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ABSTRACT We have used wild-type and variants of the
T-lymphoma cell line S49 to explore internalization and down-
regulation of adenylate cyclase-linked B-adrenergic receptors.
Internalization was defined by the loss in “surface receptors”
detected at 4°C on intact cells by the antagonists [PH]CGP-
12177 or ['*I)iodocyanopindolol, whereas down-regulation
was defined as the loss in total cellular content of receptors
((**1)iodocyanopindolol binding assayed at 37°C). In wild-
type cells, the B-adrenergic agonist isoproterenol induced a
rapid (¢, ~1 min) and reversible loss in surface receptors. The
surface sites were lost at a rate similar to the rate of desensiti-
zation of B-adrenergic receptor-mediated cyclic AMP genera-
tion of S49 cells. A series of S49 variants (cyc”, UNC, H21a)
having lesions in N; (the guanine nucleotide binding protein
that couples B-receptors to adenylate cyclase) or with absent
cAMP-dependent protein kinase activity (kin™), had a loss in
surface sites that was equivalent to that of wild-type cells. By
contrast, S49 variant cells having lesions in N showed variable
rates and extents of down-regulation of B-adrenergic recep-
tors. In wild-type and kin™ S49 cells, B-receptors down-regu-
lated with a #,, of =4 hr. Down-regulation was blunted in the
cyc™ and UNC variants that have altered coupling of receptors
to N, but it was faster in the H21a variant that retains recep-
tor-N; interaction. Recovery of receptors after down-regula-
tion occurred at a similar rate (¢,,, =6 hr) in wild-type, UNC,
and H21a cells. These results demonstrate that internalization
of B-adrenergic receptors may be necessary, but is not suffi-
cient, to explain agonist-induced receptor down-regulation in
$49 cells. The variable expression in the development of down-
regulation in S49 variants implies that receptor-N; interaction
regulates the fate of receptors linked to the stimulation of ade-
nylate cyclase.

Agonist-promoted desensitization appears to be a general
homeostatic mechanism by which target cells modulate re-
sponsiveness to agents acting at cell-surface receptors (1, 2).
For many hormonal systems, this desensitization (also
termed refractoriness, tolerance, or tachyphylaxis) is closely
linked to an agonist mediated decrease (down-regulation) of
receptors (1-3). For other receptor systems, in particular
many of those linked to adenylate cyclase, such as the g-
adrenergic receptor, agonist-mediated down-regulation oc-
curs more slowly than the loss in target cell response (4, 5).
This earlier loss in response correlates with a decrease in
receptor affinity for agonists, an event that has recently been
proposed to represent an internalization of cell-surface re-
ceptors to distinct intracellular sites (6-11). Thus, a current
model of desensitization is that receptor internalization pre-
cedes and initiates receptor down-regulation. We have used
a genetic approach involving a unique model system (10, 12)
to explore this issue: murine S49 lymphoma cells and S49
clonal variants with lesions in cAMP-dependent protein ki-
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nase or N; (the guanine nucleotide binding protein that cou-
ples receptor occupancy to activation of adenylate cyclase).
We show here that internalization of B-adrenergic receptors
in S49 cells is independent of both Ny and cAMP-dependent
protein kinase, but that N influences both the rate and ex-
tent of down-regulation of receptors.

METHODS

Cell Lines and Cell Growth. The S49 variants used for the
experiments described here include UNC [cells that have an
electrophoretically altered N and defective interaction of N
with hormone receptors (R-Nj interaction) (13, 14)], H21a
[cells whose N is defective in interaction with catalytic (C)
component of adenylate cyclase (NyC interaction) (15)],
cyc™ [cells that lack the 45,000 Da a-subunit of N, (16), and
kin~ [cells with absent cAMP-dependent protein kinase activ-
ity (17)]. Although detailed genetic analyses have not been
provided for all these variants, UNC, H21a, and cyc™ fail to
complement one another in somatic cell hybrids and in sub-
cellular reconstitution assays and, thus, are all presumed to
have a lesion in the a-subunit of N (18); none of these vari-
ants generates cCAMP in response to hormonal agonists (3-
adrenergic, prostaglandin E;). kin™~ cells, which have trans-
dominant regulatory mutations in the expression of the cata-
lytic subunit of cAMP-dependent protein Kinase activity,
show no cAMP-mediated responses (17, 19, 20). Cells were
grown in liquid suspension cultures in Dulbecco’s modified
Eagle’s medium (DME medium) supplemented with 10%
horse serum. Cells were used only during logarithmic phase
growth.

