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ABSTRACT The cytoplasmic C terminus of the b2-
adrenergic receptor and many other G protein-coupled recep-
tors contains a dileucine sequence that has been implicated in
endosomeylysosome targeting of diverse proteins. In the
present study, we provide evidence for an essential role of this
motif in the agonist-induced internalization of the b2-
adrenergic receptor. Mutation of Leu-339 andyor Leu-340 to
Ala caused little changes in surface expression, ligand bind-
ing, G protein coupling, and signaling to adenylyl cyclase,
when these receptors were transiently or stably expressed in
CHO or HEK-293 cells. However, agonist-induced receptor
internalization was markedly impaired in the L339,340A double
mutant and reduced in the two single mutants. This impair-
ment in receptor internalization was seen by using various
approaches to determine internalization: binding of hydro-
phobic vs. hydrophilic ligands, loss of surface b2-adrenergic
receptor immunoreactivity, and immunofluorescence micros-
copy. The selective effects of these mutations suggest that the
C-terminal dileucine motif is involved in agonist-induced
internalization of the b2-adrenergic receptor.

Many types of membrane-bound receptors undergo a dynamic
trafficking between the cell surface and intracellular compart-
ments. Such trafficking may be involved both in the transmis-
sion of receptor signals and in the termination of such signaling
(1). For the b2-adrenergic receptor, a prototypical G protein-
coupled receptor, the most remarkable trafficking process is
agonist-induced receptor internalization. This internalization
is part of a whole spectrum of adaptive processes triggered by
agonist stimulation (2, 3).

Agonist-induced translocation of these receptors to an in-
tracellular compartment has been established by several ap-
proaches: (i) After agonist stimulation, a certain (and variable)
proportion of the receptors becomes inaccessible for hydro-
philic ligands but remains accessible for hydrophobic ligands;
this process is usually termed sequestration (4). (ii) Upon cell
fractionation and sucrose density centrifugation, these recep-
tors can be recovered in a fraction lighter than the plasma
membrane fraction (5). (iii) Immunofluorescence studies show
that agonist treatment results in the appearance of receptors
in intracellular aggregates that might represent endosomes;
these data thus provide evidence for true internalization
(6–8).

Whereas earlier studies assumed that internalization of
b2-adrenergic receptors was essentially a mechanism of recep-
tor desensitization (9, 10), more recent studies have assigned
it a recycling and sorting function. According to these models,
receptor internalization may occur subsequent to receptor

phosphorylation and desensitization and may serve to either
dephosphorylate the receptors and recycle them back to the
cell surface or—particularly in the case of prolonged receptor
stimulation—to direct the receptors to lysosomes for degra-
dation (8, 11–13).

The mechanism of b2-adrenergic receptor internalization is
ill-defined at the cell biological and the structural levels. On
the cell biological level, most data point toward an internal-
ization via clathrin-coated pits (14–17), but also clathrin-
independent internalization has been observed (6). Recent
data suggest that the inhibitor protein b-arrestin might act as
an adaptor between the receptors and clathrin. b-Arrestin
binds to receptors after their phosphorylation by the b-
adrenergic receptor kinases and, thereby, uncouples receptors
from G proteins (18, 19). b-Arrestin has been shown to bind
not only to b2-adrenergic receptors but also to clathrin in vitro,
and overexpression of b-arrestin has been shown to promote
agonist-induced internalization of these receptors (16, 17).

The receptor domains that might be involved in receptor
sequestration are still unknown. Although the recent findings
on b-arrestin involvement in this process suggest an essential
role of the receptors’ C terminus, which is the target for
b-adrenergic receptor kinase-initiated phosphorylation,
Strader et al. (20) showed that this C terminus is not required
for receptor sequestration. These data were supported by
studies indicating that receptor phosphorylation and seques-
tration were independent events (21, 22). Similarly, Tsuga et al.
(23) proposed that phosphorylation of m2-muscarinic recep-
tors might be required for or at least facilitate their seques-
tration, and Pals-Rylaarsdam et al. (24) showed for the same
receptors that sequestration could occur without receptor
phosphorylation.

