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A tyrosine residue at the cytoplasmic end of the seventh transmembrane helix is conserved in many G-protein-coupled receptors. In 
the human &adrenoceptor, this tyrosine (Ty?‘) has been proposed to be a specific determinant for agonist-induced receptor 
sequestration. In order to probe its contribution to the sequestration process we have replaced this tyrosine by alanine (Y326A) or 
phenylalanine rY326F). Wild-type and mutant receptors were stably expressed in Chinese hamster ovary cells. Agonist-induced 
sequestration was essentialIy abolished in Y324A receptors and only slightly reduced in Y326F receptors. However, cells expressing 

Y326A receptors displayed a high percentage of internal receptors under basal conditions while cells expressing wild-type receptors did 
not. In addition, high-&in@ agonist binding and the ability to activate adenylyl cyclase were nzarkedly reduced in Y326A receptors and 
slightly reduced in Y326F receptors. We conclude that Tyr326 is required for the functional integrity of the &-adrenoceptor and that it 

may be involved in multiple agonist-induced effects. 

Kqvwords: &-Adrenoceptor: Adenylyl cyclase; Receptor sequestration; CHO (Chinese hamster ovary) cell 

1. Introduction 

Stimulation of j3-adrenoceptors results not only in the 

generation of the second messenger, CAMP, but also in the 
initiation of a series of adaptive processes which alter the 
coupling, the expression and the subcellular distribution of 
these receptors 0_,evitzki, 1988; Hausdorff et al., 1990; 
Lohse, 1993). Specific structural domains have been as- 
signed to several of these properties of receptors. These 
include the identification of the ligand binding domain, 
which is formed by the transmembrane helices, and of the 
G-protein-coupling domain located in membrane-associ- 
ated segments of the second and third intracellular loops 
and the C-terminus (Dohlman et al., 1991). Among the 
diverse agonist-induced alterations, the sequestration of 
receptors to an as yet ill-defined intracellular compartment 
is one of the most intriguing processes. No structural and 
functional determinants required for this process have yet 
been identified. 
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Sequestered receptors are translocated to an intracellular 
compartment based on several lines of evidence: (1) they 
become inaccessible to hydrophilic ligands but remain 
accessible for hydrophobic ligands (Staehelin and Simons. 
1982); (2) upon cell fractionation and sucrose density 
centrifugation they are recovered in a fraction lighter than 
the plasma membrane fraction (Harden et al., 1980); and 
(3) in some (but not all) immunofluorescence studies 
agonist treatment results in the appearance of the receptors 
in intracelluiar aggregates which might represent endo- 
somes (Raposo et al., 1989; Wang et al., 1989; Von 
Zastrow and Kobilka, 1992), and upon agonist removal the 
receptors reappear at the cell surface. Receptor sequestra- 
tion has been discussed in the context of at least three 
possible functions: sequestration might contribute to recep 
tor desensitization (Cheung et al.. 1989; Hertel et al., 
19901, it might on the contrary be involved in receptor 

resensitization (Yu et al., 1993; Pippig et al., 1995). and it 
might be a first step for receptor degradation in lysosomes 
(Von Zastrow and Kobilka, 1992). 

The receptor i Imains which might be involved in re- 
ceptor sequestration are still unknown. Strader et al. (1987) 
and Bouvier et al. (1988) showed that the C-terminus of 
the &-adrenoceptor, which is the target for phosphoryla- 
tion by padrenergic receptor kinase and subsequent de- 
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sensitization, is not required for receptor sequestration. 
These data were confirmed by studies showing that recep- 
tor phosphorylation and sequestration were independent 
events (Hausdorff et al., 1989; Lohse et al., 1990). In 
contrast to these findings, Tsuga et al. (1994) proposed 
that for the muscarinic m2 receptor receptor phosphoryla- 
tion might be required for or at least facilitate the seques- 
tration process. However, very recently Pals-Rylaarsdam et 
al. (1995) showed for the same muscarinic m2 receptor 
that sequestration could occur without receptor phospho- 
@ation. Cheung et al. (1989) proposed that the regions 
involved in &-adrenoceptor sequestration might be the 
same ones which are required for G-protein coupling. This 
was challenged in a later report by Cheung et al. (1990) 
and also by Campbell et al. (199 1) who generated a series 
of &-adrenoceptor mutants with impaired coupling but 
normal sequestration properties. 

