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SUMMARY

The structure/function relationship of salmon calcitonin (sCT)
analogues was investigated in heterologous calcitonin receptor
(CTR) expression systems. sCT analogues with progressive
amino-terminal truncations intermediate of sCT-(1-32) to sCT-
(8-32) were examined for their ability to act as agonists, an-
tagonists, or inverse agonists. Two CTR cell clones, B8-H10
and G12-E12, which express ~5 million and 25,000 C1b re-
ceptors/cell, respectively, were used for this study. The B8-H10
clone has an ~80-fold increase in basal levels of intracellular
cAMP due to constitutive activation of the overexpressed re-
ceptor. In whole-cell competition binding studies, sCT-(1-32)
was more potent than any of its amino-terminally truncated
analogues in competition for '2°|-sCT binding. In cAMP accu-
mulation studies, sCT-(1-32) and modified analogues sCT-(2-
32) and sCT-(3-32) had agonist activities. SDZ-216-710, with

an amino-terminal truncation of four amino acids, behaved as a
partial agonist/antagonist, whereas amino-terminal truncations
of six or seven amino acid residues produced a 16-fold reduc-
tion in basal cAMP levels and attenuated the response to the
agonist sCT-(1-32) in the constitutively active CTR system. This
inverse agonist effect was insensitive to pertussis toxin inhibi-
tion. In contrast, the inverse agonist activity of these peptides
was not observed in the nonconstitutively active CTR system,
in which sCT analogues with amino-terminal truncations of four
or more amino acids behaved as neutral competitive antago-
nists. These results suggest that the inverse agonist activity is
mediated by stabilization of the inactive state of the receptor,
which does not couple to G protein, and attenuates basal
signaling initiated by ligand-independent activation of the ef-
fector adenylyl cyclase.

CT is a 32-amino-acid hormone that is involved in calcium
homeostasis. In mammals, CT is secreted by the thyroid
gland in response to an increase in blood calcium levels. The
physiological response to circulating levels of CT is an in-
crease in calcium excretion from the kidney and a decrease in
osteoclast-mediated bone resorption (1). In addition to its
hypocalcemic activity, CT has distinct effects in the central
nervous system, in which the exogenous administration of
CT can induce diverse physiological effects such as analgesia,
inhibition of appetite, and inhibition of gastric acid secretion
(2). Phylogenetically, there are three main classes of CT:
teleost/avian, artiodactyl, and rat/human (1). The most po-
tent class of CT is the teleost/avian, of which sCT is the most
widely used, including therapeutically in humans for the
treatment of metabolic bone disorders (3, 4).
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The CTR is a member of the subfamily of seven-transmem-
brane domain GPCRs that include the receptors for secretin,
parathyroid hormone, glucagon, vasoactive intestinal pep-
tide, and growth hormone-releasing hormone (5). In the rat,
two isoforms of the CTR, designated Cla and C1lb, have been
identified and characterized (6). These receptor isoforms
arise from alternative RNA splicing of the CTR gene and
differ in their tissue distribution. The C1b isoform contains a
37-amino-acid insert in the putative first extracellular loop
that confers altered ligand binding characteristics (6). CTR
isoforms have also been identified in the human and the
mouse (7, 8). Activation of the CTR can result in coupling to
several G proteins, such as G, and G,, that activate down-
stream effector systems, including adenylyl cyclase and phos-
pholipase C, respectively (9, 10). The rat Cla and C1b CTR
isoforms activate both second messenger pathways (11).

