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ABSTRACT The experiments test the hypothesis that fl-
adrenergic receptor is an independent unit that can be trans-
ferred from one adenylate cyclase [ATP pyrophosphate-lyase
(cyclizing), EC 4.6.1.1] system to another. Turkey erythrocytes
in which the catalytic activity of adenylate cyclase had been
inactivated by N-ethylmaleimide or by heat contributed the
$-adrenergic receptor. Friend erythroleukemia cells (F cells) that
possessed no measurable P-adrenergic receptor contributed the
adenylate cyclase. The erythrocytes in which the enzyme had
been inactivated were fused with the F cells by Sendai virus.
The cell ghosts of the fused preparation demonstrated adenylate
cyclase activity which was strikingly enhanced by isoproterenol.
Controls of fusion of F cells with each other or with human
erythrocytes failed to show a response to isoproterenol. It was
therefore concluded that the P-adrenergic receptor of the turkey
erythrocytes must have become functionally coupled to the
adenylate cyclase of the mouse F cells. Activation by isoprote-
renol was demonstrable within a few minutes after fusion, and
inhibitors of protein synthesis had no effect. Thus, coupling
must have occurred between the preexisting components.
The findings suggest that it may be possible in the future to

confer on cells that possess an adenylate cyclase system new
hormonal responses by inserting a receptor into their cell
membrane. It is proposed that the procedure of massive het-
erologous cell fusion, as used in the present study, can be used
to analyze the function of other cell Membrane components.

Adenylate cyclase systems [ATP pyrophosphate-lyase (cycliz-
ing), EC 4.6.1.1] in eukaryotic cells are activated by many
different hormones (1). In this respect these systems are unique
in nature since no other type of enzyme is known that responds
to so many different effectors. In certain instances, several
hormones all act on the same cell to activate the adenylate cy-
clase (1). Various theories therefore suggested that the hormone
receptors are discrete units, separate from the catalytic unit of
the enzyme (2-5). However, to date, no convincing proof for
these ideas has been presented. An earlier conclusion that dif-
ferent hormones in the fat cell all activate one adenylate cyclase
unit (6) has become less certain in the light of recent findings
(7). It became clear that a new experimental approach is needed
to establish the relationship between the hormone receptor and
the catalytic unit of the adenylate cyclase. We reasoned that
it should be possible to combine a hormone receptor from one
cell with the catalytic unit of the enzyme from another cell if
indeed the receptor is an independent unit. For this purpose
two different types of cells would be combined by cell fusion
(8-10). One cell would donate the hormone receptor after in-
activation of the catalytic enzyme unit. The other cell, not
possessing that hormone receptor, would contribute the cata-
lytic unit. It should be emphasized that the experimental ap-
proach consists solely of mixing the preexisting components of
the two membranes in the absence of function of the genetic
apparatus or of protein synthesis. Interesting studies on the

genetic control of receptor synthesis of the progeny of hetero-
karyons formed by cell fusion have been published (11). A re-
cent report also suggests that the ,B-adrenergic receptor is a
product of a gene different from that of the adenylate cyclase
(12). The findings communicated in the present paper show that
the catecholamine receptor in turkey erythrocytes can be
functionally coupled to the catalytic unit of adenylate cyclase
in mouse erythroleukemia Friend cells (F cells).

MATERIALS AND METHODS
Reagents. F-12 culture medium was obtained from GIBCO

New York; N,N'-dicyclohexylcarbodiimide (DCC) was a
product of Fluka, Switzerland. Sendai virus was produced in
chick embryos (13). Other reagents were as previously described
(14).
Turkey Erythrocytes. Cells from fresh blood in heparin were

washed twice in K+ salt medium (mM: KCI 135, NaCl 5, MgCl2
0.8, Tris buffer 20, pH 7.4). The buffy coat was removed. Final
suspension was in K+ medium at a concentration of 20% vol/vol
(8 X 108cells per ml).
F Cells. The culture was kindly given to us by Dr. P. Ledqr