Cheung et al. (9) proposed that the regions involved in
b2-adrenergic receptor sequestration might be the same ones
as for G protein coupling, but later studies of receptor mutants
with impaired G protein coupling but normal internalization
suggested that the two functions occur via distinct domains (25,
26).

More recently, Barak et al. (27) showed that mutation of a
highly conserved tyrosine residue (Tyr-326) localized at the
cytoplasmic end of the seventh transmembrane a-helix to
alanine resulted in markedly impaired receptor sequestration.
However, later studies showed that multiple properties, in-
cluding agonist binding, G protein coupling, and signaling,
were impaired by this mutation, suggesting that this tyrosine
was required for receptor activation rather than specifically for
sequestration (28, 29).

Another sequence motif involved in targeting of various
proteins to endosomes and lysosomes is a dileucine sequence
(30). Dileucine sequences have been proposed to act as binding
sites for adaptor proteins required for intracellular proteinThe publication costs of this article were defrayed in part by page charge
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trafficking (see Discussion). Such a dileucine sequence is also
present in the C terminus of the b2-adrenergic receptor.
Therefore, we set out to analyze the role of these two leucine
residues by generating site-directed mutants. We report that
the disruption of this dileucine results in inhibition of agonist-
induced receptor internalization.

MATERIALS AND METHODS

Generation and Expression of Mutant b2-Adrenergic Re-
ceptors. Oligonucleotide-directed mutagenesis (31) of the
human b2-adrenergic receptor cDNA (32) was used to change
Leu-339 andyor -340 to Ala (L339A mutant, L340A mutant, and
L339,340A mutant). The identities of the mutations were con-
firmed by sequencing. Wild-type or mutant b2-adrenergic
receptor cDNA were cloned into the plasmid pcDNA3. They
were transfected (33) either transiently into human embryonic
kidney (HEK)-293 cells or stably into HEK-293 or Chinese
hamster ovary (CHO) cells. Stably transfected clones were
selected with Geneticin (G418, Boehringer Mannheim; 1
mgyml) and evaluated for receptor expression using 125I-
labeled cyanopindolol (125I-CYP; Amersham) binding. Cells
were maintained in monolayer culture in DMEMyF-12 me-
dium (PanSystems) with 10% fetal calf serum. The cells were
held in serum-free DMEMyF-12 overnight prior to all exper-
iments.

Radioligand Binding Assays. Cell membranes were pre-
pared by homogenization of cells in ice-cold 5 mM TriszHCly5
mM MgCl2y1 mM EGTA, pH 7.4, with an UltraTurrax device,
centrifugation at 1,000 3 g for 10 min (4°C) and centrifugation
of the supernatants at 50,000 3 g for 15 min. The pellets were
washed once and then resuspended in 50 mM TriszHCly10 mM
MgCl2y1 mM EGTA, pH 7.4, at 200 mg of protein per ml.

For radioligand saturation assays, 0.2 ml of fresh membranes
were incubated with 125I-CYP (5–400 pM) for 2 h at 37°C; 10 mM
(2)-propranolol (Sigma) was used for nonspecific binding. Inhi-
bition assays were done with 80 pM 125I-CYP with or without 100
mM guanosine 59-[b,g-imido]triphosphate [Gpp(NH)p; Sigma].
The incubations were terminated by filtration through Whatman
GFyC filters. Nonlinear curve fitting with selection of the ap-
propiate model was used to obtain binding parameters (34, 35).

Adenylyl Cyclase Assays. Adenylyl cyclase activity was de-
termined in freshly prepared membranes (70 mg of protein) in
100 ml of 50 mM TriszHCl, pH 7.4y1 mM EDTAy100 mM
cAMPy50 mM GTPy5 mM creatine phosphateycreatine ki-
nase (0.4 mgyml)yBSA (1 mgyml)y100 mM [a-32P]ATP (0.2
mCi per tube; 1 Ci 5 37 GBq; NENyDuPont)y1029–1024 M
(2)-isoproterenol. Incubations lasted for 30 min at 37°C, and
the resulting [32P]cAMP was purified by precipitation and
chromatography on alumina (36). Adenylyl cyclase activity was
normalized to the protein content and concentration–response
curves were analyzed (37) by curve fitting to the equation: E 5
E0 1 EmaxAy(EC50 1 A) with E denoting effect, E0 denoting
basal activity, Emax denoting maximum effect, and A denoting
agonist concentration.