A two-state model of receptor activation has been proposed

ABBREVIATIONS: CT, calcitonin; CTR, calcitonin receptor; sCT, salmon calcitonin; PBS, phosphate-buffered saline; HEK, human embryonic
kidney; BSA, bovine serum albumin; PTX, pertussis toxin; R*, active conformation of receptor; R, inactive conformation of receptor; GPCR, G
protein-coupled receptor; GRK, G protein-coupled receptor kinase; BARK, B-adrenergic receptor kinase; SDZ-212-769, [Ala’]salmon calcitonin-
(7-32); SDZ-216-710, isocaproyl-[Ala’,Aib'%17 Lys(For)'"-18 Lys(fructosyl)**]salmon calcitonin-(5-32) (ASC710); SDZ-218-686, [Ala’]salmon cal-
citonin-(3-32); SDZ-219-379, Ac-[Aib'%'7,Lys(For)'"'8 Lys(Ip)?*]-salmon calcitonin-(8-32); SDZ-220-235, Ac-[Ala’,Aib'"]-salmon calcitonin-(2—

32); AC512, Bolton-Hunter-[Arg'8,Asn®°, Tyr*?|salmon calcitonin-(8-32).
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for GPCRs. This model predicts that receptors exist in an
equilibrium between at least two allosterically different con-
formations, R and R*. In the R* state, the receptor is in an
active conformation that can couple spontaneously to G pro-
teins independent of ligand/receptor interaction (12). In this
model, agonists have a relatively higher affinity for R* and
stabilize the active state of the receptor. Inverse agonists
have a relatively higher affinity for R and stabilize the inac-
tive state of the receptor, which does not couple to G proteins.
Neutral antagonists have equal affinity for both states of the
receptor and do not alter the equilibrium between R and R*
(13). Overexpressed receptors can move the equilibrium be-
tween these two states toward R* through effects of mass
action and can result in a constitutively active receptor that
is characterized by high basal levels of intracellular second
messenger generation. This phenomenon has been demon-
strated both in vitro (14) and in vivo (15). Constitutive acti-
vation of GPCRs may also occur as a result of mutation in the
receptor protein and can result in pathophysiological disor-
ders (14, 16, 17).

In the current study, the C1b isoform of the rat CTR was
stably transfected into HEK 293 cells to examine the struc-
ture/function relationship of sCT analogues with increasing
amino-terminal truncation. Two cell clones, differing in re-
ceptor density and basal cAMP levels, were used to study the
relative binding affinities and efficacies of the sCT analogues
with respect to their action as agonists, antagonists, or in-
verse agonists. Amino-terminal deletions of six or seven
amino acid residues resulted in inverse agonist activity at the
constitutively active CTR.

Materials and Methods

Hormones and chemicals. Synthetic sCT and sCT-(8-32) were
obtained from Bachem California (Torrance, CA). The analogues
SDZ-212-769, SDZ-216-710, SDZ-218-686, SDZ-219-379, and SDZ-
220-235 were a gift from Dr. R. Gamse (Sandoz Pharma Ltd., Basel,
Switzerland). AC512 was obtained from Amylin Pharmaceuticals
(San Diego, CA). The structures of these peptides are listed in Table
1. G418 (geneticin) was obtained from GIBCO (Grand Island, NY).
BSA and fetal bovine serum were obtained from Commonwealth
Serum Laboratories (Parkville, Australia). PTX, bacitracin, and iso-
butylmethylxanthine were purchased from Sigma Chemical (St.
Louis, MO). The anti-cAMP antibody was a gift from Dr. P. Marley
(Department of Pharmacology, University of Melbourne, Melbourne,
Australia). Na'?’T and '?’I-cAMP were from Amersham Interna-
tional (Buckinghamshire, UK). Synthetic sCT was iodinated using a
modification of the chloramine T method (18). The specific activities
of 1?5I-sCT and '?°I-cAMP were ~700 and ~2000 Ci/mmol, respec-
tively.

Heterologous expression of the rat C1b CTR. The cloned rat
Clb CTR isoform was stably transfected into HEK 293 cells as
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previously described (6). At 48 hr after transfection, the antibiotic
G418 (200 pg/ml) was included in the medium, and selection for
antibiotic-resistant cells was maintained for 2 weeks. Fresh medium
containing G418 was added every 2—-3 days. The G418-resistant cells,
which had incorporated the recombinant plasmids containing the
receptor cDNA into the genome, were subcloned by two rounds of
limiting dilution. Cloned cells were screened for CTR expression by
radioligand binding assays with '?’I-sCT. Receptor-expressing cells
were subsequently maintained in Dulbecco’s modified Eagle’s me-
dium containing 5% fetal bovine serum and 200 pg/ml G418. Two
clonal cell lines expressing the C1b receptor at ~5 X 10° (B8-H10)
and ~25 X 103 (G12-E12) receptors/cell were studied with respect to
their binding properties and functional response to various sCT
analogues. The B8-H10 CTR clone grew ~6-fold more slowly in
culture than did the G12-E12 CTR clone.