and was grown in F-12 medium supplemented with 10% calf
serum (15). Cells were harvested when their concentration
reached 5 X 105 per ml. Cells were washed twice in Na+ salt
medium (mM: NaCl 135, KCI 5, MgCl2 0.8, Tris buffer 20, pH
7.4) and were finally suspended in the same medium at 1.5 X
107 cells per ml.
N-Ethylmaleimide (MalNEt) Treatment. Previous studies

on adenylate cyclase showed that its activity was abolished by
reagents that react with SH groups (16, 17). However, MalNEt
at 1 mM was not sufficient to fully inactivate the adenylate
cyclase of intact erythrocytes (16). One milliliter of the eryth-
rocyte suspension was therefore incubated with 10mM MalNEt
for 10 min at 00 to inactivate the catalytic unit of the enzyme.
Subsequently, 10 ml of K+ medium containing 15 mM mer-
captoethanol were added. After 15 min the cells were sedi-
mented by centrifugation for 3 min at 400 X g and resuspended
in 1 ml of K+ medium. No adenylate cyclase activity could be
detected after MalNEt treatment.

Fusion System. Two milliliters of incubation mixture in a
20-ml siliconized glass vial contained: 3 X 108 erythrocytes
treated with MalNEt, 3 X 106 F cells, 9600 hemagglutinating
units of Sendai virus, 2 mM MnCl2 in a mixture of the Na+:K+
salt media, 1:4 vol/vol, respectively. Virus was added at 00 as
the last component. After 1 min the mixture was transferred
to 370 and was incubated with shaking (70 rotations/min).
Aliquots were observed by phase microscopy. When most of
the F cells fused (20-30 min), the mixture was transferred to
ice.

Preparation of Cell Ghosts at 00. Four milliliters of K+ salt
medium were added to 2 ml of fusion system and the mixture
was centrifuged for 3 min at 200 X g. The cells were lysed by
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Abbreviations: F cells, Friend T3C12 mouse erythroleukemia cells;
MalNEt, N-ethylmaleimide; DCC, N,N'-dicyclohexylcarbodiimide.
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FIG. 1. Heterologous fusion of F cells with turkey erythrocytes.
(A) Several erythrocytes (arrows) are in the process of fusion with a
single F cell that contains a large nucleus (N). (B) A more advanced
stage of fusion. The small nuclei (arrows) of the erythrocytes have
become incorporated in the body of the F cell. Magnification
X2000.

suspending the pellet in 5 ml of hypotonic 30mM Tris medium
(pH 8.1) containing 5 mM MgCl2, 0.1 mM EDTA, and 2 mM
mercaptoethanol. After centrifugation at 1500 X g for 3 min,
the pellet was washed once more in 10 mM Tris buffer with
additions as above. The pellet was finally suspended in 0.4 ml
of 10 mM Tris medium containing the above additions. Mix-
tures containing only erythrocytes or only F cells were treated
exactly by the same procedure. The cell ghosts that still con-
tained the nucleus were used for assay of adenylate cyclase.

Adenylate Cyclase. Activity was measured on a 50-,ul aliquot
of the cell ghost suspension by the procedure of Salomon et al.
(18). Basal activity was measured in the presence of 10 ,uM
propranolol to block occasional low endogenous epinephrine
present in the erythrocytes. Catecholamine activation was
measured in the presence of 50 AM isoproterenol, and fluoride