Signaling efficiencies of different receptor mutants were
determined by simultaneous curve fitting and calculation of
the ‘‘transducer ratio’’ t (38) by using the algorithm: E 5 E0 1
Emax(tA)y[(KA 1 A) 1 tA], with Emax denoting the maximum
possible effect (which was shared between all curves) and KA
denoting the agonist dissociation constant. t describes the
signal transduction efficacy of the system and is estimated
individually for each curve (39).

Receptor Sequestration Assays. Cells were incubated in
serum-free DMEM with or without 10 mM (2)-isoproterenol
for the indicated times at 37°C. After the incubation, the cells
were washed three times with ice-cold DMEM and resus-
pended in an appropriate volume of ice-cold DMEM for the
binding assay. The percentage of sequestered receptors was
determined in 0.2-ml aliquots of whole cells by binding of 35

pM 125I-CYP at 16°C for 4 h; 10 mM (2)-propranolol was used
to define the total number of receptors and 0.6 mM CGP 12177
(Ciba Geigy) was used to define cell surface receptors (22).

Determination of Cell Surface b2-Adrenergic Receptors.
The loss of cell surface b2-adrenergic receptors after agonist
exposure was also determined by using receptor-specific an-
tibodies: after removal of (2)-isoproterenol by washing the
cells were incubated in 1 ml of DMEMyF-12 medium with 0.4
mg of the antibody b2-N70 directed against the receptor’s N
terminus (40) for 16 h at 4°C. Excess antibody was washed away
by three centrifugation steps, and then the cells were incubated
for 2 h at 20°C in 1 ml of DMEMyF-12 with a peroxidase-
labeled secondary goat anti-rabbit IgG antibody (Boehringer
Mannheim, 0.05 unityml). Excess antibody was washed away,
and bound antibodies were quantified in an ELISA plate
reader using o-phenylene diamine as the peroxidase substrate.

Immunofluorescence Analysis. Cells were grown on micros-
copy glass slides and exposed to (2)-isoproterenol as described
above. Subsequently, the cells were fixed with 4% paraformal-
dehyde in phosphate-buffered saline, permeabilized with 0.2%
Nonidet P-40, and incubated with b2-C814 antibody (1:300
dilution in 5% nonfat milky50 mM Hepes) directed against the
C terminus of the human b2-adrenergic receptor (40). Cy2-
labeled secondary anti-rabbit IgG antibody (5 mgyml,
Biotrend, Köln) was used for visualization in a Zeiss Axiovert
f luorescence microscope. In addition to photographic docu-
mentation of a few cells, a quantative assessment of the
presence of internalized receptors was done by inspecting 100
cells and counting the percentage of cells with fluorescence
signals in the cell interior.

RESULTS

Receptor Expression, Binding, and Signaling Properties.
Human wild-type b2-adrenergic receptors and the mutants
produced by replacement of either one or both leucines at
positions 339 and 340 were transfected and stably expressed in
CHO cells. Saturation experiments with 5–400 pM 125I-CYP
showed that the mutations caused no changes in the ligand
affinity (Table 1). Clones with very similar receptor density
were obtained for the wild-type and double mutants, whereas
for the single mutants only clones with lower or higher
expression levels were found.

Coupling of the receptors to the G protein Gs was first
studied in competition experiments with the agonist (2)-
isoproterenol in the absence or presence of the stable GTP
analog Gpp(NH)p (Fig. 1). In the absence of Gpp(NH)p, the
competition curves were biphasic in all cases, indicating the
presence of Gs coupled (high affinity) and uncoupled (low
affinity) receptors. Gpp(NH)p (100 mM) shifted all receptors
into the uncoupled low-affinity state, resulting in monophasic
competition curves. Analysis of these data by curve fitting gave
very similar affinities for wild-type and the three mutant
receptors (Table 2). The proportion of coupled receptors was
similar in all cases with the exception of the L339A mutant,

Table 1. Binding parameters for 125I-CYP in membranes from
CHO cells expressing wild-type or mutant human
b2-adrenergic receptors

Receptor K, pM
Bmax, fmolymg

protein

WT 44.6 6 2.5 282 6 19
L339,340A 50.6 6 6.5 286 6 11
L339A 44.0 6 5.1 512 6 28
L340A 42.7 6 4.0 121 6 18

Binding parameters were determined from saturation experiments
(5–400 pM) using the nonlinear regression program LIGAND. Each
value represents the mean 6 SEM of four experiments. WT, wild type.
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where the higher expression level was presumably responsible
for a slight reduction in the percentage of coupled receptors.