Receptor binding assay. For radioligand binding studies, B8-
H10 cells were subcultured onto 24-well plates (Costar, Cambridge,
MA) and G12-E12 cells were subcultured onto 12-well plates
(Costar). The media was aspirated before the addition of binding
buffer [Dulbecco’s modified Eagle’s medium (containing 0.1% BSA
and 0.1% bacitracin)]. The radioligand ?°I-sCT (~80 pM) was added
to the wells in the absence (total binding) or presence of increasing
concentrations of unlabeled ligands. Nonspecific binding was defined
as binding in the presence of 10~ ¢ M unlabeled sCT. After incubation
for 1 hr at 37° in 5% CO,, the cells were washed with PBS (1X = 140
mM NaCl, 2 mm KCl, 1 mm KH,PO,, 8 mm Na,HPO,) to remove
unbound radioactivity and then solubilized with 0.5 ml of 0.5 M
NaOH. Samples were counted in a Packard vy counter (~70% effi-
ciency; Meriden, CT) to determine bound radioactivity. The results
shown are representative of at least two separate experiments per-
formed in triplicate. Binding isotherms were analyzed with the iter-
ative curve-fitting program LIGAND (19).

cAMP bioassay. Cells were grown to confluence in 24-well plates.
The media was aspirated from the wells and replaced with Dulbec-
co’s modified Eagle’s medium containing 0.1% BSA. The cells were
then incubated for 20 min in the absence (basal) or presence of
increasing ligand concentrations. Isobutylmethylxanthine, a phos-
phodiesterase inhibitor, was added to the wells at the same time as
the unlabeled peptides at a final concentration of 0.1 mm. After
incubation with the peptides, the cells were washed once with PBS,
and the cAMP was extracted with 0.5 ml of absolute ethanol. The
samples were evaporated to dryness by heating at 70° for 30 min and
resuspended in buffer (50 mM sodium acetate, 1 mM theophylline).
Samples were subsequently coincubated with the anti-cAMP anti-
body (1:24,000 final dilution) and 2°I-cAMP (10,000 cpm/tube) over-
night at 4°. The samples were incubated with 1 ml of separation
buffer (100 mM dipotassium hydrogen phosphate, 100 mM potassium
dihydrogen phosphate, pH 7.4, containing 0.25% BSA and 0.2%
charcoal) for 15 min at 4° to extract the unbound radioactivity.
The samples were then centrifugated for 15 min at 4000 X g, and the
supernatants were aspirated. The pellets were counted with
the Packard y counter. The results shown are representative of at
least three separate experiments performed in triplicate. To deter-
mine the sensitivity of the cAMP response to PTX, the cells were

TABLE 1
Structure and functional activity relationships of sCT analogues in the constitutively active C1b CTR system
sCT analogue Structure Activity

sCT sCT-(1-32) Agonist
SDZ-220-235 Ac-[Ala’,Aib'"]sCT-(2-32) Agonist
SDZ-218-686 Ala’-sCT-(3-32) Agonist
SDz-216-710 Isocaproyl-[Ala’,Aib'"7 Lys(For)'"'8 Lys(fructosyl)>4|sCT-(5-32) Partial agonist/antagonist
SDz-212-769 [Ala”]sCT-(7-32) Inverse agonist
sCT-(8-32) sCT-(8-32) Inverse agonist
SDZ-219-379 Ac-[Aib'®17 Lys(Fon)'"8 Lys(Ip)?4|sCT-(8-32) Inverse agonist
AC512 Bolton-Hunter-[Arg'® Asn®°, Tyr®2]sCT-(8-32) Inverse agonist
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TABLE 2