Agonist Incubation Protocols. In experiments examining
agonist-induced loss and return of surface sites, cells were
washed free of growth medium and resuspended in DME
medium/20 mM Hepes, pH 7.4/1 mg of bovine serum albu-
min per ml, at 37°C at a final concentration of =3 x 10° cells
per ml. Cells were then incubated at 37°C with 1 uM (-)-
isoproterenol, as described (10); superoxide dismutase and
catalase (each at 10 ug/ml) were included to prevent cate-
cholamine oxidation (35). Incubations were terminated by
dilution of cells with ice-cold DME medium/20 mM Hepes,
pH 7.4/bovine serum albumin (1 mg/ml)/10% horse serum,
and washed 3 times by centrifugation (300 X g X S min, 4°C).
Binding studies on washed cells were performed as de-
scribed below. In experiments examining the development
and reversal of down-regulation, cells were incubated in
growth medium (DME medium/10% horse serum) at 37°C
for various times in the presence of 1 uM (—)-isoproterenol
and superoxide dismutase and catalase, each at 10 ug/ml.
After this incubation, cells were washed 3 times by centrifu-
gation and resuspended directly for binding assays or re-

Abbreviations: N, guanine nucleotide binding protein that couples
stimulatory receptors to adenylate cyclase; C, catalytic moiety of
adenylate cyclase.
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Fic. 1. Saturation binding isotherms of B-adrenergic receptors
on intact wild-type S49 cells after 15 min and 18 hr of incubation
with agonist. (Upper) [’HICGP saturation binding isotherm (shown
as Scatchard analysis) for cells incubated with isoproterenol for 15
min. Wild-type S49 cells were incubated with (a) or without (a) 1
uM (—)-isoproterenol for 15 min at 37°C, and washed cells were
incubated in radioligand binding studies with various concentrations
of [’H]CGP (0.018-2.1 nM) and DME medium/Hepes/bovine serum
albumin (total) or 1 uM (—)-propranolol isoproterenol (nonspecific)
in a final vol of 0.5 ml for 18 hr at 4°C. Identical data were obtained
in a duplicate experiment. Values for equilibrium dissociation con-
stant (K4) and maximal binding (Bax) in control and (—)-isoprotere-
nol-treated S49 cells were 0.16 X 10~° M and 1496 sites per cell, and
0.11 x 10~ M and 410 sites per cell, respectively, in the experiment
shown here. (Middle) [***I]lodocyanopindolol saturation binding
isotherms for S49 cells incubated with agonist for 15 min. Wild-type
S49 cells were treated with (0) or without (w) 1 uM (—)-isoprotere-
nol and washed; binding of various concentrations of ['**Iliodocyan-
opindolol (3-105 pM) was assessed in an assay conducted for 1 hr at
37°C. Identical data were obtained in a duplicate experiment. K4 and
Biax values obtained for ['?*IJiodocyanopindolol binding in control
and (—)-isoproterenol-treated cells were 36 X 10~'> M and 1642 sites
per cell and 29 x 1012 M and 1542 sites per cell, respectively. (Low-
er) [**’Illodocyanopindolol saturation binding isotherms for S49
cells incubated with agonist for 18 hr. Wild-type S49 cells were incu-
bated with (0) or without (@) 1 uM (—)-isoproterenol in growth me-
dium (DME medium/horse serum) at 37°C in a humidified 90%
air/10% CO, incubator for 18 hr and then washed; binding of iodo-
cyanopindolol was assessed in an assay conducted for 1 hr at 37°C.
Identical results were obtained in several separate experiments with
1 uM isoproterenol and with the B,-adrenergic agonist terbutaline (1
uM). In the experiment shown, the K4 and Bnax Values for control
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turned to growth conditions and binding assays conducted at
later times as described below.