To further analyze the functionality of these mutant recep-
tors, their ability to stimulate adenylyl cyclase activity in
response to the agonist (2)-isoproterenol was tested (Fig. 2).
(2)-Isoproterenol was able to promote a '6-fold stimulation
of adenylyl cyclase activity via wild-type and the three mutant
receptors. The curve of the double mutant was slightly shifted
to the right and reduced in the maximal stimulation compared
with the wild-type receptor (Fig. 2). Calculation of the trans-
ducer ratio t indicated that the signaling efficiency of the
double mutant was reduced by about 25%. The signaling
efficiencies of the single mutants were even less impaired (data
not shown). Thus, these data indicate very similar binding, G
protein coupling, and signaling properties of the mutant and
wild-type receptors.

Receptor Sequestration. Incubation of CHO cells expressing
the wild-type and mutant receptors with 10 mM (2)-
isoproterenol for 30 min promoted various degrees of receptor
sequestration, as defined by the receptors’ inaccessibility to the

hydrophilic ligand CGP 12177 (Fig. 3). Agonist-induced se-
questration was about 13% of cell surface receptors for the
wild-type receptor but less than 4% for the L339,340A receptor
(P , 0.01 by ANOVA). The single mutants showed an
intermediate pattern, with the L340A mutant being more
affected than the L339A mutant.

Because the extent of sequestration in the CHO cells was
quite small, we also generated stably expressing clones of
HEK293 cells for the wild-type and L339,340A double mutant
receptors. In these cells, b2-adrenergic receptor sequestration
is usually much more rapid and prominent. Cell clones with
comparable receptor density (430 and 380 fmolymg of mem-
brane protein for wild-type and L339,340A mutant receptors,
respectively) were used for this analysis. Their radioligand
binding and signaling properties were similar to the results
presented above for the CHO cell clones, although—as seen by
others—Gs coupling was reduced (data not shown). Fig. 3
shows that in these HEK293 cells wild-type receptors were
sequestered by more than 50%, whereas only about 10% of the
L339,340A mutated receptor were sequestered upon exposure to
isoproterenol.

To exclude clonal artifacts, similar experiments were also
done with transiently transfected HEK293 cells (Fig. 4A).
Although the proportion of agonist-induced sequestration was
somewhat smaller in these cells than in the stably transfected
ones—probably due to the higher levels of receptor expres-
sion—the L339,340A mutation caused a very similar impairment
of sequestration. The mutated receptors showed a decrease in
the rate of sequestration and a reduction in the final level of
sequestered receptors.

By using the same model of transiently transfected HEK293
cells, we monitored the loss of cell surface receptors by
determining the loss of receptor immunoreactivity caused by
exposure to isoproterenol (Fig. 4B). In cells expressing wild-
type b2-adrenergic receptors, isoproterenol caused a 31% loss
of cell surface receptors, as detected by antibodies directed
against the receptor’s N terminus. Again, the L339.340A muta-
tion markedly reduced this loss of cell surface receptors.

Immunofluorescence microscopy of the stably transfected
HEK293 cells was then used to visualize true receptor inter-
nalization. Fig. 5 shows that wild-type receptors in these cells
were mostly localized to the sharply defined plasma mem-
brane. Upon stimulation with isoproterenol, a large proportion
of the receptors became visible in discrete accumulations in the
cell interior. Like the wild-type receptors, the L339,340A mutant
receptors were localized in the plasma membrane under
control conditions, indicating normal cell surface delivery.
However, exposure to isoproterenol had very little effect on
the subcellular distribution of the mutant receptors. For a
more quantitative analysis, three samples of 100 randomly
selected cells, as shown in Fig. 5, were screened for the
presence (at any intensity) of intracellular vesicles containing
b2-adrenergic receptors. Approximately 4 6 3% of the wild-
type receptor cells showed such receptor-containing vesicles
under control conditions, but 90 6 5% did so after exposure
to isoproterenol. In contrast, for the cells expressing the

