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Abstract

Parathyroid hormone-like adenylate cyclase-stimulating pro-
teins (hACSPs) have been implicated as one of the calcemic,
bone-resorbing agents in patients with humoral hypercalcemia
of malignancy. Wereport the synthesis of an amino-terminal
hACSPfragment, Tyr' hACSP(1-36) amide. The synthetic
hACSP is a potent agonist of renal membrane adenylate cy-
clase (K., 1.7 X 10-"') and of bone cell adenylate cyclase (K. 1
X 10-9 M). It is a potent bone-resorbing agent in vitro, stimu-
lating 45Ca release from fetal rat long bones at a concentration
of 10-' M. Wheninfused via osmotic minipumps into rats, it is
also a potent calcemic factor in vivo, inducing a rise in serum
calcium from (mean ± SD) 10.6 ± 0.6 to 19.7 ± 3.2 mg/dl
when infused at 1.4 pg/h and from 9.9 ± 0.7 to 11.4 ± 1.2
mg/dl when infused at 0.14 ,ug/h.

These findings indicate that biologically active hACSP
fragments can be synthesized. One such synthetic peptide pos-
sesses the in vitro and in vivo bioactivities demonstrated in
native, tumor-derived hACSPs. It is also a potent calcemic,
bone-resorbing agent.

Introduction

Tumors derived from patients with humoral hypercalcemia of
malignancy (HHM)' contain a family of adenylate cyclase-
stimulating proteins (hACSPs) which mimic certain actions of
PTH (1-10). PTH-like hACSPs derived from human and ani-
mal tumors have been shown to stimulate adenylate cyclase in
bone, kidney, and dermal cells, and to stimulate adenylate
cyclase through an interaction with PTH receptors. These
peptides appear to exist in a high (- 17,000 mol wt) and a low
(7,000-9,000 mol wt) form (6-10). We(6, 7) and others (8, 9)
have purified hACSPs from a variety of HHM-associated
tumors. Amino-terminal amino acid sequencing of these pep-
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1. Abbreviations used in this paper: bPTH, bovine PTH; hACSP,
human adenylate cyclase-stimulating proteins; HHM, humoral hy-
percalcemia of malignancy; ROS, rat osteosarcoma; T/C ratio, ratio of
45Ca release by treated as compared with control bones; TPTX, thyro-
parathyroidectomized.
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tides indicates that the peptides have a commonsequence, and
that intense homology exists between the amino termini of
hACSPsand of human PTH. Recently, the molecular cloning
of cDNA derived from two HHM-associated human cancers
has been described, elucidating the full amino acid sequence of
the parent hACSPmolecule (1 1, 12). This should permit the
synthesis of a variety of biologically active hACSP-related
peptides. Wenow report that one such synthetic peptide is
potent agonist of adenylate cyclase stimulation and bone re-
sorption in vitro, and induces hypercalcemia in vivo when
infused into rats.

Methods

Peptides. The 36 amino acid peptide shown in Fig. 1, Tyr36 hACSP
(1-36) amide (4,292 mol wt), was synthesized using a 430A solid-phase
peptide synthesizer (Applied Biosystems, Foster City, CA) with a load-
ing capacity of 0.5 mmol. The synthetic peptide was clcaved with
hydrogen fluoride and purified using a preparative scale Vydac octa-
decyl reversed-phase column (Separations Group, Hesperia, CA). 53
mgof peptide were synthesized as assessed by amino acid analysis. A
tyrosine residue was substituted for the naturally occurring isoleucine
at position 36 so that the peptide could be iodinated. Synthetic bovine
PTH(bPTH) (1-34) was purchased from Bachem Inc., Torrance, CA.

Adenylate cyclase assays. Adenylate cyclase-stimulating activity
was examined in two assay systems. One was a guanyl nucleotide-am-
plified canine renal cortical membrane PTH-sensitive adenylate cy-
clase assay, performed as previously described in detail (1). Briefly,
synthetic peptide or bPTH (1-34) standard (Bachem Inc.) was added in
duplicate to assay tubes containing partially purified canine renal cor-
tical membranes, and the conversion of alpha-[32P]ATP to [32P]cAMP
was examined. Results are expressed as the percent increment in ade-
nylate cyclase activity in tubes containing the peptides as compared
with tubes containing vehicle only. The results shown in Fig. 2 A are
representative of two separate assays.

Adenylate cyclase-stimulating activity was also examined using the
PTH-sensitive rat osteosarcoma (ROS) line 17/2.8. This assay has also
been described in detail (3, 4, 13, 14). This assay differs from the renal
membrane assay in that it uses bone tissue as compared with renal
tissue and utilizes whole cells as compared with cell membranes.
Briefly, synthetic peptides were added to duplicate wells containing
confluent ROS17/2.8 cells which had been prelabeled with ['H]ade-
nine, and were incubated at 37°C for 10 min in 5% CO2. Adenylate
cyclase activity (production of [3H]cAMP) is expressed, as in the renal
assay, as the percent increment in cAMPproduction over basal. The
results shown in Fig. 2 B are representative of three assays.