More recently, Barak et al. (1994) proposed that a 
highly conserved tyrosine residue thought to be localised 
at the cytoplasmic end of the seventh transmembrane 
o-helix is required for agonist-mediated sequestration of 
&adrenoceptor. They reported that mutation of this Tyr3’6 
to alanine resulted in a receptor with normal coupling 
properties but completely abolished sequestration. Interest- 
ingly, overexpression of P-adrenergic receptor kinase ap- 
peared to ‘rescue’ this reduced sequestration behaviour, 
suggesting, as discussed above, a possible link between 
receptor phosphorylation and sequestration (Ferguson et 
al., 1995). 

This tyrosine is contained in a conserved motif NPxxY 
(NPLIY in the case of the &-adrenoceptor) which is 
reminiscent of the internalization motif NPxY contained in 
the low-density lipoprotein receptor (Chen et al., 1990). In 
the latter case, tyrosine can be substituted by phenylalanine 
without loss of sequestration, whereas other mutations 
cause impaired sequestration, suggesting that the aromatic 
side-chain rather than tyrosine phosphorylation is impor- 
tant. The present study was undertaken in order to investi- 
gate the possibility for similar structural requirements in 
the case of Tyr326 in the &-adrenoceptor and in order to 
assess the contribution of this amino acid to agonist-in- 
duced receptor sequestration. 

2. Materials and methods 

2.1. Generation and expression of wild-ape and mutant 
&-adrenoceptors 

Gligonucleotide-directed mutagenesis as described by 
Kunkel (1985) was used to introduce nucleotide substitu- 
tions into the cDNA of the human &-adrenoceptor 
(Kobilka et al., 1987) in order to change the Tyr326 to Ala 

(Y326A mutant) or to Phe (Y326F mutant). The identities 
of the mutations were confirmed by automated sequencing 
on an ABI sequencer. 

Wild-type and mutant receptor coding sequences were 
cloned into the pBC-CMV-SK expression plasmid (Lohse, 
1992). The plasmids were transfected into Chinese hamster 
ovary (CHO) cells together with the selection plasmid 
pSV2-neo by coprecipitation with calcium phosphate. 
Transfected clones were selected in the presence of 1 
mg/ml geneticin (G4 18, Boehringer Mannheim). Colonies 
originating from single cells were subcloned and evaluated 
for receptor expression using. “51-cyanopindolol (Amers- 
ham) binding. Permanent lines of stably transfected cells 
were mantained in monolayer culture following clonal 
selection in Dulbecco’s modified Eagle’s medium (DMEM 
F-12, GIBCO) supplemented with 10% fetal calf serum 
(Pan Systems), 2 mM glutamine (GIBCO), 100 U/ml 
penicillin, 100 pg/ml streptomycin (GIBCO) and 0.5 
mg/ml of G418 in a 7.5% CO, incubator at 37°C. The 
cells were maintained in serum-free DMEM overnight 
prior to all the experiments. Several clones expressing the 
wild-type and mutant receptors were isolated and charac- 
terised. 

2.2. Preparation qf crude cell membranes 

Ceils were washed three times with ice-cold phos- 
phate-buffered saline, scraped in 24 ml of ice-cold lysis 
buffer (5 mM Tris-HCl, 5 mM MgCl?, 1 mM EGTA, pH 
7.4), homogenised with an UltraTurrax For 30 s at full 
speed and centrifuged at 1000 X g for 10 min (4°C). The 
supematants were then centrifuged at 50000 X g for 15 
min (4°C) and the resulting pellets were washed once with 
incubation buffer (50 mM Tris-HCI, IO mM MgCl,, I mM 
EGTA). The final pellets were resuspended in an appropri- 
ate volume of incubation buffer to give a final protein 
concentration of 60 pg/ml. Protein content was deter- 
mined by the method of Bradford (1976) with bovine 
serum albumin as the standard. 