Table 2. Binding parameters for (2)-isoproterenol in membranes from CHO cells expressing
wild-type or mutant human b2-adrenergic receptors

Receptor KiH, nM KiL, nM RH, % Ki(1GppNHp), nM

WT 7 6 3 323 6 111 48 6 3 361 6 88
L339-340A 6 6 1 317 6 119 44 6 5 343 6 42
L339A 7 6 1 358 6 78 30 6 2 421 6 98
L340A 5 6 1 413 6 31 52 6 2 441 6 61

Fitting of data to the appropriate binding model and estimation of binding parameters (Ki values for
a single or a high (KiH) and a low (KiL) affinity state, respectively, and the percentage of receptors in the
high-affinity state, RH) were done with the EBDA-LIGAND programs (35). Selection between one-site or
two-site model was made by using the extra sum of squares principle F test. Results are the mean 6 SEM
from four to six experiments. WT, wild type.

FIG. 1. Inhibition of 125I-CYP binding by (2)-isoproterenol in
membranes from CHO cells stably expressing wild-type (WT) or
mutant b2-adrenergic receptors. Binding was measured in the absence
(F) or presence (E) of 100 mM Gpp(NH)p. Analysis of the experiments
by nonlinear curve fitting gave the binding parameters shown in Table
2. Data are the mean 6 SEM of four to six experiments.

Biochemistry: Gabilondo et al. Proc. Natl. Acad. Sci. USA 94 (1997) 12287



L339,340A mutant receptors, these values were 5 6 2% (control)
but only 20 6 6% (isoproterenol). These data are in line with
those obtained by radioligand binding and surface immuno-
reactivity techniques and underline the major internalization
impairment of the L339,340A mutant receptors.

DISCUSSION

Our data point to a critical role of the dileucine motif in the
C terminus of the b2-adrenergic receptor in receptor internal-
ization. Replacement of both leucines by alanines results in a
very marked reduction of internalization, whether measured
by radioligand binding with hydrophobicyhydrophilic ligands
(‘‘sequestration’’), by loss of cell surface receptor immunore-
activity, or by receptor immunofluorescence. In contrast to
mutations of Tyr326, which produced marked alterations in
internalization but also in G protein coupling, signaling, and
cell surface delivery (28, 29), all other functional properties of
the mutant receptors were little affected. The internalization
of these receptors as monitored by radioligand binding was
slowed in its rate and in its extent at steady state. This pattern
would be expected if the mutation affected the internalization
but not the recycling of internalized receptors (13). Substitu-
tion of only one of the leucines by alanine caused intermediate
effects, with Leu340 apparently being more critical.

Various sequences have been assigned an essential function
for internalization in other G protein-coupled receptors, such
as the receptors for thyrotropin-releasing hormone (41), gas-
trin-releasing peptide (42), neurotensin (43), parathyroid hor-
mone (44), and the AT1 angiotensin (45), and m3 muscarinic
(46) receptors. However, there is no detectable consensus
among these sequences, and therefore, it appears unlikely that
they serve a general and common function. In contrast, the
dileucine motif is highly conserved among G protein-coupled
receptors, where it is predicted to be in the C terminus close
to the plasma membrane.

Such dileucine motifs are present in multiple membrane-
bound proteins and have been shown to play a role in protein

trafficking (30, 47–49). As in the present case, there are
examples such as the interleukin 6 signal transducer where one
of the two leucines is more resilient to substitution than the
other (50). Dileucine sequences have been shown to bind to
AP1 and AP2 clathrin adaptor protein complexes (47), and this
process is thought to be responsible for their assembly in
clathrin-coated pits and subsequent trafficking in clathrin-
coated vesicles. These sequences have been proposed to exist
in two forms: membrane-distal accessible dileucines mediate
direct transport from the trans Golgi network to endosomes,
whereas membrane-proximal nonaccessible dileucines are in-
volved in regulated trafficking from the plasma membrane to
endosomes (48). The latter motifs have been suggested to
become accessible by phosphorylation of an adjacent SeryThr
residue (48), although such phosphoserine-dependent AP1
binding has recently also been shown for the membrane-distal
dileucine motif in the mannose-6-phosphate receptor (49).

