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SUMMARY

Sodium ions have been shown to reduce the binding of agonists
to a number of G protein-linked receptors. They are believed to
do so by interacting with aspartate residues in the second
membrane-spanning region of these receptors to cause G protein
uncoupling, resulting in a diminished affinity of the receptors for
agonists. To investigate Na* regulation of agonist binding to
somatostatin receptors, Na* was tested for its effect on the
binding of agonists to cloned somatostatin receptor type 1
(SSTR1) and somatostatin receptor type 2 (SSTR2) stably ex-
pressed in Chinese hamster ovary cells. Na* reduced agonist
binding to SSTR2 but not to SSTR1. Because high affinity
agonist binding to SSTR1 does not depend on G protein coupling
but agonist binding to SSTR2 is reduced by guanosine-5'+8,y-
imido)triphosphate and pertussis toxin treatment, the selective
Na* effect on SSTR2 is consistent with previous findings with

other receptors showing that Na* uncouples receptors from G
proteins, thereby reducing the affinity of the receptors for ago-
nists. Conversion of Asp® to Asn® in SSTR2 resulted in a mutant
receptor whose affinity for agonists was not altered by Na*,
indicating that Asp® is involved in mediating the effects of Na*
on agonist binding to SSTR2. However, the affinities of the
mutant and wild-type receptors for somatostatin were the same,
and both guanosine-5’-O-(y-thiojtriphosphate and pertussis
toxin treatment reduced agonist binding to the mutant and wild-
type receptors. These findings differ from the results of similar
mutagenesis studies on other G protein-linked receptors, in that
the mutant and wild-type SSTR2 forms associate with G proteins
in similar ways. These results indicate that Asp® acts in a novel
gsannezr to regulate agonist binding and G protein interaction with
TR2.

For a number of G protein-linked receptors, including the
ag-adrenergic (1, 2), 8-adrenergic (3), dopamine D, (4), u- and
S-opiate (5, 6), and muscarinic (7) receptors, Na* has been
reported to reduce the affinity of the receptors for agonists.
Many of these receptors have been found to contain a conserved
aspartate residue in their second membrane-spanning region,
and site-directed mutagenesis of the aspartate to an asparagine
results in mutant receptors that are insensitive to the effects
of Na* (2, 8-10). Agonist binding to the mutant receptors was
not regulated by GTP analogs. These findings indicate that the
conserved aspartate in the second membrane-spanning region
of these receptors is the site of Na* regulation of agonist binding
and that mutations of this site perturb receptor-G protein
interactions (2, 9, 10).

Although Na* has been shown to affect the binding of ago-
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nists to receptors and receptor/G protein association, the mech-
anisms by which it regulates the properties of receptors have
not been clearly established. The mutagenesis studies to date
suggest that Na* directly interacts with receptors to induce
allosteric modifications of the receptor, reducing the affinity of
the receptor for agonists. Na* could alter the conformation of
receptors to induce G protein uncoupling, thereby reducing the
affinity of receptors for agonists. Alternatively, Na* could
interact with this recognition site in receptors to reduce agonist
potency independently of effects on G protein coupling.

SRIF receptors, like az-adrenergic receptors, are coupled to
pertussis toxin-sensitive G proteins, and Na* has been shown
to reduce the affinity of these receptors for agonists (11, 12).
Recently, a family of SRIF receptors have been cloned (13-16).
The first two cloned SRIF receptors, referred to as SSTR1 and
SSTR2, both express high affinity for SRIF and SRIF-28 (13).
However, they differ in their association with G proteins (17).
GTP+S and pertussis toxin treatments uncouple SSTR2 from

ABBREVIATIONS: SRIF, somatostatin, CHO, Chinese hamster ovary; EGTA, ethylene glycol bis(8-aminoethyl ether)-N,N,N’ ,N’-tetraacetic acid;
NMDG, N-methyl-o-glucamine; Gpp(NH)p, guanosine-5’+(8,y-imidojtriphosphate; GTPyS, guanosine-5’-O-(y-thiojtriphosphate; SSTR1, somatostatin

receptor type 1; SSTR2, somatostatin receptor type 2.
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Fig. 1. Effect of Na* on agonist binding to SSTR1 and SSTR2. Specific
2%-MK 678 binding to SSTR2 (A) or specific '?I-CGP 23996 binding to
SSTR1 (@) was inhibited by increasing concentrations of NaCl. Altera-
tions in radioligand binding due to changes in ionic strength were
determined using similar concentrations of NMDG and were subtracted
from the corresponding effects of NaCl to reveal the selective effect of
Na* on agonist binding. Values are presented as a percentage of specific
radioligand in the absence of Na* or NMDG and are the means
of four different experiments, with standard errors of <10% of the means.
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Fig. 2. Effect of Na* on specific '**-MK 678 binding to wild-type SSTR2
and the Asn® mutant SSTR2. Wild-type ([O0) or mutant (A) SSTR2 was
transiently expressed in COS cells; 2 days after transfection, membranes
were prepared and the effect of NaCl on high affinity '2%-MK 678 binding
was tested. Values are presented as a percentage of specific binding to
control membranes not exposed to Na* or NMDG. These are the mean
values from four different experiments and the standard errors of these
experiments were <10% of the means.

