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ABSTRACT The f3l- and .82-adrenergic receptors are two
structurally related, but pharmacologically distinguishable,
receptor subtypes, both of which activate adenylyl cyclase in a
catecholamine-dependent manner through the guanine nucle-
otide-binding regulatory protein G,. The receptors are =50%
identical in amino acid sequence and each is characterized by
the presence of seven putative transmembrane domains. To
elucidate the structural basis for the pharmacological distinc-
tions between these two receptor subtypes, we constructed a
series of chimeric J31/fi2-adrenergic receptor genes and ex-
pressed them by injection of RNA into Xenopus laevis oocytes.
The pharmacological properties of the expressed chimeric
receptor proteins were assessed by radioligand binding and
adenylyl cyclase assays utilizing subtype-selective agonists and
antagonists. Our data indicate that transmembrane region IV
is largely responsible for determining f1 vs. P82 properties with
respect to agonist binding (relative affinities for epinephrine
and norepinephrine). Transmembrane regions VI and VII play
an important role in determining binding of .l vs. 82 selective
antagonists. However, a number of the other transmembrane
regions also contribute, to a lesser extent, to the determination
of .-adrenergic receptor subtype specificity for agonists and
antagonists. Thus, several of the membrane-spanning regions
appear to be involved in the determination of receptor subtype
specificity, presumably by formation of a ligand-binding
pocket, with determinants for agonist and antagonist binding
being distinguishable.

Many types of hormone receptors can be further categorized
into subtypes based on the differential binding affinities of
selective agonists and antagonists and/or by the different
effector enzymes to which the receptors are coupled. Re-
ceptor subtypes have been described for dopaminergic (1),
muscarinic cholinergic (2), serotonergic (3), a-adrenergic (4),
and P-adrenergic receptors (5), among others. The existence
of closely related receptor subtypes may permit a greater
diversity of biological responses as determined both by
differing agonist affinities for the subtypes and by the
coupling of the subtypes to different effector enzymes. The
f3j- and P2-adrenergic receptors are among the most thor-
oughly studied of receptor subtypes. Both are coupled to the
plasma membrane-bound adenylyl cyclase through the gua-
nine nucleotide-binding regulatory protein G, and mediate
stimulation of adenylyl cyclase subsequent to receptor oc-
cupancy by catecholamines (6). However, f31- andf2-adre-
nergic receptor subtypes differ in their affinities for the
endogenous catecholamine norepinephrine, as well as in their
affinities for various synthetic antagonists (7).
cDNAs for the human 131- and ,82-adrenergic receptors have

been cloned (8, 9), facilitating a direct comparison of the
deduced primary structures of these two closely related
/3-adrenergic receptor subtypes. Hydropathicity analysis of
their amino acid sequences according to the methods of Kyte

and Doolittle (10) reveals that both subtypes contain seven
stretches of 22-26 hydrophobic residues likely representing
seven a-helical membrane-spanning regions connected by
stretches of hydrophilic residues that loop out of the mem-
brane. This proposed arrangement of the hydrophobic do-
mains of the B-adrenergic receptors is analogous to that
proposed for a number of other related guanine nucleotide-
binding regulatory protein-coupled receptors (11). The over-
all amino acid identity between the two subtypes is 54%;
however, the highest regional identity between the two is in
the putative transmembrane regions (71%).
The structural basis for the similar, although distinct,

ligand-binding characteristics of closely related receptor
subtypes, such as the 01- and f2-adrenergic receptors, is of
general interest. For example, the understanding of such
features should facilitate the rational development of more
highly selective drugs. To approach this problem, chimeric
receptor genes containing sequences derived from both the
31- and P2-adrenergic receptor genes have been constructed
and expressed in Xenopus laevis oocytes. Each chimeric
receptor was assessed for subtype-specific agonist and an-
tagonist binding characteristics, permitting the delineation of
those structural domains that determine the pharmacological
differences between the ,1- and p2-adrenergic receptor sub-
types.