Such regulated accessibility of the dileucine motif in the
b2-adrenergic receptor might be achieved via two processes: (i)
This motif is immediately adjacent to the palmitoylated cys-
teine that causes formation of the C-terminal fourth intracel-

FIG. 2. Adenylyl cyclase activity in membranes from CHO cells
expressing wild-type (WT) or L339,340A mutant b2-adrenergic recep-
tors. The activity was determined in the presence of increasing
concentrations of (2)-isoprenaline. The data represent the mean 6
SEM of 10 (wild type) or 6 (mutant) experiments. The signaling
efficiencies of the wild-type and mutant receptors were quantified by
calculating their transducer ratios t.

FIG. 3. Isoproterenol-induced sequestration of wild-type (WT)
and mutant receptors stably expressed in CHO cells (Left) or HEK293
cells (Right). Sequestration was induced by incubating the cells in the
presence of 10 mM (2)-isoproterenol for 30 min (CHO cells) or 5 min
(HEK293 cells) and was determined by radioligand binding. Seques-
tration is defined as the percentage of cell surface receptors that
became inaccessible for CGP 12177 after the incubation with isopro-
terenol. Data are the mean 6 SEM of 15–20 determinations.

FIG. 4. Isoproterenol-induced sequestration (A) and loss of cell
surface b2-adrenergic receptor immunoreactivity (B) in transiently
transfected HEK293 cells. Transiently expressed L339,340A mutant or
wild-type receptors were stimulated with 10 mM (2)-isoproterenol for
the indicated times (A) or for 30 min (B). Receptor sequestration (A)
was determined by radioligand binding as in Fig. 3; cell surface
b2-adrenergic receptor immunoreactivity (B) was determined with an
antibody directed against the receptor’s N terminus and quantitation
of antibodies bound to the cell surface with a peroxidase-labeled
secondary antibody and quantification of the color reaction in an
ELISA reader. Data are the mean 6 SEM of six determinations.
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lular ‘‘loop’’ of the receptor; this cysteine has been shown to
become depalmitoylated upon agonist stimulation of the re-
ceptor (51), presumably increasing the accessability of the
dileucine. (ii) A phosphorylation site for protein kinase A
(PKA) immediately downstream from the palmitoylated cys-
teine has been shown to become phosphorylated after receptor
stimulation, possibly because it becomes accessible after de-
palmitoylation of the cysteine (52). Although a role for such
PKA-mediated phosphorylation would be in line with the
phosphoserine-dependent regulation of dileucines, the PKA
phosphorylation sites are not essential for receptor sequestra-
tion (21), suggesting that depalmitoylation would be the more
likely mechanism to make the dileucine motif accessible. On
the other hand, a replacement of the palmitoylated Cys-341 by
glycine has been reported to result in at least as much
agonist-induced sequestration (26). Whether—in line with this
hypothesis—this receptor shows enhanced basal sequestration
has to our knowledge not been investigated. In the V2-
vasopressin receptor a similar mutant results in significant loss
of the percentage of receptors at the cell surface (53).

The nature of the adaptor protein for this dileucine motif
remains to be elucidated. Such dileucine motifs are usually
thought to be bound by the AP1 and AP2 adaptor protein
complexes, but binding of these proteins to b2-adrenergic
receptor has never been shown, and there may well be other
adaptor proteins that bind to these motifs. b-Arrestin has
recently been proposed as a receptoryclathrin adaptor (16, 17)
and might bind not only to phosphoserines and phospho-
threonines in the receptors’ C terminus but also to the
dileucine motif. However, the desensitization behavior of our
mutant receptors was normal (data not shown), suggesting that

b-arrestin is not involved in dileucine-mediated internaliza-
tion.

These data suggest that both a dileucine-dependent and a
phosphorylationyb-arrestin-dependent pathway may exist for
the internalization of b2-adrenergic receptors. Such a dual
pathway for internalization would be reminiscent of the many
other often overlapping mechanisms that control receptor
function.
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