2.3. Radioligand binding assay 

For saturation assays, 0.2 ml of fresh membranes were 
incubated in duplicate with eight different concentrations 
of ‘?-cyanopindolol (5-400 pM) for 2 h at 37°C. Non- 
specific binding was determined in the presence of IO PM 
( - )-propranolol (Sigma). For inhibition assays, the same 
volume of membranes was incubated with 80 pM rZ51- 
cyanopindolol and various concentrations of ( - )-isopren- 
aline (Sigma) (IO-“-lo-’ M; 19 concentrations) in the 
absence or presence of 100 I_LM Gpp(NH)p (Sigma). The 
incubations were terminated by dilution of the samples 
with ice-cold 50 mM Tris-HCl, pH 7.4, filtration through 
Whatman GF/C filters and washing with the same buffer. 

2.4. Receptor sequestration assays 

CHO cells were incubated in serum-free DMEM 
medium with or without IO PM (- )-isoprenaline for 20 



min at 37°C. After the incubation, the cells were placed on 
ice, 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 as previously described (Lohse et al.. 
1990). In brief, the receptor concentration was measured in 
0.2 ml aliquots of whole cells by binding of 35 pM 
‘“‘I-cyanopindolol at 16°C during 4 h. Unspecific binding 
was determined by adding 10 PM ( - )-propranolol. Inter- 
nalised receptors were quantified by competition with 0.3 
PM CGP 12177 (Ciba Geigy). 

2.5. Adenylyl cyclase assays 

For determination of adenylyl cyclase activity, crude 
membranes were prepared, and the activity was measured 
as described earlier (Pippig et al., 1993). 50 pg of protein 
were incubated for 30 min at 37°C in a final volume of 
100 ~1 containing 50 mM Tris-HCl (pH 7.41, 1 mM 
EDTA, 100 PM CAMP, 50 PM GTP, 5 mM creatine 
phosphate, 0.4 mg/ml creatine kinase. 1 mg/ml bovine 
serum albumin, 100 PM [(u-~‘P]ATP (0.2 &i/tube, 
NEN/DuPont) and various concentrations of the agonist 
( - )-isoprenaline (10m9- IO-’ M, 8 concentrations) or of 
10 mM NaF. The resulting [“‘PICAMP was purified by 
precipitation of ATP and chromatography on alumina. 

2.4. Data analysis 

Determination of ligand binding parameters (K,. disso- 
ciation constant and B,,,,,. maximum density of binding 
sites) and inhibition parameters ( Ki, and K,, 9 dissociation 
constants of the high- (HI and low-affinity CL) binding 
sites for the agonist isoprenaline, and R, and R,, the 
percentages of each affinity state of the receptors) as well 
as the fitting of data to the appropriate binding model were 
performed by computer-assisted non-linear regression us- 
ing the LIGAND programs (Munson and Rodbard. 1920: 
McPherson, 1985). 

Adenylyl cyclase activity was norrnalised to the protein 
content and concentration-response curves were analysed 
as described earlier (Lohse et al., 1986) by curve-fitting to 
the equation: 

E = E,, + E,,,,, ’ A”/( EC_;,, + A”) (1) 

with E denoting the effect, E,, the basal activity, Em,, the 
maximum effect, A the agonist concentration. EC,, the 
concentration of agonist that produces 50% of the E,,,,,, 
and II a slope factor which was not significantly different 
from 1 in any of the experiments presented here. 

Simultaneous fitting of the concentration-response 
curves for wild-type and mutant receptors was used to 
determine the coupling efficiency. This coupling efficiency 
was calculated as the transducer ratio 7 (Black et al.. 
1985) using the following algorithm: 

E=E,+E,.(T*A)/((K~+A)+T*A) (2) 

with E denoting the effect, E, he basal effect, Em [he 
maximum possible effect (which was shared between all 
curves), A the agonist concentration, K, the dissociation 
constant of the agonist-receptor complex (determined in 
binding experiments). 7 is a parameter describing the 
signal transduction efficacy of the system, and is estimated 

individually for each curve. The details of this quantitation 
procedure have been described earlier (Lohse, 1990). 

2.7. Seyrterzce and structwe analysis 

The UWGCG sequence analysis package was used to 
search the NRL3D database (release 20.00) for structures 
containing NPxxY sequence motifs. Secondary structure of 
these motifs was determined with DSSP (Kabsch and 
Sander, 1983) from the coordinates deposited in the 
Brookhaven Protein Database. 