50

activation in the presence of 10 mM NaF. Incubation was for
10 min at 370; the reaction was terminated by 3 min of boiling.
All results of adenylate cyclase activity were expressed as
pmol/min per aliquot of the cell ghost suspension taken for
assay (the equivalent of 4 X 105 F cells and/or 4 X 107 eryth-
rocytes). Activity was linear with respect to time and to amount
of cell ghosts within the range used for these experiments. The
average activities of F cell ghosts were 60, 60, and 400 pmol/mg
of protein of cell ghosts per min for basal, isoproterenol, and
fluoride activation, respectively. One milligram of protein of
F cell ghosts was equivalent to 107 cells. Adenylate cyclase ac-
tivity varied +50% in different batches of cells. In initial ex-
periments we observed that ghosts of F cells that had been
treated with virus showed a higher adenylate cyclase activity
than ghosts of cells not treated with virus. The untreated ghosts
were perhaps not freely permeable to the ATP substrate re-
quired for assay of activity. The activity could be increased by
freeze-thawing or by adding a small amount of virus. Therefore,
a small amount of virus that does not produce fusion was added
to all control systems containing F cells (200 hemagglutinating
units per 3 X 106 cells). Erythrocyte ghosts prepared from cells
not treated with MalNEt showed rates of 1, 40, and 50 pmol of
3':5'-cyclic AMP per mg of protein of cell ghosts per min for
basal, isoproterenol, and fluoride activation, respectively. One
milligram of protein of erythrocyte ghosts was equivalent to
6 X 107 cells.

RESULTS

A phase contrast micrograph of a single F cell in the process of
heterologous fusion with several MalNEt-treated erythrocytes
is shown in Fig. 1. Cell ghosts prepared from such heterologous
fusion products showed strong stimulation of adenylate cyclase
by isoproterenol (Fig. 2). This is in spite of thefact that neither
of the two cells undergoing fusion showed activation of the
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FIG. 2. Coupling of the catecholamine receptor of erythrocytes to adenylate cyclase ofF cells by fusion. Incubation systems: (I) MalNEt-treated
erythrocytes (EM) fused among themselves; (II) F cells (Fc) fused among themselves; (III) heterologous fusion of MalNEt-treated erythrocytes
with F cells; (IV) cells as in III but without fusion; (V) F cells only; (VI) erythrocytes without MaINEt treatment (E). The conditions in each
system are schematically described by the circles or "fused" circles in each set of columns. The figure shows the adenylate cyclase activities
of the cell ghosts prepared from the various systems. At the base of each column the activating agent added to the adenylate cyclase assay system
is specified: B, basal activity without addition; ISO, isoproterenol; F, fluoride. Bars at the top of the columns show the range of activities of duplicate
fusion systems.- Significant activation of adenylate cyclase by isoproterenol is emphasized by hatched columns.
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FIG. 3. Coupling of the catecholamine receptor as a function
of the number of F cells per erythrocyte in the fusion system. One
milliliter of incubation mixture contained 1.5 X 108 turkey erythro-
cytes treated with MalNEt plus increasing amounts ofF cells as shown
in the figure. The amount of virus was 4800 hemagglutinating
units.

enzyme by catecholamine. The adenylate cyclase activity of
the erythrocytes had been abolished by MalNEt, and the en-

zyme of the F cells did not respond to isoproterenol. Homolo-
gous fusion of MalNEt-inactivated erythrocytes among

themselves, or fusion of F cells among themselves, or fusion of
MalNEt-treated F cells with MalNEt-treated erythrocytes
failed to produce isoproterenol activation of adenylate cyclase.
In fused or unfused F cells, isoproterenol produced an insig-
nificant 5% increase over the basal rate of adenylate cyclase (T
test; n = 26, P < 0.05). The findings in Fig. 2 therefore justify
the conclusion that the catecholamine receptor from the
erythrocytes has functionally combined with the catalytic unit
of the adenylate cyclase of the F cell. This conclusion is sup-
ported by the independent observation that cell ghosts of F cells
have no measurable ,8-receptor. The amount of receptor was

determined by measuring the binding of [125I]iodohydroxy-
benzyl pindolol according to Aurbach and his collaborators (19,
20).