Radioligand Binding Studies. B-adrenergic receptors were
assessed in intact S49 cells using the radioligands [*H]CGP-
12177 (CGP) and ['*I}iodocyanopindolol. Both radioligands
are B-adrenergic antagonists and binding of both compounds
to intact S49 cells demonstrates properties (kinetics, satura-
bility, stereoselectivity, and rank order of potency of adren-
ergic agents) expected for B,-adrenergic receptors (refs. 10
and 22; data not shown). Washed cells (=4 x 10° were incu-
bated in quadruplicate with CGP (0.018-2.1 nM in saturation
isotherms) and DME medium/20 mM Hepes, pH 7.4/bovine
serum albumin (1 mg/ml), containing horse serum at a final
concentration of 10% in the absence (total) or presence (non-
specific) of 1 uM (—)-propranolol in a final vol of 0.5 ml for
18 hr at 4°C. This incubation period insures equilibrium of
specific binding (total minus nonspecific) at all concentra-
tions of CGP (data not shown). Incubation of intact cells un-
der these conditions identifies cell-surface receptors (ref. 22;
data not shown). Binding was terminated by dilution, filtra-
tion, and washing of filtered cells as described (10) except
that buffer was used at 4°C. Samples were counted in a
Beckman LS-7000 liquid scintillation counter with 46%
counting efficiency.

Iodocyanopindolol binding was evaluated using two differ-
ent protocols. In experiments assessing loss of surface sites,
washed cells (8 x 10°) were incubated with iodocyanopindo-
lol (3-110 pM in saturation isotherms) in DME medium/20
mM Hepes, pH 7.4/bovine serum albumin (1 mg/ml), con-
taining a final concentration of 12.5% horse serum in the ab-
sence or presence of 1 uM (—)-propranolol or 1 uM unla-
beled CGP in a final vol of 0.5 ml for 18 hr at 4°C. Binding
was terminated by dilution, filtration, and washing of filtered
cells as described (10), except that the buffer used was phos-
phate-buffered saline at 37°C. Radioactivity on filters was
counted in a y-counter at 80% efficiency. In experiments as-
sessing down-regulation, washed cells were incubated in a
final vol of 0.5 ml for 1 hr at 37°C, and binding was terminat-
ed as described (10). Inclusion of horse serum in binding in-
cubations at 4°C was necessary to maintain cell viability. For
incubations with CGP at high cell density, 10% horse serum
was sufficient; at lower cell density (by a factor of 5-10) in
iodocyanopindolol experiments, 12.5% horse serum was re-
quired.

RESULTS

In these experiments, we examined agonist-mediated inter-
nalization and down-regulation of B-adrenergic receptors in
S49 lymphoma cells. These events were assessed using the
two antagonist radioligands, CGP and iodocyanopindolol.
CGP, a hydrophilic compound, is membrane impermeant
and binds selectively to cell surface receptors on S49 cells
(refs. 22 and 23; data not shown). Iodocyanopindolol is per-
meable across the plasma membrane when binding studies
are conducted at 37°C, and it identifies intracellular as well
as cell-surface receptors. However, when iodocyanopindo-
lol is incubated with cells at 4°C, as shown below, this radio-
ligand, like CGP, can be used to assess cell-surface recep-
tors. Thus, in the experiments to be described, binding of
radioligands at 4°C provided information regarding cell-sur-
face receptors (and internalization of these sites promoted
by agonist) and binding at 37°C was used to assess loss of
total cellular content of receptors (i.e., down-regulation).
Incubation of wild-type S49 cells with the B-agonist (—)-
isoproterenol (1 uM) for 15 min at 37°C followed by exten-