MATERIALS AND METHODS
Mutagenesis of f8l- and f82-Adrenergic Receptors. The hu-

man 631- and ,32-adrenergic receptor cDNAs were each
subcloned into pTZ (Pharmacia). Negative-sense single-
stranded DNA was prepared and used as template in the
Amersham oligonucleotide-directed mutagenesis system
(12). Positive-sense oligonucleotides encoding unique restric-
tion endonuclease recognition sequences were annealed to
the P1- and P2-adrenergic receptor templates and the resulting
duplex molecules were used to make double-stranded plas-
mids containing the chosen restriction sites.

Identical amino acid sequences within the intra- and
extracellular loops of the P1i- and ,32-adrenergic receptor were
chosen for the insertion of the restriction endonuclease
recognition sequences, ensuring that no amino acid residues
were omitted from the chimeric receptors (Fig. 1). This
scheme also allowed the appropriate f32-adrenergic receptor
a-helices to be transferred intact to the chimeric molecules.
No change in the amino acid sequence was made, where
possible, or conservative changes were made where neces-
sary. The conserved Pst I site at Gln-90 of the ,B1-adrenergic
receptor and Gln-64 of the j32-adrenergic receptor were
utilized to substitute a-helix I of the 92-adrenergic receptor
for a-helix I of the 81-adrenergic receptor. The following
restriction endonuclease sites were introduced by site-
directed mutagenesis of the 813- and the 82-adrenergic recep-
tors, respectively: BamHI at Gly-127 and Gly-102; HindIII at
Gln-167 and Gln-142; EcoRI at Glu-205 and Glu-180; Bgl II at
Arg-309 and the Bgl II site at Arg-261 of the wild-type
f2-adrenergic receptor; and BamHI at Leu-353 and Leu-302.

9494

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.



Proc. Natl. Acad. Sci. USA 85 (1988) 9495

A2M-

a~~~~~~~~~ _~~~~~A
9~~ ~ ~~~AeAo

FIG. 1. Proposed model for the membrane topography of the f31-adrenergic receptor. The model is based on the hydropathicity analysis of
the human 831-adrenergic receptor according to the methods of Kyte and Doolittle (10). The seven hydrophobic domains are represented as
transmembrane a-helices according to the electron diffraction data derived for bacteriorhodopsin (13). Solid circles with white letters indicate
the residues of the human /B1-adrenergic receptor (8) that are identical to those of the human 832-adrenergic receptor (9). Noted are the unique
restriction endonuclease recognition sequences that were either present in the wild-type receptors or were introduced into both receptors by
site-directed mutagenesis.

Construction of Chimeric .I1/62-Adrenergic Receptors. The
01-adrenergic receptor cDNA (starting at base pair -8
relative to the initiator methionine) (8) and the 032-adrenergic
cDNA (starting at base pair -40) (9) were each ligated into
pSP65 (14). Restriction endonuclease fragments containing
the mutagenesis-derived sites were excised from the pTZ/
mutant receptors and were ligated into the wild-type pSP65/
P-adrenergic receptor expression constructs.

,82-Adrenergic receptor restriction fragments bounded by a
5' polylinker site and the 3' mutagenesis-derived sites were
then ligated to the Al-adrenergic receptor fragments bounded
by the 5' mutagenesis-derived sites and a 3' polylinker site.
In this way, chimeric receptors were constructed that pos-
sessed the 82-adrenergic receptor coding region extending
from the initiator methionine to the mutagenesis-derived
restriction site and the 831-adrenergic receptor coding region
from the introduced restriction site to the C terminus.

Expression of Chimeric Transcripts. RNA was transcribed
by using SP6RNA polymerase (15) and injected into Xenopus
laevis oocytes. Membranes were prepared after 24-48 hr (16)
and were used for ligand-binding assays performed with
[1251]iodocyanopindolol as described (17). Typical levels of
expression for the wild-type f8-adrenergic receptors and all
the chimeric receptors were from 20 to 100 fmol/mg of
membrane protein. Protein was determined according to
Bradford (18).
Data Analysis. Ligand-binding data were analyzed as de-

scribed by using a four-parameter logistic equation [Allfit
(19)] and nonlinear least-square regression analysis according
to the law of mass action [Scatfit (20)]. In the crude oocyte
membrane preparations used for these studies, a low-afflnity
nonspecific [1251]iodocyanopindolol-binding component was

occasionally observed. When present, the data were fit to a
two-site model, but the contribution of this nonspecific
component to the total binding was excluded from the
competition curves shown in Fig. 3.