Fetal bone resorption assay. This assay is a modification of the
method of Raisz (15) and has been described in detail (14, 16, 17). The
assay uses 45Ca-labeled fetal rat long bones (radius and ulna), a 24-h
preincubation period, and a 72-h sample incubation. Synthetic pep-
tides were examined in the concentrations shown in Fig. 3, in at least
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1 2 3 4 5 6 7 8 9 10 11 12 13 14

hACSP NH2 - &la - val - ser - glu - his - gln - leu - leu - his - asp - lys - gly - lys - ser -

hPTH NH2 -ser - val - ser - glu - ile - gln - leu - met - his - asn - leu - gly - lys - his -

Figure 1. Amino acid se-
quences of Tyr36 hACSP

15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 (1-36) amide and of
hPTH (1-34). The bold-

hACSP ile - gln - asp - leu - arg - arg - arg - phe - phe - leu - his - his - leu - ile - ala - lettered amino acids indi-
hPTH leu - asn - ser - met - glu - arg - val - glu - trp - leu - arg - lys - lys - leu - gin - cate the regions of ho-

mology between the two
peptides. The underlined
regions are tribasic re-

30 31 32 33 34 35 36 gions that may be related

hACSP glu - ile - his - thr - ala - glu - tyr-amide to receptor binding.
bPTH has an alanine in

hPTH asp - val - his - asn - phe position 1.

eight pairs of bones. Basal 45Ca release was (±SD) 4.9 ± 0.9%. Results
are expressed as the ratio of 45Ca release by treated as compared with
control bones (T/C ratio).

Studies in vivo. Tyr36 hACSP(1-36) amide was diluted in 150 mM
sodium chloride containing 2%cysteine-HCI (Sigma Chemical Co., St.
Louis, MO), pH 1.5, as described by Ibrahim et al. (18), and was loaded
into osmotic minipumps (model 2001; Alza Corp., Palo Alto, CA),
such that a delivery rate of 0.14 or 1.4 gg peptide/ul per h (as indicated
in Fig. 4) was achieved. The pumps were implanted subcutaneously
under methoxyflurane anesthesia into the scapular region of female
6-8-wk Wistar-Furth rats (Charles River Breeding Laboratories, Inc.,
Wilmington, MA), allowed to pump for 3 d, and then removed. Serum
calcium and phosphorus concentrations from each day of infusion,
and for the 3 d after the infusion, were measured. Blood was obtained
via tail vein. Serum calcium and phosphorus were determined by
atomic absorption spectrophotometry, and by the method of Fiske and
Subbarow, respectively.

Statistical analysis. Statistical analysis of the fetal bone resorption
assay results and the in vivo Tyr' hACSP(1-36) amide infusion study
was performed using Dunnett's Test.

Results

Renal adenylate cyclase-stimulating activity induced by the
synthetic hACSPfragment is shown in Fig. 2 A. In this assay,
the synthetic peptide produced a dose-response curve parallel
to that of bPTH (1-34). In this system, Tyr36 hACSP (1-36)
amide displayed a Kmof 1.7 X 10-10 M, while bPTH (1-34) had
a Kmof 4 X 10-11 M. Since the molecular weights of Tyr36

'U'-
.R5.

hACSP (1-36) amide and bPTH (1-34) are approximately
equivalent (4,292 vs. 4,106), Tyr36 hACSP(1-36) amide has a
specific activity on both a weight and molar basis approxi-
mately one-quarter that of bPTH (1-34).

Results obtained using the ROS17/2.8 assay are shown in
Fig. 2 B. In this system the dose responses of the two peptides
are also parallel. The Kmvalues for the hACSPanalogue and
for bPTH (1-34) were both 1 X 10-9 M, indicating that the
two peptides are approximately equipotent in this bone-de-
rived system.

In vitro bone resorption is demonstrated in Fig. 3. Tyr36
hACSP(1-36) amide induces a definite resorptive response at a
concentration of 1 X 10-9 Mand displays maximal resorption
at 1 X 10-' M. bPTH (1-34) induced statistically significant
bone resorption at a concentration 1 X 10-9 Mand achieved
maximal resorption at 1 X 10-7 M. While precise quantitation
of potency in the fetal bone resorption assay is difficult to
achieve, it would appear that Tyr36 hACSP (1-36) amide is
approximately equipotent with bPTH (1-34) in this system.