Fig. 3 shows the basal, fluoride, and isoproterenol activities
in fusion systems in which a fixed amount of erythrocytes is
mixed with increasing amounts of F cells. The ratio of isopro-
terenol activation to basal and fluoride activation is constant
throughout most of the range studied. Activation by isoprote-
renol is dependent on transfer of the receptor to the adenylate
cyclase of F cell, while basal activity and activation by fluoride
are not dependent on such a transfer. The finding therefore
suggests that within the range investigated sufficient amounts
of receptor were transferred to achieve maximal hormonal
activation. Further experiments tested whether the intact cat-
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FIG. 4. Failure of DCC-treated erythrocytes to contribute the

catecholamine receptor. Erythrocytes (5 X 108 per ml in K+ medium)
received DCC from a fresh solution in ethanol to give a final concen-
tration of 0.2 mM and 1% ethanol. After 30 min at 250 the cell sus-
pension was diluted 10-fold in the K+ medium, sedimented at 400 X
g for 4 min, and resuspended in the K+ medium at 8 X 108 cells per
ml. Aliquots were taken for adenylate cyclase assay as well as for
MalNEt treatment followed by cell fusion. No lysis or cell damage was
observed at any stage. Incubation systems: (I) erythrocytes treated
with DCC followed by MalNEt (EDCCM) fused with F cells (Fc); (II)
MalNEt-treated erythrocytes (EM) fused with F cells; (III) DCC-
treated erythrocytes (EDCC) fused with each other. All other symbols
and presentations are as in legend to Fig. 2.

echolamine receptor of erythrocytes is essential for hormonal
activation of the adenylate cyclase of F cell. Human erythro-
cytes, which seem to possess no significant quantity of cate-
cholamine-activated adenylate cyclase, failed to cause a cate-
cholamine response upon fusion with F cells. Furthermore,
turkey erythrocytes in which the catecholamine response had
been inactivated by DCC also failed to produce a hormone
response upon fusion with F cells (Fig. 41). The carbodiimide
inactivated the isoproterenol response in the turkey erythrocytes
by 98%. In contrast, fluoride activation was inhibited less than
15% by DCC. The extent of heterologous fusion was essentially
unaffected by DCC. The interaction of the catecholamine re-
ceptor with DCC has been studied in detail and will be pub-
lished elsewhere.
We have previously shown that hormone activation of ade-

nylate cyclase of turkey erythrocytes drops steeply when the
temperature of incubation is reduced below 260 (21). In the
present study we found that this temperature sensitivity dis-
appears when the hormone receptor becomes coupled to the
adenylate cyclase of the F cells. The, ratio of adenylate cyclase
activity produced by isoproterenol at 370 to that at 20° was 11
in erythrocytes and dropped to 2.8 after heterologous fusion.
These-findings suggest that the newly established hormone
activation takes place within a more fluid domain contributed
by the F cells. Additional experiments showed that transfer of
the receptor was not affected by preincubation of erythrocytes
and F cells with the inhibitors of protein synthesis, cyclohexi-
mide (0.2 mM) or emetine (0.01 mM). Thus, the preexisting
components apparently suffice for the coupling of the eryth-
rocyte receptor to the adenylate cyclase of F cells. Finally, it
should be noted that experiments can also be conducted with
erythrocytes in which the catalytic unit is inactivated by heat
treatment instead of by MalNEt. Effective transfer of the re-

ceptor after heat treatment is shown in Fig. 5. Washing of the
heat-treated erythrocytes or their incubation for 30 min at 370
did not cause reactivation of the adenylate cyclase system in
the absence or presence of virus.

Proc. Natl. Acad. Sci. USA 73 (1976)
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FIG. 5. Ability of heat-treated erythrocytes to contribute the
catecholamine receptor. One milliliter of erythrocyte suspension (8
X 108 cells per ml) was heated in a water bath at 600 for 5min followed
by transfer to ice. Higher temperatures could not be used for inacti-
vation because of coagulation of cell content. Fusionwas performed
as described in Materials and Methods. Incubation systems: (I)
erythrocytes heated at 600 (E6o.); (II) erythrocytes heated at 600
mixed with F cells; (III) fusion of heated erythrocytes with F cells. All
other symbols and presentations are as in legend to Fig. 2.