3. Results 

3. I. Receptor expessiort aild binding properties 

Human wild-type P,-adrenoceptor and the mutants pro- 
duced by replacement of Ty? in the seventh transmem- 
brane sequence NPLIY by Ala (Y326A) or Phe (Y326F) 
were transfected and stably expressed in CHO cells. 
Screening of the expression level in the different resulting 
clones was performed bv binding experiments with saturat- 
ing concentrations of “‘1-cyanopindolol (400 PM), and 
three clones with similar expression levels were selected. 
Further complete saturation experiments in membranes 
from these cells with “‘I-cyanopindolol showed that the 
density of P,-adrenoceptors was comparable in all three 
cell lines (Table I). The affinities of both mutant receptors 
for the antagonist radioligand ‘“‘I-cyanopindolol was not 
different from the corresponding value of the wild-type 
receptors (Table 1). 

3.2. Receptor sequestration 

Incubation of cells expressing the wild-type P,-adre- 
noceptor with 10 FM (-)-isoprenaline for 20 min pro- 
moted the sequestration of 10.8% of cell surface receptors 

Table I 

“‘1Cyanopindolol hindin g to membranes from CHQ cells expressing 

wild-type or mutant human &-adrenoceptors 

Receptor K, (PM) B,,, (fmol/mg protein) 

Wild type 40.9 * 1 .x 293 * 24 

Y326A 40. I &I,:! 202& 17 

Y326F 45.5 f 6.6 268 + 27 

Binding parameters were determined from compkte saturation expefi- 

ments (5_400 pM) using the non-linear regression promam IJGAND. 
Each value represents the mean f S.E.M. of 6 experiments. 
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Fig. 1. Sequestration of wild-type and mutant /3,-adrenoceptor clones. A: 
Stably transfected CHO cells were incubated with IO PM ( - l-isopren- 
aline for 20 min at 37°C. Agonist-stimulated receptor sequestration was 
calculated as the percentage of cell surface receptors that were inter- 
nalised after incubation with f -~isoprenaline. B: The basal level of 
sequestered receptors represents the percentage of internal receptors 
detected without exposure to f - l-isoprenaline (fraction of specific “sl- 
cyanopindolol binding displaced by (- l-propranolol but not by CGP 
12177). The bars represent mean values f S.E.M. derived from 13-15 
independent experiments. * P < 0.001 when compared with cells express 
ing wild-type &-adrenoceptor (ANOVA followed by Scheffk’s test). 

(Fig. 1A). The same experiments performed with Y326A 
mutant cells showed the complete absence of sequestration 
in receptors containing this point mutation. In contrast, in 
the more conservative Y326F mutant the ability to se- 
quester was almost completely maintained (Fig. lA1. The 
absolute extent of receptor sequestration was lower than in 
earlier studies by ourselves (Lohse et al., 1990) and others 
(Barak et al., 1994). Th’ 1s is due to the relatively higher 
concentration of the competitor CGP 12177 (0.3 PM) ar.d 
lower concentration of ‘251-cyanopindolol (35 pM) which 
we used in the present study in order to minimise binding 
to cell surface receptors when determining sequestered 
receptors. 

In non-stimulated cells, the basal level of internal recep- 
tors (12 f 1.3% for wild-type receptors) showed a signifi- 
cant 2.8 rf 0.6fold increase in the case of the Y326A 
mutant. In Y326F mutant cells, the basal level of internal 
receptors was slightly higher than for the wild-type recep- 
tors (1.5 + 0.2-fold vs. wild-type receptors). These data 
suggest that not only sequestration but possibly also incor- 
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Fig. 2. Inhibition of ‘Z”I-cyanopindolol binding by ( - I-isoprenaline in 
membranes from CHO cells expressing wild-type or mutant &-adreno- 
ceptor. Analysis of the experiments by non-linear curve-fitting gave the 
binding parameters shown in Table 2. Note that a two-site model gave 
significantly better results than a one-site model for wild-type receptors 
(P < IO-’ by F-test) and for Y326F mutant receptors (P < 0.02). but 
not for Y326A mutant receptors (P = 0.78). Each data set represents 
mean values+ S.E.M. derived from 3 independent experiments with 
duplicate samples. The solid lines represent the computer-assisted curve- 
fitting of experimental data to the appropknc binding model. 

poration into the plasma membrane might be affected by 
mutations of Tyr32h in the &-adrenoceptor. 