RESULTS AND DISCUSSION
The amino acid sequence of the 8l1-adrenergic receptor as
shown in Fig. 1 is arranged within the membrane according
to the model originally proposed for bacteriorhodopsin (13).
Shaded residues are identical to those of the f32-adrenergic
receptor. The restriction endonuclease recognition sites were
introduced into the conserved regions of the intra- and
extracellular loops. The putative membrane-spanning do-
mains will be referred to throughout as a-helices for the
purpose of discussion.

Characteristic agonist competition profiles for the 81- and
P2-adrenergic receptors are shown in Fig. 2 A and H,
respectively. These were generated with oocytes injected
with RNA for each of these two receptors. The f3-adrenergic
agonist isoproterenol is the most potent competing ligand for
either receptor subtype. Consistent with the well-established
pharmacology of f31- and p2-adrenergic receptors, epineph-
rine and norepinephrine are approximately equipotent in
competing with the antagonist radioligand for binding to the
81-adrenergic receptor, whereas epinephrine is -15 times
more potent than norepinephrine for binding to the P2-
adrenergic receptor.
Replacement of the N-terminal sequence and the first one,

two, or three a-helices of the 131-adrenergic receptor with the
corresponding regions of the /32-adrenergic receptor [chime-
ras 132(I)/M31(II-VII), f32(I,II)/j31(III-VII), and P2(I-III)/11-
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FIG. 2. Competition by agonists of [1251]iodocyanopindolol binding to 1/,82-adrenergic receptor chimeras. Binding of the nonselective
antagonist ['251]iodocyanopindolol at a final concentration of75 pM was assessed in the presence ofvarious concentrations of iosproterenol (ISO,
*), epinephrine (EPI, *), and norepinephrine (NOR, A). The Kd for ['25I]iodocyanopindolol of each chimera was determined and did not differ
significantly from those for the wild-type receptors (50-100 pM). (Insets) The peptide sequence derived from the f31-adrenergic receptor is
indicated by an open line and that derived from the 182-adrenergic receptor is indicated by a solid line. (A and H) Competition curves for the
wild-type 131- and ,82-adrenergic receptors (j31-AR and X32-AR, respectively). (B-G) Curves for the following chimeric receptors. (B) PI2(V)1/1(11-
VII). (C)p2(I-II)//31(III-VII). (D) P2(I-III)/,1(IV-VII). (E) P2(I-IV)/P1(V-VII). (F) /32(I-V)/P31(VI-VII). (G) P2(I-VI)/M1(VII). Each compe-
tition curve shown is representative of two or three experiments from which geometric means were calculated for the agonist Kd values. In the
crude oocyte membrane preparations used for these studies, most of the agonist competition curves were adequately modeled to a single affinity
state. When, as was found to be the case in a few instances, a two-site model was statistically more appropriate, the high-affilnity Kd was reported
in the figure.

(IV-VII)] resulted in epinephrine and norepinephrine com-
petition profiles resembling the profiles for the p1-adrenergic
receptor (Fig. 2 B-D)-i.e., epinephrine and norepinephrine
are approximately equipotent. These results suggest that
those amino acid residues that determine /3-adrenergic re-

ceptor subtype specificity reside within a-helices IV-VII and
that the N-terminal sequence and first three a-helices do not
contribute to agonist subtype specificity.
When helix IV of the ,2-adrenergic receptor is substituted

for the corresponding helix of the 81-adrenergic receptor
[/2(I-IV)/M(V-VII) (Fig. 2E)], the Kd for norepinephrine
increases by 10-fold when compared to the preceding /311/32
chimera [,B2(I-III)//31(IV-VII)] (Fig. 2D). If one calculates
the Kd for norepinephrine/Kd for epinephrine ratio for the
native receptors, it is observed that the value is -1 for the
31-adrenergic receptor, =15 for the ,-32-adrenergic receptor,
and -16 for p82(I-IV)//31(V-VII) (Fig. 2 A, H, and E,
respectively). Thus, the relative affinities of norepinephrine
and epinephrine binding to 82(I-IV)/,j1(V-VII) are essen-
tially identical to those for the /32-adrenergic receptor. These
data suggest that amino acid residues within a-helix IV
contribute strongly to determining the agonist subtype spec-
ificity ofthe ,6-adrenergic receptor. The sequential addition of
,82-adrenergic receptor helices V, VI, and VII in chimeras
,32(I-V)/,81(VI-VII) and /82(I-VI)/f31(VII) and the 02-
adrenergic receptor does not result in any further significant
changes in the Kd for norepinephrine/Kd for epinephrine
ratio. These data support the conclusion that residues in
helices I, II, III, V, VI, and VII do not significantly determine
/3i- and 832-adrenergic receptor agonist subtype specificity.
The subtype specificity of the chimeric receptors was also