and isoproterenol-incubated cells were 10 x 1012 M and 1130 sites
per cell and 9 X 107!2 M and 310 sites per cell, respectively.
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sive washing and binding at 4°C resulted in a 60%-70% loss
in CGP sites (Figs. 1 and 2). A similar loss in the binding of
[***T}iodocyanopindolol at 4°C was also observed (59% * 5%
loss; mean = SEM; n = 4) to cells treated with 1 uM (—)-
isoproterenol for 15 min. The remaining CGP (Fig. 1; ref. 25)
and iodocyanopindolol (data not shown) sites had unaltered
affinity for radioligand, indicating that the loss of sites after
incubation with isoproterenol was not attributable to agonist
retained during the washing procedure. Identical treatment
of wild-type S49 cells followed by 37°C washing and binding
of iodocyanopindolol at 37°C (Fig. 1, Middle) demonstrated
that the loss in sites seen in studies conducted at 4°C did not
represent an alteration in total cellular receptor number but
rather a selective and reversible loss of surface receptors in-
duced by isoproterenol (Fig. 2). Kinetic analysis indicated
that cells incubated with 1 uM isoproterenol rapidly (zy,, =1
min) lost surface sites (Fig. 2, Left). This rapid loss of sites
was similar to the rates of desensitization of cAMP genera-
tion and of a time-dependent decrease in agonist affinity of
B-adrenergic receptors that we have observed on these cells
(10). Upon removal of agonist (Fig. 2, Right), the sites re-
turned to the surface at a rate (#,,, =16 min) slower than these
sites were lost. The lines shown for loss and recovery of sur-
face sites in Fig. 2 were each derived from fitting the data to
rates described by single exponentials.

Incubation of each of the S49 variants with 1 uM (—)-iso-
proterenol for 15 min (Fig. 3) decreased CGP sites to an
equivalent extent as in wild-type cells, thus showing that the
a-subunit of N, activation of adenylate cyclase, cCAMP it-
self, and cAMP-dependent protein phosphorylation are not
required for the isoproterenol-mediated decrease in surface
sites. A loss in CGP sites after incubation of cyc™ S49 cells
with isoproterenol was recently also observed by Hertel et
al. (25).

In contrast with the rapid rate of loss of surface receptors
induced by brief exposure to agonist, prolonged exposure of
wild-type and variant S49 cells to agonist lead to quite differ-
ent patterns of down-regulation. Loss of total cellular recep-
tors could be detected (=20%) in wild-type cells by 1 hr, but
the steady state of down-regulation was not achieved until
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=12 hr (Fig. 1, Lower; Fig. 4, Left). Although wild-type and
kin~ S49 cells had relatively similar kinetics and extents of
down-regulation, each of the variants having altered or ab-
sent N yielded a distinct pattern. H21a, the variant having
an alteration in N¢~C interaction, down-regulated its recep-
tors more rapidly than did wild-type cells. Both cyc™ (absent
of a-N;) and to a lesser extent UNC cells (altered R-Nj; inter-
action) showed a blunted isoproterenol-mediated loss in 8-
adrenergic receptors. These latter findings in intact cyc™
cells are similar to previous reports on receptors in mem-
branes prepared from agonist-incubated cyc™ cells (15, 26—
28).

The kinetics for reversal of down-regulation in intact S49
cells (t,,, =6 hr) was similar to the rate at which down-regula-
tion occurred (Fig. 4) but was markedly slower than that for
reversal of internalization (Fig. 2, Right). Although demon-
strating different patterns for development of down-regula-
tion, H21a and UNC cells had rates of receptor recovery
from down-regulation that were similar to that of wild-type
S49 cells. Therefore, lesions in R-N; or N—C interaction ap-
pear not to influence either the extent or kinetics of receptor
recovery from down-regulation.