Comparison of the apparent association constants (K,) and EC;, values for the sCT analogues derived from binding competition for

125].sCT and cAMP accumulation assays, respectively

K,

ECsp

SCT analogue
B8-H10 CTR clone

G12-E12 CTR clone

B8-H10-CTR clone

G12-E12 CTR clone

sCT 1.63 + 0.34 x 107
SDZ-220-235 <1 x 108
SDZ-218-686 <1x10°
SDZ-216-710 1.61 + 0.23 x 107
SDZ-212-769 2.95 = 1.80 X 108
sCT-(8-32) <1 x 108
SDZ-219-379 4.83 = 1.68 X 10°
AC512 6.62 + 4.95 x 10°

3.33 +2.14 x 108

6.67 = 2.73 X 107°

1.49 = 0.52 X 107°

<1x10°8 5.88 +2.20 X 1078 9.26 + 0.54 X 10™'°
<1 x 108 7.67 =290 X 1078 7.33 =023 x 107"
5.55 = 3.85 x 107 N.A. N.A.
4.76 = 2.76 x 10° ~1 X 107"MP N.A.
<1 x 108 ~1 X 107"MP N.A.
7.09 = 3.82 x 10° ~1 X 107"MP N.A.
4.74 = 2.81 x 10° ~1 X 107"MP N.A.

2 Apparent association constants were derived using the program LIGAND (19) and are mean * standard error (n = 3).
b Potencies of inverse agonists to reduce constitutive activity of the CTR.

N.A. no detectable activity.
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preincubated for 16 hr at 37° with either 12.5 ng/ml PTX or fresh

culture media (control).

Results

A summary of the structure/function relationships of the
sCT analogues is shown in Table 1. With increasing amino-
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Fig. 1. Affinity of sCT and amino-
terminally truncated analogues in
competition for '2°-sCT binding to
rat C1b CTRs. A and B, B8-H10 con-
stitutively active CTR clone express-
ing ~5 X 10° CTRs/cell. C and D,
G12-E12 CTR clone expressing
~2.5 X 10% CTRs/cell. ®, sCT; W,
SDz-220-235; A, SDZ-218-686; V¥,
SDZ-216-710; [1, SDZ-212-769; A,
sCT-(8-32); ¢, SDZ-219-379; O,
AC512. The B8-H10 experiments
were performed at passage 80. Cells
were incubated for 60 min at 37° in
5% CO, in the presence of '25|-sCT
(~80 p™m) and increasing concentra-
tions of unlabeled peptide. The cells
were then washed with PBS, and the
cell-bound radioactivity was solubi-
lized with 0.5 m NaOH. Results are
from a representative experiment
(n = 3) and represent mean =* stan-
dard error values of triplicate deter-
minations.

terminal truncation of these peptides, a transition occurs

from agonist to antagonist or inverse agonist, with the latter
being detected only in the clone expressing the constitutively

active CTR (B8-H10).

The association constants (K,) derived from *2*I-sCT com-
petition binding studies and the corresponding EC;, values
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of the peptides in stimulating cAMP production are summa-
rized in Table 2 for both the constitutively active (B8-H10)
and nonconstitutively active (G12-E12) CTR clones. In
whole-cell competition binding studies, sCT was more potent
than any of its amino-terminally truncated analogues in com-
peting for ?°I-sCT binding to the CTR (Fig. 1, Table 2). A
moderate increase in affinity for sCT and its analogues was
seen in the G12-E12 clone when compared with the cell
line overexpressing the receptor (Table 2), which is prob-
ably caused by the large number of receptors in the latter
cell line.