assessed by using the f31-adrenergic receptor selective antag-

onist betaxolol and the 82-adrenergic receptor selective
antagonist ICI 118551 as competing ligands. In contrast to the
results observed for agonists, it is apparent from Fig. 3 that
as P2-adrenergic receptor helices are sequentially substituted
for the corresponding 031-adrenergic receptor helices, the
potencies of betaxolol and of ICI 118551 change in a gradual
manner. However, several of the a-helices appear to con-
tribute more significantly than others to determining antag-
onist potency. Thus the addition of p2-adrenergic receptor
helices III, VI, and VII each result in 6- to 10-fold changes in
the Kd for betaxolol/Kd for ICI ratio, when compared to each
preceding chimera. Addition of helix I leads to no change in
the ratio, whereas addition of helices II, IV, and V leads to
more modest (n2-fold) changes in the ratio. The addition of
helices III, IV, and VII results in significant increases in the
Kd of betaxolol, whereas addition of helices II, V, and VI
results in significant decreases in the Kd of ICI 118551,
respectively. This suggests that residues within all of these
helices are involved in determining P1- vs. /82-adrenergic
receptor antagonist specificity.

In separate experiments (data not shown), we examined
the ability of the P-adrenergic agonists to stimulate and the
ability of the /B-adrenergic antagonists to block stimulation of
the endogenous oocyte adenylyl cyclase when coupled to the
various chimeric 3-adrenergic receptors. In all cases, the
findings were consistent with the data obtained by the ligand
binding approach. Moreover, all of these chimeric receptors
were able to stimulate the adenylyl cyclase to levels compa-
rable to the stimulation seen for the 81- and 82-adrenergic
receptors.
The high degree of sequence homology in the presumed

transmembrane regions of the various adrenergic receptors
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FIG. 3. Competition by antagonists of [1251]iodocyanopindolol binding to l/31P2-adrenergic receptor chimeras. Binding of the nonselective
antagonist [1251]iodocyanopindolol (75 pM) to wild-type and chimeric receptors was assessed in the presence of various concentrations of the
/3l-adrenergic receptor subtype selective antagonist betaxolol (BETAX, e) and the f32-adrenergic receptor subtype selective antagonist ICI
118551 (Id, U). Wild-type and chimeric receptor designations are as indicated in Fig. 2. Each competition curve is representative of two or three
experiments from which geometric means were calculated for the antagonist Kd values.

as well as previous mutagenesis (21) and chimeric receptor
work (22) have all suggested that several of the transmem-
brane helices are involved in forming the ligand-binding site
of these receptors. The extracellular hydrophilic loops are
apparently not essential for ligand binding as deletion of these
residues does not alter ligand affinity (23). Therefore, al-
though our chimeric receptors contain both hydrophilic and
hydrophobic sequences derived from both P1- and P2-
adrenergic receptors, we have interpreted the data in terms
of which receptor subtype contributed a particular mem-
brane-spanning domain.