3.3. Agonist binding 

In order to test whether the decreased ability of the 
mutant receptors to undergo agonist-induced sequestration 
corresponds to a decreased ability to bind agonist ligands 
and/or to interact with G-proteins. competition binding 
experiments with “51-cyanopindolol were performed using 
( - l-isoprenaline as agonist competitor. 

The competition experiments showed biphasic curves 
for wild-type and Y326F mutant receptors (Fig. 2). Analy- 
sis by non-linear curve-fitting assuming two types of bind- 
ing sites showed a reduction of high-affinity sites in the 

Table 2 
Inhibition of ““I-cyanopindolol binding by ( - l-isoprenaline in mem- 
branes from CHO cells expressing wild-type or mutant human PI-adre- 
noceptors 

Receptor KIH (nM) R, (a) K., tnMl R, (56) . . 
Wild type 17+7 
Y326A - 
Y326F 44+15 

. . .I 

51*7 681 L-210 49+8 
- llOl+l78 100 

25 kl3 815+256 75+16 

Binding parameters were obtained by non-linear curve-fitting of the data 
shown in Fig. 2. The parameters (Kin, KiL and the percentages of high- 
and low-affinity binding sites for ( - )-isoprenaline) were determined 
using the non-linear regression program LIGAND. For each clone, all 
competition data were simultaneously analysed assuming initially a one- 
site model of binding and then assuming a two-site model. The selection 
between models was made statistically using the extra sum of squares 
principle (F-test). Each value represents the mean f S.E.M. of 3 experi- 
ments. 



Y326F mutant (Table 2). These biphasic curves could be 

shifted to low-affinity monophasic curves by the presence 
of the guanine nucleotide Gpp(NHlp (not shown), which 
indicates coupling between the receptors and their G-pro- 
teins. 

30 
1 WT 

Y326F 
Y326A 

In contrast, the competition curve obtained with Y326A 
receptors was clearly monophasic even in the absence of 
guanine nucleotides (Fig. 21, and only the low-affinity 
binding state of the receptor was identified by curve-fitting 
(Table 2). 

These results are consistent with an inability of the 
Y326A mutant to couple to G-proteins while the Y326F 
mutant is capable of G-protein coupling. Nevertheless, 
both the affinity and the proportion of high-affinity bind- 
ing sites for Y326F mutant receptors were lower than 
those of the wild-type receptors, suggesting that the G-pro- 
tein coupling of this mutant receptor is also impaired. 

. . . 
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3.4. Adenylyl cylase acricily 

To further analyse the functionality of these ‘~;utzn:, 
&-adrenoceptors, their ability to stimulate adenylyl cy- 
clase activity in response to the agonist ( - tisoprenaline 
was tested. Concentration-response curves were performed 
in membranes prepared from cells expressing the wild-type 
and the mutant receptors (Fig. 3, Table 3). 

Fig. 3. Adenyiyi cyciase activity in membranes from CHO ceils express- 

ing the wild-type or mutant &-adrenoceptor. The activity was deter- 

mined under basal conditions and in the presence of the indicated 

concentrations of (-)-isoprenaiine. Each data set represents the mean 

va1uesfS.E.M. of 5 separate experiments. The solid lines represent the 

computer-assisted curve-fitting of experimental data to Equation 1 de- 

scribed under Materials and methods. Parameters obtained from this 

analysis are given in Table 3. 

The basal levels of CAMP production were not signifi- 
cantly different between the membranes containing wild- 
type and mutant receptors. In membranes containing wild- 
type receptors (-)-isoprenaline was able to promote a 
m 6-fold stimulation of adenylyl cyclase activity, which 
represented 48.6% of the activity caused by direct stimula- 
tion of G-proteins with 10 mM NaF. 

of the transducer ratio T (see Materials and methods) 
indicated a coupling efficiency in the Y326A mutant of 
4 1: 2% of the wild-type receptors. This large decrease in 
the functionality of the mutant receptors is in agreement 
with the lack of coupling to G-proteins detected in compe- 
tition binding assays. 

