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ABSTRACT The physiological significance of multiple
G-protein-coupled receptor subtypes, such as the 3-adrenergic
receptors (OARs), remains obscure, since in many cases several
subtypes activate the same effector and utilize the same phys-
iological agonists. We inspected the deduced amino acid se-
quences of the PIAR subtypes for variations in the determinants
for agonist regulation as a potential basis for subtype differ-
entiation. Whereas the 82AR has a C terminus containing 11
serine and threonine residues representing potential sites for
PIAR kinase phosphorylation, which mediates rapid agonist-
promoted desensitization, only 3 serines are present in the
comparable region of the 3AR, and they are in a nonfavorable
context. The f83AR also lacks sequence homology in regions
which are important for agonist-mediated sequestration and
down-regulation of the P2AR, although such determinants are
less well defined. We therefore tested the idea that the agonist-
induced regulatory properties of the two receptors might differ
by expressing both subtypes in CHW cells and exposing them
to the agonist isoproterenol. The 3AR did not display short-
term agonist-promoted functional desensitization or sequestra-
tion, or long-term down-regulation. To assign a structural basis
for these subtype-specific differences in agonist regulation, we
constructed a chimeric f3/I32AR which comprised the I33AR
up to proline-365 of the cytoplasmic tail and the C terminus of
the 12AR. When cells expressing this chimeric 83/f82AR were
exposed to isoproterenol, functional desensitization was ob-
served. Whole-cel phosphorylation studies showed that the
II2AR displayed agonist-dependent phosphorylation, but no
such phosphorylation could be demonstrated with the 3AR,
even when PIAR kinase was overexpressed. In contrast, the
chimeric /83/P2AR did display agonist-dependent phosphory-
lation, consistent with its functional desensitization. In addition
to conferring functional desensitization and phosphorylation to
the 3AR, the C-terminal tail of the I82AR also conferred
agonist-promoted sequestration and long-term receptor down-
regulation.

Three distinct subtypes of 3-adrenergic receptors (PARs)
have been identified by classic pharmacologic means and
molecular cloning (1, 2). (3l-, 12-, and /33AR all couple to G,,
and in the presence of agonist they transduce a signal that
results in increased intracellular cAMP. Each of these re-
ceptors also binds the endogenous agonists epinephrine and
norepinephrine, albeit with some differences in their relative
potencies. The relevance of 8AR subtypes is thus obscure,
since all couple to the same effector and all utilize the same
endogenous agonists. Previous work by several groups has
focused on identifying regions of the Pl- and P2AR which
provide for antagonist or agonist subtype-specific binding (3,

4). In contrast, little is known about how ,BARs may be
distinguished in properties "downstream" of ligand binding.
We considered that perhaps one reason for the existence of

,BAR (and other receptor) subtypes might reside in the manner
in which they are regulated. One form of G-protein-coupled
receptor regulation with important physiologic and therapeu-
tic relevance is that resulting from continuous exposure of
receptors to agonists. This phenomenon, termed desensitiza-
tion, is an adaptive process found in a number ofdiverse signal
transduction systems (1, 2). It serves to limit the cellular
response to a continuously present stimulus. Rapid (within
seconds) agonist-promoted desensitization of the P2AR ap-
pears to be primarily due to phosphorylation ofthe receptorby
several protein kinases, including the 1AR kinase (fBARK) and
the cAMP-dependent kinase, protein kinase A (PKA) (5-7).
The sites of8ARK phosphorylation appear to reside in serines
and threonines in the C-termiinal portion of the 2AR (5, 6). In
addition, the third intracellular loop and proximal cytoplasmic
tail of the (32AR contain consensus sequences for PKA-
mediated phosphorylation (5), with the third intracellular loop
site appearing to be the more critical for cAMP dependent
desensitization (8). Examination of the molecular structure of
the three ,BAR subtypes (9-11) reveals a striking difference
between the P2- and f3AR. In contrast to the 11 serines and
threonines in the distal portion of the cytoplasmic tail of the
(32AR, there are only 3 serines in the same region ofthe 33AR.
In addition to this apparent paucity of potential BARK phos-
phorylation sites, the 83AR lacks consensus sequences for
PKA-mediated phosphorylation.
Receptor sequestration and down-regulation are two other