Interestingly, when 13l- and P2-adrenergic receptor se-
quences are compared (Fig. 1), a-helices IV, VI, and VII are
the most divergent of the putative membrane-spanning do-
mains, suggesting that those residues that determine the
pharmacological differences between the subtypes may be
located within these a-helices. Photoaffinity-labeling tech-
niques suggest that residues within several of the a-helices of
the adrenergic receptors contribute to the ligand-binding site.
Labeled by such techniques are residues located within helix
II of the f32-adrenergic receptor (24), helix IV of the a2-
adrenergic receptor (H. Matsui, R.S.L., M.G.C., and J. W.
Regan, unpublished results), and helices II-V and helix VII
ofthe avian 131-adrenergic receptor (25). In addition, helix VII
of rhodopsin has been shown to contain the site of covalent
linkage of the chromophore retinal (26).
The use of chimeric receptors provides a potentially

powerful approach for dissecting the structural basis of
guanine nucleotide-binding regulatory protein-coupled re-
ceptor function. However, it seems likely that the approach
may be feasible only when the chimeras are constructed from
closely related receptors. This is reasonable because within
any given receptor the various a-helices that lie adjacent to
each other in the membrane have presumably evolved so as
to minimize steric and electrostatic repulsive forces between
each other. In the process of making chimeric receptors,
these favorable molecular interactions may be lost leading to
nonfunctional or poorly functional receptors. Kobilka et al.

(22) have reported on a series of chimeric receptors con-
structed from a2-(cyclase inhibitory) and P2-(cyclase stimu-
latory) adrenergic receptors. None of these bound agonist
ligands with affinities approaching the wild-type receptors. In
contrast, the 431/132-adrenergic receptor chimeras described
here do bind agonists with affinities approaching those of the
wild-type receptors. This presumably reflects the even
greater structural similarity of 81- and 832-adrenergic recep-
tors than a2- and f32-adrenergic receptors.

It is instructive to compare the results and conclusion of
the previous studies with a2/P2-adrenergic receptor chimeras
with our present studies of 131/P32-adrenergic chimeras. The
a2/P32-adrenergic receptor chimeras displayed a progres-
sively changing specificity for agonists as helices of one
receptor replaced the other. In the present study, relative
agonist specificity was significantly altered only when helix
IV was replaced. This difference could be due to the greater
structural similarity of the P3i- and 132-adrenergic receptors
when compared to the a2- and 132-adrenergic receptors. In
such similar receptors, most of the determinants of agonist
binding may be equivalent except for those few that deter-
mine the subtle differences in l3i- vs. P32-adrenergic receptor
agonist specificity.
Also in both chimeric systems, determinants of selective

antagonist binding appear to differ from those for agonists.
Thus, for the a2/P2 chimeras, the major determinants of
selective antagonist binding appeared to reside in helices VI
and VII. These same helices are also shown here to play a
significant role in determining /31 vs. P2 subtype specificity for
antagonists. However, other helices such as II, III, IV, and
V also appear to be involved in the f,3 vs. P2 distinction.
Based on the conclusions derived from photoaffinity-

labeling data and from chimeric receptor studies a model can
be proposed for the arrangement of the a-helical membrane-
spanning domains within the plasma membrane. In the
configuration shown in Fig. 4, those helices that most
significantly contribute to f3-adrenergic receptor agonist or
antagonist subtype specificity (IV, VI, or VII) are grouped

Biochemistry: Frielle et al.
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FIG. 4. Proposed arrangement of the 83-adrenergic receptor
helices in the membrane. Based on the electron-diffraction data for
bacteriorhodopsin and on the chimeric receptor data, it is proposed
that helices IV, VI, and VII reside in the membrane so as to delineate
a ligand-binding pocket, with helix VII most centrally located. The
hydrophobic domains are depicted as a-helices as they would appear
from above the plane of the plasma membrane.

together, suggestive of a ligand-binding pocket. As a conse-

quence of this arrangement, those additional helices that at
least in part determine 8-adrenergic receptor antagonist
subtype specificity (II, III, or V) also could contribute to the
formation of such a pocket.

In summary, these results with chimeric f3l/,82-adrenergic
receptors suggest that subtype specificity is determined by
most of the transmembrane regions of the molecules. This
further strengthens the emerging idea that binding of ligands
by such receptors occurs in a pocket formed by the clustering
of these membrane-spanning a-helices. While competitively
occluding this binding pocket, antagonists nonetheless inter-
act with structural determinants distinct from those with
which agonists interact. These observations are consistent
with the older notion of antagonists interacting with "acces-
sory-binding sites" on their receptors in addition to the sites
with which the natural agonists interact. These studies
further underscore the value of chimeric receptors for elu-
cidating the structural basis of receptor functions.
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