The Y326A mutant receptors revealed almost no ability 
to stimulate adenylyl cyclase activity in response to high 
concentrations of ( - )-isoprenaline. The maximum re- 
sponse was less than a fifth of the response of wild-type 
receptors and amounted to only 8.9% of the NaF stimula- 
tion in these membranes. Furthermore, the EC,, value was 
2.5-fold higher than in wild-type receptors. Both the right- 
ward shift and the decrease of the maximum of the concen- 
tration-response curve are indicative of impaired receptor 
coupling. Analysis of the coupling efficiency by estimation 

The Y326F mutant receptors showed an intermediate 
ability to stimulate adenylyl cyclase activity in response to 
(-l-isoprenaline, with their maximum effect being about 
half that of the wild-type receptors, corresponding to 24.4% 
of the NaF-promoted activity. Once more, the EC,, value 
was higher (4.2-fold shift) than for the wild-type receptors. 
Calculation of the transducer ratio T as above indicated 
that the Y326F mutant had a coupling efficiency of 20 a 
1% of the wild-type receptors. This decrease in the capac- 
ity to stimulate adenylyl cyclase activity may correspond 
to the decreased affinity C2.6-fold shift) and proportion of 
high-affinity binding sites (25 vs. 5 I%E) detected in compe- 
tition binding assays. 

Table 3 

Adenyiyi cyclase stimulation by (- ksoprenaiine in membranes from CHO ceils expressing wild-type and mutant human &-adrenoceptors 

Receptor E, E InJX EC,,(H r 

(pmoi cAMP/min/mS membrane protein) 

Wild type 3.4 * 1.5 19.3 f 2.0 0. I, f 0.05 4.6 + 1.9 

3.6 0.4 b.c 0.30 +0.16 0. I9 + 0.09 bX Y326A i.6kO.3 + 

Y326F 2.6 + 0.6 11.5 * 1.1 J 0.50 f 0.20 0.93 f 0.30 1 

Adenyiyi cyciase activity parameters were calculated Room data shown in Fig. 3 and are expressed as the best fa values (mean + S.E.M.) calculated 

according to Equation I as described under Materials and methods. Statisticai comparisons were made by comparing the c1 ooodness of tit of simultaneous 

analysis with and without a set of constraints by means of an F-test. Coupling efficiency was calculated as the transducer ratio T according to Equation 2 

described under Materials and methods. 

’ P<O.O05; b P< IO-’ vs. wild type: ’ P< IO-” vs. Y326F. 



4. Discussion 

A tyrosine in the seventh transmembrane helix is con- 
served almost throughout the whole family of G-protein- 
coupled receptors (Probst et al., 1992). Oliveira et al. 
(1994) have hypothesised that this residue might be in- 
volved in agonist-induced conformational changes of such 
receptors. In contrast, Barak et al. (1994) have provided 
&a which argue for a specific involvement in agonist-in- 
duced receptor sequestration. In an attempt to delineate its 
function, we have mutated the corresponding residue in the 
&-adrenoceptor, Tyr326, to either alanine or phenyl- 
alanine, and expressed the mutant receptors in stably trans- 
fected CHO cells. We found that, in addition to its loss of 
agonist-induced sequestration, the alanine mutant was de- 
fective in G-protein coupling and exhibited a high percent- 
age of internal receptors even in the absence of agonists. 
The G-protein interaction of the phenylalanine mutant was 
much less impaired and its sequestration behavior was 
almost normal. Antagonist binding was unperturbed in 
both mutations. 

Barak et al. (1994) reported only minor differences 
between the Y326A mutant and the wild-type &-adreno- 
ceptor in terms of high-affmity binding (from 37% in wild 
type to 15% in the mutant). In adenylyl cyclase activation 
the Y326A receptor had the same E,,,,, as the wild-type 
receptor, but the EC,, was an order of magnitude higher. 
In our experiments, the Y326A mutant receptors did not 
show any detectable high-affinity binding and the E,,,,, for 
( - )_isoprenaline was dramatically reduced (8 1% less than 
the wild type) with a smaller reduction in the EC,, (2.5 
times). These differences can be largely attributed to dif- 
ferent levels of receptor expression. While we have used 
clones which expressed about 200-300 fmol P,-adreno- 
ceptor/mg membrane protein, their clones show an ex- 
pression in the range of 1 pmol/mg. At higher receptor 
densities, impaired receptor coupling causes a rightward 
shift of the concentration-response curve, while only at 

lower receptor levels a drop in the E,,,,, becomes apparent. 
In fact, the IO-fold shift in the EC,, observed by Barak et 
al. (i994) for the Y326A mutant would indicate a coupling 
efficiency of less than IO%, which is not dramatically 
different from the 4% coupling efficiency which we ob- 
served. 