DISCUSSION

Although much evidence points to the distinction between
early and late events involved in cellular desensitization to
catecholamines and other hormones (5, 7, 10, 11, 22, 27), the
use of S49 variants to examine this problem provides several
new insights. Most previous studies have emphasized prop-
erties of receptors in isolated membranes, whereas our at-
tention has focussed on using intact cells. Our previously
published work and that of others has demonstrated rapid
decreases in agonist affinity, as detected in assays with sev-
eral types of intact cultured cells (10, 11, 21, 29, 30). Given
the hydrophilic nature of most agonists, rapid movement of
receptors to a poorly accessible location is an event that may
contribute to such decreases in agonist affinity as well as to
the desensitization of adenylate cyclase, which occurs over a
similar time course (10, 27, 31). Perhaps inaccessibility of
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F1G. 2. Kinetics of loss and recovery of surface B-adrenergic receptors on wild-type S49 cells. (Lefr) Cells were incubated with 1 uM (-)-
isoproterenol at 37°C for various lengths of time, then diluted and washed at 4°C. Binding of iodocyanopindolol was then conducted for 18 hr at
4°C. The decrease in surface sites was fit to the equation R, = R, exp—k,t + R,, where R, are receptors measured at time #; R, is the magnitude
of receptor loss (as % of control); k, is the rate constant of receptor loss; and R; is a constant for the steady-state level of retained receptors (as
% of control). This fit generated the line shown and gave a value of k, = 0.77 min ! and, therefore, a ty, of receptor loss of 0.9 min. Values for R,
and R, were 60% and 45% of control, respectively. (Right) Cells were incubated with 1 uM (—)-isoproterenol for 15 min at 37°C, diluted and
washed at 4°C, rewarmed at 37°C for various lengths of time, then diluted and washed. Binding of iodocyanopindolol was then conducted for 18
hr at 4°C. The recovery of surface sites was fit to the equation R, = R, — R exp—k,t, where R, are the receptors measured at time ¢; R, is the
steady-state level of receptors after recovery (defined as 100%); R, is the loss of receptors from the surface at the time of removal of agonist;
and k, is the rate constant for receptor reappearance. The fit generated the line shown and gave a value of k, = 0.042 min~! and, therefore, a ti,
of recovery of 16.8 min. The value obtained for R, was 53%. Rate constants for loss and recovery of receptors were obtained by nonlinear least-
squares regression analysis of experimental data according to Marquardt (36) on a Tektronix 4051 computer. Data are shown as surface sites

relative to control cells and represent mean values for 4 experiments during loss of surface sites and 2-3 experiments for recovery of surface
sites.
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F1G. 3. Loss of surface B-adrenergic receptors after 15-min in-
cubation with (—)-isoproterenol with wild-type and variant S49
cells. Wild-type and variant S49 cells were incubated with (—)-iso-
proterenol for 15 min, then washed, and specific binding of 5 nM
CGP (final concentration) was assessed. Data shown are mean *
SEM of results obtained in 3 separate experiments. Bars represent
wild-type (WT), UNC, H21a, kin~, and cyc™ S49 cells.

receptors and the time-dependent change in agonist affinity
are a manifestation of the same process. Our current and
previous results in S49 cells show that neither the time-de-
pendent decrease in agonist affinity of intact cells nor inter-
nalization [loss of CGP or iodocyanopindolol binding sites
(assayed at 4°C) from the cell surface] requires the participa-
tion of several distal components in the receptor response
pathway. Further studies will be required to determine
whether internalization of B-adrenergic receptors, as as-
sessed using the approaches described here, is qualitatively
different than internalization observed for receptors for oth-
er hormones, growth factors, and transport proteins.
Based on abundant data in other membrane receptor sys-
tems, we anticipated that loss of surface receptors might be
the key event in the pathway leading to receptor down-regu-
lation. The current results indicate, however, that this loss of
surface receptors per se is not sufficient to identify a popula-
tion of receptors to be down-regulated in S49 cells. In this