The results of in vivo osmotic minipump infusion of Tyr36
hACSP(1-36) amide are shown in Fig. 4. Rats infused with the
larger dose (1.4 ,g/h) were normocalcemic at the outset of the
study, became profoundly hypercalcemic by day 3, and re-
turned to their normocalcemic baseline after discontinuation
of infusion of the peptide. Rats infused with the lower dose
(0.14 ag/h) displayed mild but statistically significant increases
in serum calcium on day 3 (Fig. 4).

Figure 2. Renal adenylate
cyclase activity (A) and
bone cell adenylate cy-
clase activity (B) pro-
duced by bPTH (1-34)
(open circles) and by
Tyr36 hACSP(1-36)
amide (closed circles).
The dotted line in each
figure indicates the point

10-7 of half-maximal stimula-
tion.
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Figure 3. In vitro bone resorption produced by Tyr36 hACSP(1-36)
amide (A) and by bPTH (1-34) (B). The peptides were added to wells
in the molar concentrations indicated. T/C ratio is the ratio of 45Ca
release in treated as compared with control bones. Bars indicate stan-
dard error of the mean. The numbers in parentheses below the bars
indicate the number of bone pairs examined. An asterisk (*) indi-
cates P < 0.05 as compared with control bones.

Serum phosphorus values in rats receiving 1.4 gg/h of the
synthetic peptide were significantly lower (P < 0.01) on days 2
and 3 of the infusion (mean ± SD, 6.3 ± 0.3 and 6.7 ± 0.2
mg/dl, respectively) than on day 0 (9.5 ± 1.3). The serum
phosphorus concentration in rats receiving the lower dose of
synthetic peptide (0.14 ,ug/h) fell to 8.1 ± 1.6 mg/dl on day 3,
but this change did not achieve statistical significance.

Discussion

Wereport the synthesis of a synthetic peptide fragment based
upon the cDNA-predicted amino acid sequence of human
ACSP(1 1, 12). Since the circulating hACSPform(s) that occur
under normal physiological conditions and in patients with
HHMis unknown, the choice of length of this synthetic pep-
tide was arbitrary. The full-length sequence of PTH (1-84)
contains no obvious cleavage site in the region of the phenylal-
anine at position 34. Similarly, the cDNA-predicted hACSP
sequence contains no obvious cleavage sites in the region of
amino acids 20 through 50. Based on the observations that
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Figure 4. Effect of a 3-d infusion of Tyr36 hACSP(1-36) amide on
serum calcium in rats. Each data point is the mean of serum calcium
determinations obtained from four rats. The open circles indicate the
response to 1.4 ag/h and the closed circles the response to 0.14 ag/h.
An asterisk (*) indicates P < 0.05 as compared with day 0 values.

hACSPs contain striking NH2-terminal sequence homology
with PTH and that the two amino-terminal amino acids of
PTHare critical for adenylate cyclase stimulation (19, 20), the
NH2-terminal of the peptide was synthesized. The tribasic
triplet arginine-19 to arginine-21 was included because of its
structural analogy to the tribasic putative receptor-binding re-
gion of PTH, amino acids 25 through 27 (19) (Fig. 1). The
length, 36 amino acids, was selected because it is similar to the
biologically active 1-34 synthetic fragment of PTH and be-
cause there is a hydrophobic amino acid (isoleucine) at posi-
tion 36, which, it was hoped, would permit a terminal tyrosine
substitution with little influence on bioactivity, but would fa-
cilitate iodination of the peptide. A terminal amide function-
ality was added in place of a carboxyl group, based on the
observation that synthetic PTH constructs ending in tyrosine-
amide are more potent than those ending in tyrosine alone
(19). Note that the considerations described above are arbi-
trary, and that the physiological relevance of the synthetic
peptide to the circulating hACSPforms and to the previously
reported 17,000- and 6,000-9,000-mol-wt forms is unknown.

With these considerations in mind, the important observa-
tion described in this report is that the synthetic hACSPfrag-
ment possesses five of the cardinal bioactivities required of any
synthetic hACSP or putative hHHMfactor. Patients with
HHMare characterized by increases in nephrogenous cAMP
excretion (21), and tumors associated with HHMcontain
and/or secrete protein factors that stimulate PTH-sensitive
adenylate cyclase systems in vitro (1-10). For example, the
17,000-mol-wt hACSPpurified by this laboratory maximally
stimulated a canine renal cortical adenylate cyclase system,
with a specific activity, on a weight basis, of approximately
one-sixth that of bPTH (1-34) or, on a molar basis, two thirds
that of bPTH (1-34) (6). The synthetic peptide described
herein also maximally stimulates renal cortical adenylate cy-
clase. The specific activity of the synthetic peptide on a weight
or molar basis is comparable with that described for the native
tumor-derived hACSP, being approximately one-quarter that
of PTH.