processes, independent of receptor phosphorylation, that
also occur during agonist-promoted desensitization of the
f82AR. Sequestration is a rapid (seconds to minutes) move-
ment (internalization) of receptors from the cell surface to an
intracellular compartment. As discussed below, the A3AR
lacks an apparently critical 10-amino acid sequence motif in
the cytoplasmic tail which has been implicated as playing a
role in P2AR sequestration (12). Finally, after long-term
(hours) agonist exposure, the net cellular expression ofP2AR
becomes decreased (regardless of localization), a process
termed down-regulation. Two (but not necessarily all) of the
requirements for full agonist-promoted down-regulation of
the P2AR are PKA phosphorylation sites (13) and tyrosine
residues in the cytoplasmic tail (14). Again, the 3AR lacks
both of these determinants.
Thus the ,B3AR appears to lack a number of the molecular

features for agonist-promoted regulation which have thus far
been established with the P2AR. This raises the interesting
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question as to whether different subtypes of adrenergic recep-
tors may have evolved to meet differing needs for agonist
regulation. To investigate this, we expressed ,12AR, 33AR, and
a chimeric 133/132AR in CHW and COS-7 cells and examined
the various components of such regulation by agonists.

METHODS
Constructs. The expression vector pBC,33 was constructed

by ligating Sma I/Acc I and Acc I/BamHI digests of the
human 833AR cDNA into Sma I/BamHI sites of the mam-
malian expression vector pBC12BI (15). The chimeric P3/
f32AR construct (P/33//32) was made by ligating an Acc III/
Kpn I pBCP3 fragment with a Stu I/Kpn I pBCJ32 (3) frag-
ment. This construct contained 6 bp of 5' P33AR untranslated
sequence, the coding block of the /33AR up to that which
encodes Pro-365, and the coding sequence which corre-
sponds to the last 65 amino acids of the f32AR (see Fig. 1). To
determine the capacity of the three receptors to undergo
agonist-promoted phosphorylation, additional constructs
based on pBC,83, pBC,82, and pBC,83/,32 were made, each
having a sequence inserted at the N terminus which encodes
a 9-amino acid epitope (YPYDVPDYA) which is recognized
by the monoclonal antibody 12CA5 (16). By using this
approach each receptor was tagged with the epitope and
could be immunoprecipitated with the same antibody. All
mutated sequences were confirmed by dideoxy sequencing.
The construct consisting of the cDNA encoding bovine
/3ARK1 (pBC,8ARK) is as described (17).

Cell Culture and Transfections. CHW cells (Chinese ham-
ster fibroblasts) were cotransfected with pBCp3, pBC,32, or
pBC.83/f32 and pSV2Neo in a manner similar to that described
(5, 6), using precipitation with calcium phosphate. For stud-
ies of desensitization, sequestration, and down-regulation,
receptor expression of each subtype in CHW cells was
200-300 fmol/mg. For phosphorylation studies, COS-7 cells
were transiently transfected by the DEAE-dextran method
with epitope-tagged pBCf32, pBCP3, or pBCP33//32 and, in
some cases, pBCJARK.

Desensitization and Adenylyl Cyclase Assays. Cells at 90%
confluence were incubated for 2 hr with fresh medium without
calf serum, then exposed to medium alone (control) or 100AM
isoproterenol for 30 min. The flasks were then placed on ice;
the cells were washed four times with 20 ml ofcold phosphate-
buffered saline (PBS), detached, and lysed by scraping in 5
mM Tris HCl, pH 7.4/2 mM EDTA buffer; and membranes
were prepared as described (6). Adenylyl cyclase assays were
performed by the method of Solomon as modified (6).

Sequestration, Down-Regulation, and Ligand Binding. For
these studies cells were exposed to 100 ,uM isoproterenol for
the times indicated at 37°C in Dulbecco's modified Eagle's
medium containing 10o fetal calf serum. To delineate the
sequestered pool ofreceptors, whole-cell binding studies were
performed in a manner similar to that previously described (5).
For the determination ofagonist-promoted down-regulation of
,BAR, 1251-labeled cyanopindolol (125I-CYP) binding was per-
formed with washed membranes as described (18). Specific
binding was defined as the difference between binding of 1.2
nM 125I-CYP in the absence or presence of 10 ,uM CGP12177
(which defines nonspecific binding), and it was normalized to
protein.