The B8-H10 CTR clone, which expresses a 200-fold higher
receptor number, exhibited an ~80-fold increase in basal
cAMP levels compared with the G12-E12 clone (Fig. 2) or
untransfected HEK-293 cells (not shown). In cAMP accumu-
lation studies, the full-length sCT and modified analogues
with amino-terminal truncations of one or two amino acids
(i.e., SDZ-220-235 and SDZ-218-686) behaved as agonists
(Fig. 2, A and C, Table 2). The sCT analogues with amino-
terminal truncations of six or seven amino acid residues [i.e.,
SDZ-212-769, sCT-(8-32), SDZ-219-379, and AC512] re-
duced the high basal levels of cAMP by ~16-fold at peptide
concentrations of 107¢ M in the overexpressing CTR clone

(Fig. 2B). In contrast, no reduction in basal cAMP levels was
observed with these peptides in the nonconstitutively active
CTR clone (Fig. 2D). The activity of the modified sCT-(5-32)
analogue, SDZ-216-710, was observed to change from that of
a partial agonist to an antagonist when the experiments were
performed using different passage numbers of the B8-H10
CTR clone. This apparent difference in ligand activity results
from a rightward shift in the dose-response curve to SDZ-
216-710 at high clonal passage. At passage 39, SDZ-216-710
behaved as a partial agonist (Fig. 3), whereas at passage 91,
no detectable activity was observed (Fig. 2A). This effect was
also observed with the agonists sCT, SDZ-220-235, and SDZ-
218-686; the EC;, values of these peptides were ~10-fold
higher at passage 91 (Fig. 2A) than at passage 39 (Fig. 3),
which suggests a loss of sensitivity to agonists with time in
culture. However, no change with respect to the relative
efficacies of these sCT analogues was found among experi-
ments regardless of passage number. The basal levels of
intracellular cAMP also changed with respect to passage
number in this clone. Compared with the basal cAMP level of
the G12-E12 clone, increases in the basal level of cAMP of 20-
and 80-fold were observed for passages 39 and 91 of the
B8-H10 clone, respectfully. The increase in cAMP levels in

Fig. 2. Effect of sCT amino-ter-
minal truncation on ligand-in-
duced cAMP responses in C1b
CTR expressing cells. A and B,
B8-H10 CTR clone; C and D,
G12-E12 CTR clone. @ sCT; &
SDZ-220-235; A SDZ-218-686;
v SDZ-216-710; [] SDz-212-

Log Ligand Concentration (M)

769; A sCT-(8-32); ¢ SDZ-219-
379; O AC512. The B8-H10 ex-
periments were performed at
passage 91. Cells were incubated
for 20 min at 37° in 5% CO, in the
presence of increasing concen-
trations of sCT analogues. The
cells were washed with PBS, and
intracellular cAMP was extracted
with absolute ethanol. Quantifica-
tion of cAMP levels was per-
formed using a cAMP radioim-
munoassay. Results from a
representative experiment (n = 3)
and represent mean * standard
error values of triplicate determi-
nations.
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Fig. 3. cAMP accumulation in response to ligand in the B8-H10 CTR
clone at passage 39. @ sCT; B SDZ-220-235; A SDZ-218-686; V¥
SDz-216-710; [0 SDz-212-769; ¢ SDZ-219-379. Cells were incu-
bated for 20 min at 37° in 5% CO, in the presence of increasing
concentrations of sCT analogues. The cells were washed with PBS and
intracellular cAMP was extracted with absolute ethanol. Quantitation of
cAMP levels was performed using a cAMP radioimmunoassay. Results
are from a representative experiment (n = 3) and represent mean *
standard error values of triplicate determinations.

response to agonist was also greater at the higher passage
number (10- versus 5-fold). The inverse agonist activities of
SDZ-212-769, sCT-(8-32), SDZ-219-379, and AC512 were
amplified when assayed at a higher passage (Fig. 2B versus
Fig. 3), suggesting that this system was more sensitive to the
detection of inverse agonism than assay at lower passage.

The inverse agonists SDZ-212-769, sCT-(8-32), and SDZ-
219-379 were only weakly effective in antagonizing sCT-
mediated rises in cAMP in the constitutively active CTR
system (Fig. 4, B-E). In contrast, the partial agonist/antag-
onist SDZ-216-710 induced a much more marked attenua-
tion in the sCT-mediated cAMP response (Fig. 4A). The in-
verse agonist activities of SDZ-219-379, AC512, and sCT-(8—
32) were not altered by preincubation of cells with PTX (Fig.
5), which suggests that alternative coupling of the receptor to
G, protein does not mediate the reduction in basal cAMP
levels observed in the constitutively active CTR clone. Nev-
ertheless, pretreatment with PTX potentiated the response of
high concentrations of sCT, indicating that activation of G,
can occur with high concentrations of agonist.