Proc. Natl. Acad. Sci. USA 82 (1985)

system, the rapidity and degree to which cells down-regulate
receptors relates to cellular expression of Ny activity. This
implies that receptor down-regulation involves an N¢-medi-
ated targeting of receptors, perhaps via the introduction of
an Ni-promoted covalent modification in the internalized re-
ceptor, a differential segregation of receptors after interac-
tion with N, or a change in the ability of internalized recep-
tors to recycle back to the surface. The similar rates for re-
ceptor recovery from down-regulation in UNC, H2la, and
wild-type S49 cells indicate that this latter explanation is not
likely. Thus, Ny seems not to be involved in receptor recy-
cling but only in the development of down-regulation. It is
intriguing that cells with altered R-N; interaction (cyc™,
UNC) show blunted down-regulation, whereas cells with al-
tered N~C interaction (H21a) down-regulate more rapidly
than do wild-type S49 cells. This suggests that stoichiometric
aspects and/or duration of R-N; interactions after exposure
to agonist are key determinants of down-regulation. Events
distal to adenylate cyclase, in particular cAMP-dependent
protein phosphorylation (which is absent in kin~ cells), are
apparently not required for internalization, down-regulation,
or desensitization in S49 cells (10, 19, 26). This is in contract
to the cAMP-mediated desensitization and phosphorylation
of B-adrenergic receptors reported in studies with turkey
erythrocytes (32).

Analysis of the data on down-regulation of B-adrenergic
receptors in wild-type S49 cells provides some information
as to the cellular processes mediating changes in receptor
expression. Under basal conditions, B-adrenergic receptors
on wild-type S49 cells have a half-life of ~30 hr (33). The
current studies show that detectable receptors are lost at a
substantially faster rate after agonist treatment (Fig. 4, Left).
Moreover, receptor recovery from down-regulation is also
substantially faster than the rate at which new receptors ap-
pear on these cells under basal conditions (Fig. 4, Right;
refs. 33 and 34). Thus, down-regulation appears to result
from an enhanced rate of receptor disappearance rather than
a slower rate of receptor appearance. It is unclear whether
the enhanced rate of receptor appearance during recovery
from down-regulation is a consequence of accelerated recep-
tor synthesis or mobilization of a retained but undetectable
receptor pool.

The results in the S49 system offer evidence that down-
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FiG. 4. Kinetics of (—)-isoproterenol-stimulated down-regulation of B-adrenergic receptors of intact S49 lymphoma cells. (Left) Wild-type
(w) and variant S49 cells (cyc™, 0; UNC, e; kin™, 0; and H21a, A) were incubated at 37°C in DME medium/horse serum in a humidified
incubator at 37°C (90% air/10% CO,) in the presence or absence of 1 uM (—)-isoproterenol. At the indicated times, cells were washed,
resuspended, and incubated with 120 pM iodocyanopindolol at 37°C for 60 min. As shown in Fig. 1 (Lower), loss in [***Iliodocyanopindolol
binding sites reflects a decrease in B, and not a change in Ky; similar alterations in By, and not K, were observed for variant cells (data not
shown). (Right) Wild-type (m), UNC (@), and H21a (a) cells were incubated with 1 uM (—)-isoproterenol for 15-18 hr at 37°C, washed, and
reincubated in fresh medium for various times. Binding was assessed using iodocyanopindolol in assays conducted at 37°C for 60 min. Coeffi-
cient of variation at each time pomt was, in general, <10%. Data shown are mean values of results obtained from 2-3 separate expenments in

which cell types were compared in parallel incubations.



Cell Biology: Mahan et al.

regulation of B-adrenergic receptors may be regulated quite
differently than that of other classes of cell-surface recep-
tors. For many other types of membrane receptors, an ago-
nist-promoted loss of surface sites and subsequent down reg-
ulation are closely coupled events (1-3, 24). It is tempting to
speculate that receptors that involve a discrete coupling pro-
tein, such as N, may use this protein to trigger not only
rapidly responding second messenger systems, but also de-
layed events that regulate receptor expression on the cell
surface.
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from the National Science Foundation (82-07498), and the National
Institutes of Health (HL 25457).
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