Immunoprecipitation and Phosphorylation of OARs. Ago-
nist-promoted whole-cell phosphorylation studies were car-
ried out in a manner similar to that we have described for the
a2-adrenergic receptor (19), except that epitope-tagged re-
ceptors were transiently expressed in COS-7 cells and im-
munoprecipitation was carried out with the monoclonal an-
tibody 12CA5 (ref. 16; Berkeley Antibody, Richmond, CA).
Transient expression of the WARs in COS-7 cells rather than
stable expression in CHW cells was utilized to obtain higher
expression levels suitable for whole-cell phosphorylation
studies. In preliminary studies, epitope-tagged receptors in
COS-7 cells were metabolically labeled with [35S]methionine
and immunoprecipitated with the 12CA5 antibody by the
methods described above. Autoradiograms from such exper-
iments revealed bands representing the 32AR, the ,33AR, and
the chimeric f33/f32AR at the appropriate molecular weights
(data not shown).
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FIG. 1. Primary amino acid sequences of the C-terminal regions of the human P32AR, /33AR, and the chimeric f83/32AR. Darkened residues
indicate potential phosphorylation sites for BARK.
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RESULTS

On the basis of the marked differences between the amino
acid sequences of the 832AR and the P3AR in regions thought
to be important for agonist-promoted regulation (Fig. 1), we
expressed these two receptors as well as a chimeric f33/P2AR
in CHW cells and examined the mechanisms of receptor
regulation after exposure to the full agonist isoproterenol.
When expressed in CHW cells, all three of these receptors
were functionally capable of coupling to G, and stimulating
adenylyl cyclase activity. The rank order of potency for
agonists for stimulating adenylyl cyclase was isoproterenol >
BRL 37344 > epinephrine > norepinephrine as expected for
the 132AR, and was isoproterenol = BRL 37344 > norepi-
nephrine > epinephrine for the 133AR as recently described
(20). The chimeric 833/P32AR exhibited the same rank order of
potency for agonists for stimulating adenylyl cyclase as did
the wild-type f33AR (data not shown). In membranes from
these cells, basal and maximal isoproterenol-stimulated ad-
enylyl cyclase activities, respectively, were as follows, in
pmol/min per mg of protein: f32AR, 4.7 ± 1.0 and 16.3 ± 2.5;
183AR, 5.9 ± 1.9 and 12.3 ± 3.3; and chimeric P33/f32AR, 3.2

1.0 and 18.5 ± 3.7 (n = 4, mean ± SEM).
Fig. 2 shows agonist-stimulated adenylyl cyclase activities

in membranes prepared from cells expressing the $2AR
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FIG. 2. Effects of short-term agonist exposure on BAR subtype
function. Cells expressing /2AR, p83AR, or the chimeric j33/f82AR
were exposed to 100 ,M isoproterenol (ISO) or medium alone
(CTRL) for 30 min and washed, and membrane adenylyl cyclase
activities were determined. Data shown are the means of four
experiments.

preincubated with medium alone or medium with 100 ,uM
isoproterenol. The P2AR showed a marked desensitization
after a 30-min exposure to agonist. This was manifested by
both an -3-fold increase in the EC50 for isoproterenol (15.1
+ 3.3 to 53.3 ± 5 nM, P < 0.01) and an -25% decrease in the
maximal stimulation. In marked contrast, no desensitization
of the ,83AR was found under the same conditions. As shown
in Fig. 2, no significant changes in the EC50 for isoproterenol
(4.3 ± 0.6 to 2.2 ± 0.6 ,uM, P = not significant) or in the
maximal adenylyl cyclase activity were noted after cells
expressing the J33AR were exposed to agonist under the same
conditions that provided for desensitization of the P2AR.
To assign molecular determinants to such a difference in