G proteins and greatly reduce the affinity of this receptor for
agonists. In contrast, neither treatment affects agonist binding
to SSTR1, suggesting that this cloned receptor is inefficiently
coupled to G proteins and that high affinity agonist binding to
this receptor is not dependent on G protein association. Because
SSTR1 and SSTR2 both have the conserved aspartate in their
second membrane-spanning regions, we have used these recep-
tors to investigate the mechanisms by which Na* allosterically
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regulates agonist binding to SRIF receptors. We show that Na*
reduces agonist binding to SSTR2 but not SSTR1, consistent
with the hypothesis that Na* induces the uncoupling of recep-
tors from G proteins to reduce agonist binding. Furthermore,
using site-directed mutagenesis we show that an aspartate at
residue 89 in SSTR2 is required for the actions of Na*. How-
ever, agonist binding to the mutant Asn® SSTR2 can be
regulated by GTP analogs and pertussis toxin treatment in a
manner similar to that of the wild-type receptor. Moreover, the
affinities of the mutant and wild-type receptors for agonists
are similar. These findings indicate that G protein association
with the mutant SSTR2 is not perturbed as it is with other
hormone receptors (9, 10) with similar mutations and that the
nature of the interaction of SSTR2 with G proteins differs
from that of other G protein-linked receptors.

Materials and Methods

Mouse SSTR2 was mutated using the Altered Sites in vitro muta-
genesis system (Promega Corp., Madison, WI). To convert the aspar-
tate residue at position 89 of SSTR2 to asparagine, the mouse SSTR2
gene was subcloned into the phagemid pSELECT-1 and, with the
helper phage R408, single-stranded template was produced. A 21-mer
oligonucleotide (GCCATTGCAAATGAACTCTTC) encoding the de-
sired mutation (GAT to AAT) was annealed to the single-stranded
template and elongated with T4 DNA polymerase. (Nucleotides under-
lined were mutated). The heteroduplex DNA was then used to trans-
form the repair-deficient Escherichla coli strain BMH 71-18 mut S.
Transformants were selected by growth on LB plates containing 125
ug/ml ampicillin. Double-stranded plasmid DNA was sequenced by the
Sanger dideoxy chain termination method to confirm the presence of
the mutation. No other mutation besides the intended one was detected
in the SSTR2 construct. The mutant gene was excised from the
pSELECT vector using EcoRI and Sall and was subcloned into the
corresponding sites in the mammalian expression vector pPCMVé6c. This
construct was then used to transiently transfect COS cells by the
calcium phosphate-mediated procedure, as described (18).

Receptor binding assays on the cloned SRIF receptors were per-
formed as described previously (14, 17). Membranes were used either
from CHO cells stably expressing human SSTR1 or mouse SSTR2 or
from COS-1 cells transiently transfected with the wild-type or mutant
mouse SSTR2. For the radioligand binding assays, cells were harvested
in 50 mM Tris-HCI, pH 7.8, containing 1 mM EGTA, 5 mm MgCl;, 10
ug/ml leupeptin, 10 ug/ml pepstatin, 200 ug/ml bacitracin, and 0.5 ug/
ml aprotinin (buffer 1) and were centrifuged at 24,000 X g for 7 min at
4°. The pellet was homogenized in buffer 1 using a Brinkman Polytron
(setting 2.5, 30 sec). The homogenate was then centrifuged at 48,000 x
g for 20 min at 4°. The pellet was homogenized in buffer 1 and used in
the binding assay. Cell membranes (20-30 ug protein/tube) were incu-
bated either with '*I-CGP 23996 (0.2 nM; specific activity, 506 Ci/
mmol) to label SSTR1 or with '*I-MK 678 (0.05 nM; specific activity,
2200 Ci/mmol) to label SSTR2, in a final volume of 200 ul, for 90 min
at 25° in the presence or absence of competing peptides, NaCl, NMDG,
choline chloride, or GTP analogs. Nonspecific binding was defined as
the radioactivity remaining bound in the presence of 1 uM SRIF. For
the saturation studies, increasing concentrations of *I-MK 678 (0.05-
1.5 nM) were incubated in the presence or absence of 1 uM SRIF. The
binding reaction was terminated by the addition of ice-cold 50 mM
Tris- HCI buffer, pH 7.8, and rapid vacuum filtration over Whatman
GF/C glass fiber filters. The filters were then washed with 12 ml of
ice-cold Tris- HCI buffer and the bound radioactivity was counted in a
v counter (80% efficiency). Data from saturation studies were used to
generate Scatchard curves, from which K; and Ba., values were ob-
tained by using the mathematical modeling program NEWFITSITE.
For studies investigating the effect of Na* on agonist binding to the
SRIF receptors, varying concentrations of NaCl or NMDG, as a Na*
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Fig. 3. Saturation analysis of '*-MK 678 binding to the
wild-type (top) or Asn® mutant (bottom) SSTR2 ex-
pressed in COS cells. To determine the relative levels
and affinities of the wild-type and mutant SSTR2 ex-
pressed in COS cells, saturation analysis of '*I-MK 678
binding was performed. Specific '2*-MK 678 binding is
plotted. Linear analysis of the saturation isotherms