Another abnormality that we found for the Y326A 
mutant P2-adrenoceptor was an increase in the proportion 
Of internal receptors in non-stimulated cells. In cells with 
Y326F mutant receptors this increase in basal levels of 
internal receptors was less evident. These results could 
mean either the existence of constitutive sequestration for 
the Y326A receptors or may be due to a reduced ability of 
newly synthesised receptors to reach the cell surface. The 
inability of the Y326A mutant receptors to undergo ago- 
nist-induced sequestration makes the second hypothesis 
more plausible. A related observation has been made by 
Keefer et al. (1994) who introduced the homologous muta- 

tion in the a,,-adrenoceptor and found that traffic to the 
basolateral membrane was severely impaired in Madin- 
Darby canine kidney cells. These data suggest that this 
highly conserved tyrosine residue may be important for the 
proper folding of these receptors and their incorporation 
into the cell membrane. 

Our initial assumption was that, as has been reported 
for the NPxY internalization motif in the low-density 
lipoprotein receptor (Chen et al., 1990). replacement of the 
Tyr326 by alanine would result in disruption of receptor 
sequestration whereas replacement by phenylalanine would 
not. Indeed, the impairment in sequestration was much less 
pronounced for the more conservative Y326F mutant than 
for the Y326A mutant. The same was true for all other 
changes in receptor properties. Rather than interpreting this 
as a specific function of the tyrosine residue we believe 
that the lack of the bulky side-chain is the reason for an 
alteration of the overall structure. However, even the rela- 
tively small change from tyrosine to phenylalanine resulted 
in an impairment of G-protein coupling (even though 
sequestration was essentially unaffected). This supports the 
hypothesis of Oliveira et al. (1994) that this conserved 
tyrosine is somehow involved in agonist-induced confor- 
mational changes within the receptor and indicates that the 
tyrosine-OH group may form a hydrogen bond with an as 
yet unidentified partner residue. 

The possibility that the conserved NPxxY motif sur- 
rounding Tyr316 might represent an internalization signal 
has recently also been addressed for two other receptors. 
Mutations of the corresponding tyrosine have been re- 
ported for the receptors for the gas&in-releasing peptide 
(where it is actually NPxxxY, Slice et al., 1994) and 
angiotensin II (Hunyady et al., 1995; LaPorte et al., 1996). 
While the mutated gas&in-releasing peptide receptor was 
indistinguishable from its wild-type counterpart, the mu- 
tated AT, receptor was reported to be defective in high-af- 
finity agonist binding and agonist-stimulated second mes- 
senger production, but sequestration was only slightly 
affected. These data are more compatible with a r-ole of 
this tyrosine in receptor activation than with a specific 
involvement in sequestration. 

This contention is supported by structural considera- 
tions. The NPxY internalization motif of the low-density 
lipoprotein receptor probably folds into a tight turn. This 
conformation is required for its function (Vaux, 1992). 
Baldwin (1993) has demonstrated by comparative se- 
quence analysis of G-protein-coupled receptors that the 
NPxxY motif is very likely located in the seventh trans- 
membrane helix with the tyrosine at the cytoplasmic end 
facing the ligand binding pocket. A search of the 
Brookhaven protein database showed that of fourteen unre- 
lated NPxxY motifs, only one was located in a turn but 
seven in a helix. This suggests that the NPxxY sequence 
will not fold into a turn, thereby indicating that it will 
probably not function as an internalization signal related to 
the NPxY motif. 



While this paper was in preparation, Barak et al. (1995) 
reported additional experiments with the Y326A mutant. In 
this paper rhey also find defects in the signalhng of the 
Y326A mutant receptor in intact cells, which they interpret 
in the context of its reduced sequestration and. hence, 
resensitization. They also conclude that Ty?’ has a gen- 
eral role in the &adrenoceptor. It will be interesting to 
further delineate its functional importance in agonist-de- 
pendent conformational change and to identify its potential 
hydrogen-bonding partner in the receptor. 
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