agonist-promoted desensitization patterns, we constructed a
chimeric /33/(32AR that has the (2AR cytoplasmic tail substi-
tuted into the P3AR at the position indicated in Fig. 1. Thus,
the putative phosphorylation sites for PARK, the kinase
involved in the homologous form of f2AR desensitization,
were present in this chimera. Note that the potential sites of
phosphorylation by PKA, the mediator of the heterologous
form of desensitization of the P2AR, were not added to the
chimeric 133/f32AR. Fig. 2 shows the results of adenylyl
cyclase studies with membranes from cells expressing the
chimeric P33/P2AR exposed to 100 ,M isoproterenol for 30
min. In contrast to what was found with the f33AR, the
chimeric f33/p2AR did display agonist-dependent desensiti-
zation, manifested by an increase in the EC50 for isoprotere-
nol (from 0.9 ± 0.3 to 3.4 ± 0.3 uM, P < 0.01). This rightward
shift in the dose-response curve represents an v40% desen-
sitization when one examines the adenylyl cyclase activities
at a submaximal concentration (1 AM) of isoproterenol (Fig.
2). There was, however, no decrease in the maximal level of
stimulation. That the desensitization pattern found with this
chimeric receptor is not identical to that of the f32AR is not
altogether surprising, since the chimera does not have the
PKA sites found in the 132AR.
To determine if receptor phosphorylation might in fact be

the mechanism by which the 832AR C-terminal tail conferred
desensitization to the 83AR, each receptor was expressed in
COS-7 cells and agonist-promoted receptor phosphorylation
was determined. The results of these studies are depicted in
Fig. 3. When cells were transfected with vector alone (i.e.,
pBC12BI) no phosphorylation signal in the molecular weight
region of interest was noted. As expected, the Pi3AR dis-
played agonist-dependent phosphorylation, a result that has
been previously found with a number of different cell types
and conditions (1, 2). However, the 33AR showed no agonist-
dependent phosphorylation, consistent with its lack of ago-
nist-promoted desensitization in the functional assays. Even
under conditions where ,ARK was overexpressed, no ago-
nist-dependent phosphorylation of the j33AR could be dem-
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FIG. 3. Agonist-promoted phosphorylation of /BAR subtypes.
Epitope-tagged J32AR, 833AR, and the chimeric 833/p2AR were tran-
siently expressed in COS-7 cells and whole-cell phosphorylation of
receptors in response to agonist exposure was assessed. Shown are
the results from a single experiment, representative of four per-
formed. ISO, isoproterenol; CTRL, control transfected with vector
alone.
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onstrated (data not shown). On the other hand, the chimeric
/833P2AR clearly showed an agonist-promoted phosphoryla-
tion (Fig. 3). This observation is consistent with the idea that
it is the phosphorylation sites in the J32AR C-terminal tail that
provide for desensitization in the chimeric p,3/P2AR.
We next examined the potential for each receptor to un-

dergo agonist-promoted sequestration and down-regulation.
As shown in Fig. 4A, agonist-promoted sequestration of the
P2AR is evident within minutes ofexposure, and is maximal by
=1 hr. In contrast, no significant agonist-promoted seques-
tration of the P3AR was detected over the same time course.
However, the chimeric 83/p2AR, which contains a region of
the (32AR in the cytoplasmic tail which appears to be important
for sequestration, indeed does display agonist-promoted se-

questration, with the same time course and to nearly the same
maximal extent as the /32AR (Fig. 4A).

Agonist exposure over more prolonged periods induces a

marked down-regulation of (32AR expression. Given that the
P3,AR lacks at least two determinants for this process, we
assessed the potential of the 83AR and the P3/(32AR chimera to
undergo down-regulation after long-term agonist exposure. As
shown in Fig. 4B, the /32AR displays a time-dependent decrease
in receptor expression during long-term agonist exposure, with
only 24% ± 5% of receptors remaining after 24 hr of exposure.
On the other hand, the P3AR displayed virtually no such
down-regulation. As was the case for the short-term processes,
the cytoplasmic tail of the P2AR was found to confer agonist-
promoted down-regulation to the P3AR. With the chimeric
(3/(32AR, 39%o 11% of receptors remained after 24 hr of
agonist exposure, although after 6 hr of exposure there was

minimal down-regulation noted (Fig. 4B).

