeled peptides of

wild-type S49 membranes. Because these
peptides are not observed in cyc, they
could be metabolic precursors of the
smaller peptide and/or play a role in other
processes absent in cyc, such as agonist-

specific refractoriness (18) or guanyl mu-
cleotide regulation of the affinity of fl-ad-
renergic receptors for binding catechola-
mine agonists (9).

Human erythrocytes as a source of N.
The presence in human erythrocyte mem-
branes of a functional N component of ade-
nylate cyclase and a substrate for cholera
toxin (Table 2, Fig. 2) is significant for three
reasons.

1. Despite low adenylate cyclase activity
(25, and confirmed in our study), $-adre-

nergic amines or prostaglanduns affect sev-
eral properties of human erythrocytes, in-
cluding deformability (25), membrane po-
tential (29), and phosphorylation of mem-
brane proteins (30). Marginally detectable
cAMP elevations in these cells may mediate
the effects of hormones. Alternatively,
membrane molecules that perform the
functions ascribed to N in coupling recep-
tors to cAMP synthesis may also couple
receptors to other effector enzymes.

2. Because so little cyclase activity is
present, we can conclude that cholera toxin

can effectively modify the Mr = 42,000 pep-
tide in the virtual absence of catalytic cy-
clase activity.

3. Compared to plasma membranes of
most animal cells, those of the human
erythrocyte are more easily separated from
other cellular components and more exten-

sively studied. These characteristics should
make the human erythrocyte a useful
source for purification and characterization
of the N component of hormone-regulated
adenylate cyclase.
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