DISCUSSION
The present work suggests a novel use of cell fusion: the study
of a complex system by combining components from two types
of cells brought together by the fusion process. Thus, if each of
the two cells lacks a different component, fusion will restore the
function of the system. Whether the components were missing
because of a mutation or because of intentional specific inac-
tivation is irrelevant to the procedure. This method applied to
the cell membrane appears to have great potential for investi-
gating mutants, discovering unknown components of a complex
reaction system, exchanging subunits of enzymes, and analyzing
compatibility of components from different cell species.
The essence of the present study is that a cell in which the

catalytic unit of the adenylate cyclase has been inactivated can
contribute its catecholamine receptor to join an active catalytic
unit of another cell. Alternative explanations of the results can
be ruled out as follows. F cells showed no catecholamine re-
ceptor, as determined by binding of iodohydroxybenzyl pin-
dolol (19, 20). Also, F cells fused by virus with each other or with
human erythrocytes or with DCC-treated turkey erythrocytes
failed to show catecholamine activation of adenylate cyclase.
These experiments exclude the possibility that F cells contain
a latent catecholamine receptor that can become active after
fusion.
The other alternative, that the inactivated adenylate cyclase

of the turkey erythrocyte can undergo reactivation to respond
to isoproterenol, was also ruled out. Fusion of inactive turkey
erythrocytes with each other did not revive the system. Fur-
thermore, heat inactivation of the catalytic unit produced the
same results as MalNEt inactivation.

Thus, it should be concluded that indeed the catecholamine
receptor of the turkey erythrocytes became coupled to the
catalytic unit of the F cells. The results further show that both
MaINEt and heat treatment inactivated the enzyme but not the
receptor. For clarity of further discussion, a hypothetical
scheme of the-adenylate cyclase system is presented (Fig. 6).
The scheme proposes that the receptor unit in the outer half of
the membrane bilayer is coupled to the guanyl nucleotide site
located in the inner half of the bilayer. Findings supporting this
concept have been published (14, 21-23). The scheme further

FIG. 6. The adenylate cyclase system is shown embedded in the
lipid bilayer of the cell membrane. The lipid bilayer is symbolized by
the circles with twin tails. Top faces the outside and bottom faces the
inside of the cell. The hormone receptor R, is coupled at its base to
the guanyl nucleotide binding component G. The latter in turn in-
teracts with the catalytic enzyme unit C. The adenylate cyclase system
on the left represents the turkey erythrocyte system in which the
catalytic unit has been inactivated by MalNEt (C is crossed out). The
system on the right represents the F cell bearing an unidentified re-
ceptor, r. The center of the figure shows a hybrid adenylate cyclase
system obtained by heterologous fusion, whereby R is derived from
the system on the left and C from the system on the right. The other
hybrid system which might form, r coupled to the inactivated catalytic
unit, has been omitted for clarity.

suggests that the guanyl nucleotide site, when occupied by GTP,
interacts with the catalytic unit to activate it. It is not clear
which of the two original cells contributes the guanyl nucleotide
site to the new hormone coupled system. Further work with
various adenylate cyclase systems will be required in order to
define the limitations of heterologous coupling between re-
ceptors and adenylate cyclase systems of different cells. So far,
it has been demonstrated that the catecholamine receptor from
a turkey erythrocyte is readily coupled to the adenylate cyclase
of a mouse erythroleukemia cell in culture. If receptors to other
hormones will also activate the adenylate cyclase of F cells, it
is reasonable to assume that they do so through a common
mechanism. According to the scheme shown in Fig. 6, all dif-
ferent receptors would have at their base a common attachment
site by which they couple to the guanyl nucleotide binding unit.
Such receptor molecules could be like the immunoglobulins,
which all have a common structure, differing only in the area
of the antigen combining site. According to this concept, it may
become possible to confer on a cell a new hormone respon-
siveness by inserting in its membrane a hormone receptor
which, though foreign to that cell, will couple to its adenylate
cyclase system.