DISCUSSION
On the basis of a number of differences between the primary
amino acid sequences of the /32AR and the 183AR, we hy-
pothesized that one feature of BAR subtype differentiation
may lie in the different agonist regulatory properties of the
subtypes. Using site-directed mutagenesis of the 82AR and
other approaches, we have shown that 83ARK phosphoryla-
tion of multiple serine and threonine residues in the cyto-
plasmic tail mediates a rapid homologous form of agonist-
promoted desensitization (5-7, 21). There are 11 serines and
threonines in the P2AR cytoplasmic tail, but the 83AR has
only 3 serines in this region. Also, none ofthese serines of the
f83AR is in close proximity to acidic residues, which provide
the most favorable context for BARK phosphorylation (22).
Indeed, there are 10 Asp or Glu residues in the human 832AR
C-terminal region, compared with 2 such residues in the same
region of the human 83,AR. In addition to the apparent
absence of potential BARK phosphorylation sites, the PKA
consensus sequence Arg-Arg-Xaa-Ser (RRXS in single-letter
code), which is found twice in the /32AR, is not present in any
intracellular region of the 83AR. Thus the ,83AR appears to

FIG. 4. Agonist-promoted sequestration and
down-regulation of BAR subtypes. CHW cells ex-
pressing W2AR, ,3AR, or P3/P2AR were exposed to
100 ZM isoproterenol for the indicated times. 1251-
CYP binding was measured in whole cells to delin-
eate the degree of sequestered receptors induced by
short-term exposures (A) or in membranes to de-
termine the degree of net receptor loss (down-
regulation) after long-term agonist exposure (B).
Data are from four experiments.

lack the major determinants for rapid agonist-promoted de-
sensitization.
Another process that occurs during short-term agonist

exposure to P2AR is a movement (within seconds to minutes)
of receptors away from the cell surface. The role of seques-
tration in agonist-promoted regulation of the /32AR is con-
troversial (23). Sequestration of f32AR may be responsible for
a small component of agonist-promoted desensitization (6,
21, 23) or for resensitization after desensitization (24), or it
may participate in down-regulation (23). The molecular de-
terminants for sequestration of the f2AR are also unclear. A
short sequence (SSNGNTGEQS), located within the midre-
gion of the cytoplasmic tail of the 832AR, has been identified
as being potentially important for agonist-promoted seques-
tration (12), but it is likely that other determinants participate
as well. The p3AR does not have any region in the cytoplas-
mic tail with homology to this f2AR sequence motif.

After long-term agonist exposure, marked down-regulation
ofreceptor expression is observed. Several mechanisms have
been shown to be important for agonist-promoted P2AR
down-regulation, including those operating at the levels of
transcription, mRNA stability, and protein degradation (re-
viewed in refs. 1 and 2). At the receptor level, Valiquette et
al. (14) have shown that tyrosine residues at amino acid
positions 350 and 354 in the cytoplasmic tail of the P2AR
appear to play roles in conferring agonist-promoted down-
regulation. When these were replaced by alanines, the mu-
tated P2AR underwent 509o less down-regulation as com-
pared with the wild type (14). The third intracellular loop
PKA consensus sequence, located in the P2AR, also appears
to be required for full agonist-promoted down-regulation (13,
25). Alteration of this site depressed agonist-promoted down-
regulation by =50%o (13). With respect to these determinants
of long-term agonist-promoted regulation, the 83AR has no
tyrosine residues in the cytoplasmic tail, and as stated earlier,
no PKA consensus sequences.
Our results suggest that one level of significance of f3AR