Discussion

Constitutively active GPCRs can arise from receptor over-
expression (15, 20, 21) or through mutations in the receptor
protein that allow it to spontaneously relax into the R* state
(22—-26). This phenomenon has been observed both in vitro
(12, 22-24) and in vivo (14-17, 26). Several studies have
reported mutations in human GPCRs that result in a consti-
tutively active receptor phenotype associated with patho-
physiological disorders (14, 16, 17). A constitutively active
receptor phenotype is characterized by elevated basal levels
of second messengers. Where high affinity binding is G pro-
tein dependent, this can lead to an increased affinity for

agonist (12, 13). Higher levels of receptor expression increase
basal effector activity as more copies of R* are stochastically
present at any given time. In the R* state, the receptor can
couple spontaneously to G protein independently of agonist
binding and therefore propagate downstream signaling cas-
cades (16, 17, 27).

In this study, overexpression of the rat Clb receptor in
HEK 293 cells (~5 X 10° receptors/cell) resulted in 10—80-
fold increases in the basal production of cAMP compared
with receptor naive cells or cells expressing relatively low
receptor levels (~25,000 receptors/cell). At other character-
ized CTRs, deletion of the amino-terminal loop structure of
sCT in sCT-(8-32) leads to an antagonist peptide (28). In the
C1b receptor-overexpressing cell line, sCT-(8—-32) reduced
the basal production of cAMP, indicating that the raised
cAMP response was derived from constitutive activation of
the rC1b CTR. This is consistent with the extended ternary
complex model for GPCR activation (12).

Late passage number cells exhibited higher basal cAMP
levels than early passage numbers from the same cell line
(80- versus 10-20-fold). The increased basal production of
cAMP in the late passage cells provided an improved window
for the study of inverse agonist efficacy; consequently, late
passage cells were used for the majority of experiments of the
current study. However, concomitant with the raised basal
cAMP was a 10-100-fold increase in EC5, values for agonist
peptides (Fig. 3) (29). One consequence of this was a shift in
phenotype of SDZ-216-710, which exhibited partial agonism
in early passage cells but behaved as a neutral antagonist in
late passage cells.

The loss of sensitivity to agonist peptides is consistent with
a decrease in G protein-coupling efficiency. Mechanistically,
this may arise from desensitization of the receptor, presum-
ably through the action of GRKs on the R* substrate (23, 30).
In many receptors, the carboxyl-terminal cytoplasmic do-
main of GPCRs serves as a target for desensitization func-
tions that negatively regulate receptor activity (25). Studies
with human CTR indicate that the receptor carboxyl termi-
nus is the primary target for phosphorylation and that this
may be mediated by both second messenger-dependent and
-independent kinases (31). Thus, phosphorylation of serine
and threonine residues in this region may be involved in
initiating and/or maintaining receptor desensitization. Con-
stitutively active GPCRs have also been observed to be con-
stitutively phosphorylated and desensitized, as the R* state
(with or without bound ligand) is a substrate for GRKs (23,
24). Constitutively active ay-adrenergic receptors are sub-
strates for BARK-mediated phosphorylation, even in the ab-
sence of agonist (24). Constitutively active B,-adrenergic re-
ceptors are also constitutively desensitized by PBARK-
mediated phosphorylation (23). Inverse agonists reduce
BARK-mediated phosphorylation of the B,-adrenergic recep-
tor, presumably by reduction in the levels of the R* substrate
(30), and a similar mechanism may underlie the improved
efficacy of inverse agonist peptides in late passage cells in the
current study. However, the reduced efficacies of agonists in
this system could also be due to a change in cellular pheno-
type with higher passage numbers. The increase in basal
cAMP production and magnitude of agonist-induced re-
sponses is consistent with up-regulation of signaling compo-
nents downstream of the receptor, such as G, or adenylate
cyclase. Several studies have implicated constitutively active
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Fig. 4. Effect on the sCT dose-
response curve of coincubation
with amino-terminally truncated
sCT analogues in the B8-H10
CTR clone: A: O, sCT; @, sCT and
SDz-216-710 (107 wm). B: [,
sCT; B, sCT and SDZ-212-769
(107® m). C: A, sCT; A, sCT and
sCT-(8-32) (107° m). D: ¢, sCT;
¢, sCT and SDZ-219-379 (107°
m). E: V, sCT; ¥, sCT and AC512
(107® wm). The B8-H10 experi-
ments were performed at pas-
sage 68. Cells were incubated for
20 min at 37° in 5% CO, in the
presence of increasing concen-
trations of sCT analogues. The
cells were washed with PBS, and
intracellular cAMP was extracted
with absolute ethanol. Quantita-
tion of cAMP levels was per-
formed using a cAMP radioimmu-
noassay. Results are from a
single representative experiment
(three separate experiments) and
represent mean = standard error
values of triplicate determinations.