Bmex @nd Ky values for wild-type and mutant
SSTR2 of 1262 fmol/mg and 0.18 nm and 727 fmol/mg
of protein and 0.17 nm, respectively (see insets).

i

0.2
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substitute (choline chloride was also used for this purpose), were tested
for their effects on radiolabeled agonist binding. Any effects of NMDG
or choline chloride on agonist binding were due to changes in ionic
strength of the reaction buffer and were therefore subtracted from the
effect of NaCl alone on agonist binding, to reveal the selective effects
of Na* on radiolabeled agonist binding.

Results

To investigate the effect of Na* on agonist binding to human
SSTR1 and mouse SSTR2 stably expressed in CHO cells
(DG44 subclone), the receptors were labeled with the agonists
13].CGP 23996 and '*I-MK 678, as described previously (14,
17), and the ability of Na* to affect specific binding was
measured. NMDG was used as a Na* substitute, as described
previously (2), to account for any effects of changes in ionic
strength on agonist binding to SRIF receptors. As shown in
Fig. 1, Na* reduced *I-MK 678 binding to SSTR2 in a con-
centration-dependent manner. NMDG itself reduced specific
agonist binding to SSTR2 by approximately 30-40% (data not

0.4 0.6

Bound (pmol/mg protein)

shown). Similar results were obtained when SSTR2 was labeled
with Z[-CGP 23996 and have been obtained with SRIF recep-
tors from rat anterior pituitary and mouse AtT-20 cells, which
express SSTR2 (11, 12). In contrast to the effect on agonist
binding to SSTR2, Na* did not alter the binding of **I-CGP
23996 to SSTR1 (Fig. 1), indicating that Na* does not modulate
the affinity of this receptor for agonists (NMDG did not affect
agonist binding to SSTR1). This finding is consistent with
previous results showing that GTP analogs and pertussis toxin
treatment do not affect agonist binding to SSTR1 (17), and it
provides further evidence that this receptor subtype is not
efficiently coupled to G proteins.

To investigate the site of action of Na* in modulating agonist
binding to SSTR2, the conserved aspartate (Asp®) in SSTR2
was converted to an asparagine and the mutant and wild-type
receptors were expressed in COS cells. As shown in Fig. 2, the
specific binding of the SSTR2-selective ligand *I-MK 678 to
wild-type SSTR2 was inhibited by Na*. Similar results were
obtained when wild-type SSTR2 was labeled with *I-CGP
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Fig. 4. Effect of NH)p on specific '%I-MK 678 binding to the wild-
type (wt) and mutant (mut) SSTR2. Specific '*I-MK 678 binding
to the wild-type and mutant SSTR2 expressed in COS cells was tested
in the presence (+) or absence (—) of 100 um Gpp(NH)p. Values are the
means + standard errors of four different experiments.

23996 (data not shown). In contrast, Na* did not selectively
affect the binding of '*I-MK 678 (Fig. 2) or '*I-CGP 23996
(data not shown) to the mutant SSTR2 (Fig. 2). These findings
indicate that Na* reduces the affinity of wild-type SSTR2 for
agonists but that the Asn® mutant SSTR2 is insensitive to the
effects of Na*.