subtypes reside in their potential for differing patterns of
agonist-promoted regulation. In terms of short-term regula-
tion, we have shown that the ,83AR is relatively refractory to
agonist-promoted desensitization, a result consistent with its
paucity of potential phosphorylation sites. Whole-cell phos-
phorylation studies failed to show any agonist-dependent
phosphorylation of the f3AR during agonist exposure, under
the same conditions where the P2AR undergoes a distinct
agonist-dependent phosphorylation (Fig. 3). It should be
noted that no agonist-dependent 83,AR phosphorylation could
be shown even under conditions of overexpression ofpARK.
Our findings of absent agonist-promoted desensitization and
phosphorylation of recombinant human f3AR are consistent
with recent data from Granneman (26) which show a lack of
desensitization of ,83AR-mediated lipolysis in rat white adi-
pose tissue. Moreover, we were able to confer such desen-
sitization to the P3AR by substituting the serine- and threo-
nine-rich C-terminal tail ofthe P2AR. Consistent with the idea
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that this domain conferred desensitization by providing phos-
phorylation sites is our observation of agonist-dependent
phosphorylation of the chimeric 133/32AR.
Two other A32AR agonist-promoted regulatory events,

which are independent of receptor phosphorylation, are also
absent from the /33AR but could be conferred by substitution
of the f32AR cytoplasmic tail. Agonist-promoted sequestra-
tion did not occur with the 33AR, yet was nearly fully
restored in the (33/f32AR chimera. Similarly, long-term ago-
nist exposure failed to significantly reduce (83AR cellular
expression, while the 132AR underwent -75% down-
regulation under the same conditions. Substitution of the
cytoplasmic tail of the A32AR conferred down-regulation to
the /83AR, as demonstrated with the P3/AR chimera. The
mechanisms and molecular determinants for agonist-
promoted sequestration and down-regulation of the fAAR are
less well defined as compared with those of short-term
desensitization, which has been shown to be mediated pri-
marily by receptor phosphorylation. Thus the manner in
which the C-terminal tail ofthe P2AR conferred sequestration
and down-regulation to the 33AR is not clear at present.

In terms of down-regulation, tyrosine residues in the cyto-
plasmic tail, as discussed above, may represent one determi-
nant of the process. However, it is not surprising that the
substitution ofthe 32AR tail alone does not confer the capacity
for full long-term down-regulation since, at a minimum, the
third intracellular loop PKA sites have also been shown to be
important in this process (13). It should be noted that in these
studies we are utilizing recombinant receptors whose expres-
sion in CHW cells is driven by elements within our expression
vector. It is thus not possible to address other factors, such as
those that may affect transcription via elements within the
natural promoters of these receptors, in the current study of
long-term agonist regulation. Studies by several groups using
naturally expressed 83AR have addressed this, with various
results (18, 27). Nevertheless, the striking lack of down-
regulation of the f33AR as compared with the A32AR, under
identical conditions utilizing the same expression vector,
points to receptor subtype-specific regulation.
We have previously identified, by site-directed mutagen-

esis, some ofthe molecular determinants of agonist-mediated
regulation of the 32AR (5-7, 12-14, 24, 25). Here we have
taken advantage of the opportunity offered by the f33AR to
test the generality of the importance of these C-terminal
regions in imparting agonist-promoted regulation, by exam-
ining the properties of a native BAR which lacks several of
these elements. The lack of homologous motifs in the A33AR,
the lack of short- and long-term agonist-promoted regulation
of the f83AR, and the demonstration of such regulation in the
chimeric (83/32AR are all consistent with our proposed mo-
lecular basis for subtype-specific f3AR desensitization. The
fact that the chimeric .33/32AR containing the C-terminal tail
of the A2AR demonstrated all of the regulatory phenomena of
the 32AR, albeit not completely, further confirms the impor-
tance of the receptors' C-terminal domains in directing ago-
nist-promoted regulation.
That receptor subtypes may importantly differ in the ways

in which they are regulated by agonists may be a feature
common to numerous other receptor subtypes. Indeed, few
differences in coupling to G proteins or in binding to epi-
nephrine and norepinephrine have been noted to date among
the various al- or a2-adrenergic receptor subtypes. Thus,
perhaps the specific tissue distributions of adrenergic recep-
tor subtypes are based in part on varying requirements for
agonist-mediated regulation. The (33AR is presumably local-
ized primarily to adipose tissue in humans and provides for
catecholamine-mediated lipolysis. Thus, perhaps the lack of
desensitization of this receptor during continuous agonist

exposure may fulfill the need for a sustained output ofenergy
substrates during prolonged increased sympathetic activity.
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