GPCR as having latent oncogenic potential (17, 32). The stimulating hormone receptor as the causative agent in pro-
transforming effects of high cAMP levels have been observed ducing thyroid adenomas (17). However, whether inverse
both in vivo and in vitro, with a constitutively active thyroid- agonists developed for constitutively active hormone recep-
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Fig. 5. Effect of PTX preincubation on the activities of the sCT ana-
logues in the constitutively active B8-H10 CTR clone. Cells were pre-
incubated for 16 hr with either fresh culture media (closed symbols) or
12.5 ng/ml PTX (open symbols). O and @, sCT; A and A, sCT-(8-32); (J
and W, SDZ-219-379; ¢ and ¢, AC512. The B8-H10 experiments
were performed at passage 34. After pretreatment with PTX, the cells
were incubated for 20 min at 37° in 5% CO, in the presence of
increasing concentrations of sCT analogues. The cells were washed
with PBS, and intracellular cAMP was extracted with absolute ethanol.
Quantification of cAMP levels was performed using a cAMP radioim-
munoassay. Results are from a single representative experiment (n = 4)
and represent mean * standard error values of triplicate determina-
tions.

tors are of possible therapeutic benefit as anticancer drugs
requires further investigation.

The constitutively active CTR clone grew ~6-fold more
slowly in culture than the nonconstitutively active CTR
clone. A decrease in cellular proliferation associated with
high cAMP levels has been observed (33, 34) and is due to the
convergence of the cAMP pathway into the mitogenic signal-
ing pathway. The cAMP-mediated activation of protein ki-
nase A inhibits downstream signaling by Ras, thus prevent-
ing Ras-dependent activation of the protein kinase Raf-1 (33)
and subsequent activation of mitogen-activated protein ki-
nase. Further studies of inverse agonists may reveal whether
these drugs can also influence cell signaling pathways relat-
ing to proliferation and receptor cross-talk between the
GPCR and receptor tyrosine kinase pathways.

With increasing truncation from the amino terminus, there
was a transition of peptides from full agonist to partial ago-
nist/antagonist to inverse agonist. Peptides with amino-ter-
minal truncations of one or two residues retained full agonist
activity, whereas a four-residue deletion (i.e., SDZ-216-710)
produced a peptide with partial agonist/antagonist activity,
and peptides with six (i.e., SDZ-212-769) or seven deleted
residues [i.e., sCT-(8-32), SDZ-219-379, AC512] behaved as
inverse agonists in the constitutively active CTR system. A
previous report of sCT analogues with sequential amino-
terminal truncations suggested that progressive deletions of
one to seven residues resulted in peptides with decreasing in
vivo and in vitro bioactivities, with antagonism observed for
deletions of seven or more residues (28).

The related peptides CGRP and amylin share with the CTs
a disulfide bonded amino-terminal loop structure with six or
seven amino acids. In these peptides also, deletion of the loop

structure (residues 1-7) generates antagonist peptides (35—
37), implying that this region of the peptides is crucial for
agonist binding and receptor activation.