Previous studies on adrenergic receptors have shown that
mutation of the conserved aspartate in the second membrane-
spanning region to an asparagine reduces the affinity of the
receptors for agonist and renders the receptors insensitive to
GTP (2, 9, 10). The Asn®® mutant SSTR2 had high affinity for
SRIF and MK 678, similar to that of the wild-type SSTR2
(ICso value for SRIF: wild-type, 1.0 nM; mutant, 0.5 nMm; for
MK 678: wild-type, 20 pM; mutant, 15 pM). Furthermore, the
K, values for *I-MK 678 binding to mutant and wild-type
SSTR2 were similar (Fig. 3). There were more high affinity
wild-type than mutant SSTR2 sites expressed in the COS cell
membranes, as indicated from saturation analysis (Fig. 3). Most
importantly, Gpp(NH)p was effective in reducing specific '*I-
MK 678 binding to both mutant and wild-type receptors (Fig.
4), indicating that both receptors were coupled to G proteins.
Additional evidence that high affinity agonist binding to the
mutant SSTR2 is dependent on G protein coupling is indicated
by the finding that pretreatment of COS cells expressing the
mutant SSTR2 with pertussis toxin (100 ng/ml for 24 hr)
greatly reduced specific '*I-MK 678 binding to the mutant
SSTR2 (binding to control membranes, 261 fmol/mg of protein;
binding to pertussis toxin-treated membranes, 18 fmol/mg of
protein). These results, taken together, show that the Asn®
mutant SSTR2 is insensitive to Na* regulation but has agonist
affinity and G protein coupling similar to those of the wild-
type SSTR2.

Discussion

Sodium ions have the well known effect of diminishing the
affinity of many neurotransmitter receptors for agonists (1-
10). They were first reported to affect agonist binding to opiate
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receptors (5) and were then shown to alter agonist binding to
other inhibitory receptors, such as a,-adrenergic (1, 2) and
SRIF (11, 12) receptors. Mutagenesis studies with the cat-
echolamine receptors have shown that a consensus aspartate
residue in the second membrane-spanning region is involved in
mediating the effects of Na* on agonist binding, because mutant
receptors with the aspartate converted to an asparagine are
insensitive to the effects of Na* (2, 10). However, the mutant
receptors also have altered interactions with G proteins, be-
cause analogs of GTP that induce uncoupling of wild-type
receptors from G proteins, reducing the affinity of the receptors
for agonist, are unable to induce this effect with the mutant
receptors.

We have shown that an aspartate at residue 89 in the SRIF
receptor subtype SSTR2 is critical for Na* regulation of agonist
binding, because mutation of this residue abolished Na* inhi-
bition of agonist binding. Other characteristics of the receptor,
such as affinity for agonists and regulation by GTP analogs
and pertussis toxin, were unaffected by this mutation. These
findings differ from those reported with a;-adrenergic (2, 10)
and B,-adrenergic (9) receptors and indicate that mutations of
the conserved aspartate in SSTR2 do not perturb receptor
interactions with G proteins. Qur results suggest that the
aspartate at residue 89 acts as a Na* recognition site so that
Na* can interact with SSTR2 to modulate agonist binding.

Although Na* reduced the affinity of SSTR2 for agonists, it
did not affect agonist binding to SSTR1, which, like SSTR2,
has a conserved aspartate in its second membrane-spanning
region. In previous studies, we have found that SSTR1 ex-
pressed in CHO cells exhibits high affinity for SRIF and that
agonist affinity is not altered by GTPyS or pertussis toxin
pretreatment (17). Furthermore, similar results were obtained
when SSTR1 was expressed in COS cells, which, unlike CHO
cells, express all forms of G;, (17). In addition, a SRIF receptor
with characteristics similar to those of SSTR1, expressed in
rat brain, exhibits high affinity for agonists, but binding is not
affected by GTP analogs or Na* (19). These findings indicate
that high affinity agonist binding to SSTR1 is not dependent
on G protein association, although we cannot exclude the
possibility that under some conditions the receptor may be able
to interact with G proteins. However, the lack of effect of Na*
on agonist binding to SSTR1 expressed in CHO cells suggests
that this ion may be able to interact with SSTR1 but does not
alter agonist binding because the receptor is already uncoupled
from G protein. These findings support the hypothesis that
Na* affects agonist binding to G protein-linked receptor by
promoting the dissociation of G proteins from the receptor.

In conclusion, we show that Na* can regulate agonist binding
to the cloned SRIF receptor SSTR2 but not SSTR1 and that
an aspartate in the second membrane-spanning region of
SSTR2 is involved in Na* regulation of agonist binding. Fur-
ther structural analysis of SSTR2 may help to identify the
mechanisms by which Na* regulates agonist binding to this
SRIF receptor subtype.
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