Mrs. S. Eldar gave excellent assistance in carrying out a number of
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and given to us by Dr. Roland Pochet. This study was supported by
grants from the National Institutes of Health (no. AM 10451-11) and
the U.S.-Israel Binational Science Foundation (no. 464). M.S. is an
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of Health.

1. Robison, G. A., Butcher, R. W. & Sutherland, E. W. (1971) in
Cyclic AMP, eds. Robison, G. A., Butcher, R. W. & Sutherland,
E. W. (Academic Press, New York and London), pp. 73-75.

2. Robison, G. A., Butcher, R. W. & Sutherland, E. W. (1967) Ann.
N.Y. Acad. Sci. 139,703-723.

3. Rodbell, M. (1972) Current Topics in Biochemistry (Academic
Press, New York), pp. 187-218.

4. Perkins, J. P. (1973) Adv. Cyclic Nucleotide Res. 3, 51-64.
5. Cuatrecasas, P. (1974) Annu. Rev. Biochem. 43,202-214.
6. Birnbaumer, L. & Rodbell, M. (1969) J. Biol. Chem. 244,

3477-3482.
7. Rodbell, M. (1975) J. Biol. Chem. 250,5826-5834.
8. Harris, H. (1970) Cell Fusion (Clarendon Press, Oxford).
9. Peretz, H., Toister, Z., Laster, Y. & Loyter, A. (1974) J. Cell Biol.

63,1-11.
10. Ahkong, Q. F., Fisher, D., Tampion, W. & Lucy, J. A. (1973)

Biochem. J. 136, 147-155.

Biochemistry: Orly and Schramm



4414 Biochemistry: Orly and Schramm

11. Gilman, A. G. & Minna, J. D. (1973) J. Biol. Chem. 248,
6610-6617.

12. Insel, P. A., Maguire, M. E., Gilman, A. G., Bourne, H. R., Cof-
fino, P. & Melmon, K. L. (1976) Fed. Proc. 35, 1203.

13. Okada, Y. (1962) Exp. Cell Res. 26,98-103.
14. Schramm, M. & .Rodbell, M. (1975) J. Biol. Chem. 250,2232-

2237.
15. Orkin, S. H., Harosi, F. L. & Leder, P. (1975) Proc. Natl. Acad.

Sci. USA 72,98-102.
16. Oye, I. & Sutherland, E. W. (1966) Biochim. Biophys. Acta 127,

347-354.
17. Schramm, M. & Naim, E. (1970) J. Biol. Chem. 245, 3225-

3231.

Proc. Nati. Acad. Sci. USA 73 (1976)

18. Salomon, Y., Londos, C. & Rodbell, M. (1974) Anal. Biochem.
58,541-548.

19. Aurbach, G. D., Fedak, S. A., Woodard, C. J., Palmer, J. S.,
Hauser, D. & Troxler, F. (1974) Science 186, 1223-1224.

20. Brown, E. M., Fedak, S. A., Woodard, C. J. & Aurbach, G. D.
(1976) J. Biol. Chem. 251, 1239-1246.

21. Orly, J. & Schramm, M. (1975) Proc. Nati. Acad. Sci. USA 72,
3433-3437.

22. Londos, C., Salomon, Y., Lin, M. C., Harwood, J. P., Schramm,
M., Wolff, J. & Rodbell, M. (1974) Proc. Natl. Acad. Sci. USA
71,3087-3090.

23. Pfeuffer, T. & Helmreich, E. J. M. (1975) J. Biol. Chem. 250,
867-876.