In the current study, the removal of even one residue in
SDZ-220-235 decreased efficacy of the peptide at the consti-
tutively active C1b receptor and essentially abolished bind-
ing in competition binding assays. In whole-cell binding as-
says, in which GTP is generally in excess, it is likely that
potency in competition for binding predominantly reflects
affinities for the inactive (G protein-uncoupled) state of the
receptor (29, 38). The dramatic decrease in binding affinity
for peptides in the current study is in contrast with the Cla
isoform of the receptor, in which little change is seen in
affinity in relation to sCT.!

Ligand/receptor interaction at the Clb receptor isoform
has a greater requirement for peptides to form a-helical
secondary structure than that at the Cla receptor (29). Thus,
the loss of efficacy for SDZ-220-235 and SDZ-218—-686 may
arise from alteration in secondary structural potential of the
peptide. At the Cla receptor, the dissociation kinetics of
peptides is dependent on the capacity to form a-helical sec-
ondary structure. At this receptor, the truncated analogues,
with the exception of SDZ-216-710, exhibited increased dis-
sociation rates, which would be consistent with a progressive
decrease in a-helix formation.! It has been postulated that
residues in the amino-terminal loop structure act to stabilize
the amphipathic a-helix predicted to occur between residues
8-22 of the molecule (39), and therefore removal of loop
residues in the current study may lead to less stable second-
ary structure.

In contrast to the other truncated peptides, the modified
sCT-(5-32) analogue, SDZ-216-710, exhibited a relatively
high affinity for the Clb receptor in competition binding
studies. It is possible that the amino-terminal isocaproyl
group of this analogue serves to stabilize a-helix formation in
this peptide. Consistent with this hypothesis, SDZ-216-710
also displays a relatively slow rate of dissociation from the
rat Cla receptor.! However, because the modified sCT-(8-32)
analogue SDZ-219-739, which has similar modifications to
SDZ-216-710 in the mid-carboxyl-terminal portions of the
peptide, had improved binding affinity relative to unmodified
sCT-(8-32), it is possible that the additional carboxyl-termi-
nal peptide modifications also contribute to the increased
potency of SDZ-216-710.

Consistent with the relatively high affinity of SDZ-216-
710, this peptide was the most potent in antagonizing sCT-
induced rises in cAMP. That the peptide did not act as an
inverse agonist but was a neutral antagonist or partial ago-
nist of this system may imply that it also has high affinity for
active-state receptor. In contrast, the inverse agonist pep-
tides were relatively weak competitive antagonists. This is in
accord with the relative weak competitive binding affinity of
the peptides but suggests that they have much greater affin-
ity for the inactive- than the active-state receptor (40).

Intriguingly, in the pig renal carcinoma cell line LLC-PK1,
the sCT-A"(7-32) analogue, which is an inverse agonist of the
constitutively active C1b receptor, exhibits weak partial ag-
onist activity (28). This suggests that the requirements for

1 J. M. Hilton, M. Dowton, S. Houssami, and P. M. Sexton. Ability to form
an amphipathic o-helix is a critical factor in the irreversibility of salmon
calcitonin binding to calcitonin receptors. Submitted for publication.
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agonist versus antagonist binding may differ across species
for CTRs.

The study of novel pharmacological drugs with inverse

agonist activity is of potential therapeutic importance in the
treatment of pathophysiological disorders caused by consti-
tutively active GPCRs. The physiological effects of inverse
agonists have been demonstrated in transgenic mice with
myocardium-specific overexpression of the B,-adrenoceptor
(15). Further studies are required to investigate the effects of
chronic inverse agonist administration on receptor number,
desensitization by GRK and receptor metabolism, and the
pharmacokinetic properties of inverse agonists. These issues
are important in determining the efficacies of inverse ago-
nists in vivo because these drugs may be more therapeuti-
cally useful than classic antagonists in certain disease con-
ditions associated with constitutively active GPCRs.
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