HHM-associated tumor extracts and conditioned medium
have also been reported to stimulate adenylate cyclase via in-
teraction with the PTH receptor in clonal rat osteosarcoma
cells (3, 6, 8, 17, 22). In contrast to the renal adenylate cyclase
system, potency of these tumor-derived hACSPpreparations
in clonal ROScells has usually exceeded that of PTH. As
observed with native hACSP preparations when compared
with bPTH (1-34), synthetic Tyr36 hACSP (1-36) amide is
more potent in the osteosarcoma assay than in the renal ade-
nylate cyclase system (Fig. 2). Direct comparison of the po-
tency of the synthetic peptide to purified native hACSPsin this
system will require further study.

Bone biopsies obtained from patients with HHMreveal
dramatic increases in osteoclastic bone resorption (23, 24), and
partially purified HHM-derived tumor extracts and condi-
tioned medium contain factors that stimulate bone resorption
in vitro (3, 16, 17, 25). While bone-resorbing activity and ade-
nylate cyclase-stimulating activity co-migrate under a variety
of chromatographic conditions, it is uncertain whether the
bone-resorbing activity identified in these partially purified
materials is derived from the hACSP, or whether it results
from unrelated co-migrating peptides. Wehave observed that
the purified synthetic hACSPfragment, free of tumor-derived
contaminants, is a potent bone-resorbing agent. The potency
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of the synthetic peptide compares favorably with that of bPTH
(1-34) (Fig. 3), and with figures reported for other bone-re-
sorbing agents such as transforming growth factor-alpha (26),
interleukin 1 (27), tumor necrosis factor-alpha (28), epidermal
growth factor (29), and tumor necrosis factor-beta (30). Defi-
nition of the precise potency of the factor as compared with
PTHand to native tumor-derived hACSPswill require further
study, but it is clear that when compared with other reported
bone-resorbing agents (17, 25-29) the synthetic peptide is po-
tent.

Hypercalcemia is the prime feature that identifies patients
with HHM. This hypercalcemia is due in large part to bone
resorption (21, 23, 24) and may have a renal (reabsorptive)
component in selected patients (31, 32). Thus, hACSPs and
any other putative HHMfactor must be capable of inducing
hypercalcemia in intact animals. The magnitude of the hyper-
calcemia observed in the animals infused with Tyr36 hACSP
(1-36) amide was dramatic, with three of the four animals
infused with the high dose-developing calcium values of 21
mg/dl or greater by the 3rd day of the infusion. By way of
comparison, in one report, acute injection of 5 U (-0.8 ,ug) of
hPTH (1-34) along with CaCl2 into thyroparathyroidecto-
mized (TPTX) rats induced a rise in the serum calcium of 1.2
mg/dl (33). In a second report, acute infusion of 1.0 gg of
bPTH (1-84) into TPTX rats induced a rise in the serum cal-
cium from -6-8 mg/dl (34). In a third report, the design of
which most closely approximates the current design, hypocal-
cemic TPTX rats infused by osmotic minipumps with bPTH
(1-34) at a rate of 0.5 ,ug/h developed hypercalcemia (13-15
mg/dl) by day 3 (18). Animals infused with 0.17 ug/h devel-
oped hypercalcemia in the 11 .0-mg/dl range, and animals re-
ceiving 0.6 ,g/h showed no calcemic response. While more
extensive studies will need to be done to define the in vivo
calcemic potency of Tyr36 hACSP(1-36) amide in relation to
PTH, the marked hypercalcemia that is induced by the syn-
thetic peptide and the small dose of peptide required to induce
hypercalcemia (0. 14 vs. 0.17 ug/h for bPTH [1-34] [18]), indi-
cate that it is a very potent calcemic hormone.

Patients with HHMdisplay hypophosphatemia and reduc-
tions in the renal phosphorus threshold (21). Marked hypo-
phosphatemia was observed on days 2 and 3 of the infusion
with the synthetic peptide. The likelihood that this hypophos-
phatemia was induced through a reduction in the renal phos-
phorus threshold is supported by the observations that the
synthetic peptide also inhibits phosphate uptake in cultured
renal cells (35).

These studies indicate that synthetic Tyr36 hACSP (1-36)
amide stimulates adenylate cyclase in two systems, stimulates
bone resorption in vitro, induces hypercalcemia and hypo-
phosphatemia in vivo, and that responses are observed in
doses that are similar to those required of bPTH (1-34). More
extensive studies are clearly required to completely and di-
rectly compare the potency and effects of the synthetic hACSP
with those of bPTH and to native, tumor-derived hACSPs.
Such studies are currently in progress. The findings described
in the current report provide strong support for the thesis that
hACSPsmay be the factor responsible for HHM, and indicate
that synthetic analogues of native hACSP will be useful re-
agents in studies examining the effects of hACSPs on target
tissues, in defining the normal role(s) of hACSPs in nonmalig-
nant tissues, and in studying structure-function relations.
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