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POLYCATIONIC CALCIUM MODULATOR PEPTIDES FOR THE TREATMENT OF
HYPERPARATHYROIDISM AND HYPERCALCEMIC DISORDERS

Technical Field

— i o’ —— L -

The current disclosure relates to polycationic calcium modulator peptides and
pharmaceutical compositions thereof, and to the use of such peptides and compositions in
methods for decreasing parathyroid hormone (PTH) and/or treating hypercalcemia in a subject in

need of such treatment.

Background Art

Calcium Homeostasis

Calcium homeostasis i1s the mechanism by which the body maintains adequate calcium
levels. The process is highly regulated, and involves a complex interplay between calcium
absorption, transport, storage in bones, deposition in other tissues, and excretion.

PTH is the most important regulator of serum calcium levels, and functions to increase the
concentration of calcium in the blood by enhancing the release of calcium from bone through the
process of bone resorption; increasing reabsorption of calcium from the renal tubules; and
enhancing calcium absorption in the intestine by increasing the production of 1,25-(OH), vitamin
D, the active form of vitamin D. PTH also stimulates phosphorus excretion from the kidney, and
increases release from bone.

PTH secretion is regulated by the calcium sensing receptor (CaSR), a G-protein coupled
receptor expressed on the cell surface of parathyroid cells, which detects small fluctuations in the
concentration of extracellular calcium ion (Ca*") and responds by altering the secretion of PTH.
Activation of the CaSR by Ca”" inhibits PTH secretion within seconds to minutes, and this

process may be modulated by protein kinase C
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(PKC) phosphorylation of the receptor. The CaSR 1s also expressed on osteoblasts and
in the kidney, where it regulates renal Ca”* excretion.

In addition, PTH regulates phosphorus homeostasis. PTH stimulates the
parathyroid hormone receptor 1 (PTHR1) on both apical (brush border membrane) and
basolateral membranes. PTHR1 stimulation leads to an increase in urinary excretion of
phosphate (P1) as a consequence of reduction by internalization of the renal
Na*/phosphate (NaPi-IIa) co-transporter on the brush border membrane. PKC activation
would be expected to similarly reduce P1 excretion.

PTH 1s also involved in the regulation of osteoblasts and osteoclasts 1n bone.
PTH increases serum Ca~* by increasing bone resorption and renal absorption of
calctum. PTH stimulates osteoblasts to produce RANK ligand (RANKL), which binds
to the RANK receptor and activates the osteoclasts, leading to an increase 1n bone
resorption and an increase in serum Ca~*. Osteoprotegerin (OPG) is a decoy receptor for
RANKL which blocks bone resorption. Osteoporosis 1s caused by an imbalance
between the processes of bone resorption by osteoclasts and bone formation by

osteoblasts.

Hypercalcemia and Hyperparathyroidism

The human body contains approximately 1 kg of calcium, 99% ot which resides
in bone. Under normal conditions, circulating calcium ion (Ca™) is tightly maintained at
a level of about 8 to 10 mg/dL (1.e., 2.25-2.5 mmol/L; ~600 mg). Approximately 1 g of
elemental calcium (Ca™*) is ingested daily. Of this amount, approximately 200 mg/day
1s absorbed, and 800 mg/day 1s excreted. In addition, approximately S00 mg/day 1s
released by bone resorption or is deposited into bone. About 10 g of Ca™ is filtered
through the kidney per day, with about 200 mg appearing in the urine, and the remainder
being reabsorbed.

Hypercalcemia 1s an elevated calcium level in the blood. Acute hypercalcemia
can result in gastrointestinal (anorexia, nausea, vomiting); renal (polvuria, polydipsia),
neuro-muscular (depression, confusion, stupor, coma) and cardiac (bradycardia, first
degree atrio-ventricular) symptoms. Chronic hypercalcemia 1s also associated with
gastrointestinal (dyspepsia, constipation, pancreatitis); renal (nephrolithiasis,
nephrocalcinosis), neuro-muscular (weakness) and cardiac (hypertension block, digitalis
sensitivity) symptoms. Abnormal heart rhythms can result, and EKG findings of a short

QT interval and a widened T wave suggest hypercalcemia. Hypercalcemia may be
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asymptomatic, with symptoms more commonly occuring at high calcium levels (12.0
mg/dL or 3 mmol/l). Severe hypercalcemia (above 15-16 mg/dL or 3.75-4 mmol/l) 1s
considered a medical emergency: at these levels, coma and cardiac arrest can result.

Hypercalcemia 1s frequently caused by hyperparathyroidism, leading to excess
5>  bone resorption and elevated levels of serum calcium. In primary sporadic
hyperparathyroidism, PTH 1s overproduced by a single parathyroid adenoma; less
commonly, multiple adenomas or diffuse parathyroid gland hyperplasia may be
causative. Increased PTH secretion leads to a net increase in bone resorption, with
release of Ca™* and phosphate (Pi). PTH also enhances renal reabsorption of Ca™* and
10 1nhibits reabsorption of phosphate (Pi1), resulting 1n a net increase in serum calcium and a
decrease 1in phosphate.

Secondary hyperparathyroidism occurs when a decrease in the plasma Ca™" level
stimulates PTH secretion. The most important cause of secondary hyperparathyroidism
1s chronic renal insufficiency, such as that in renal polycystic disease or chronic
15  pyelonephritis, or chronic renal failure, such as that in hemodialysis patients. Excess
PTH may be produced in response to hypocalcemia resulting from low calcium intake,
Gl disorders, renal 1insufficiency, vitamin D deficiency, and renal hypercalciuria.
Tertiary hyperparathyroidism may occur after a long period of secondary
hyperparathyroidism and hypercalcemia.

20 Malignancy 1s the most common cause of non-PTH mediated hypercalcemia.
Hypercalcemia of malignancy, 1s an uncommon but severe complication of cancer,
affecting between 10% and 20% of cancer patients, and may occur with both solid
tumors and leukemia. The condition has an abrupt onset and has a very poor prognosis,
with a median survival of only six weeks. Growth factors (GF) regulate the production
25  of parathyroid hormone-related protein (PTHrP) in tumor cells. Tumor cells may be
stimulated by autocrine GF to increase production of PTHrP, leading to enhanced bone
resorption. Tumor cells metastatic to bone may also secrete PTHrP, which can resorb
bone and release additional GF which in turn act in a paracrine manner to further
enhance PTHrP production.

30 Calcimimetic Agents

Calcimimetic agents are drugs that mimic the action of calcium on various
tissues. Phenylalkylamine calcimimetic agents with activity on the parathyroid calcium
sensing receptor (CaSR) have been described. See Nemeth et al., Proc. Natl. Acad. Sci.,
05:4040-4045 (1998). One such agent, Cinacalcet, 1s marketed for the treatment of

3
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hyperparathyroidism. In addition, the CaSR can also sense and respond to other divalent
and polyvalent cations, and to organic polycations, such as spermine, hexacyclin,
polylysine, polyarginine, protamine, amyloid B-peptides, neomycin, and gentamycin,
although these cations are reported to lack selectivity and to possess relatively low

potency for the CaSR. See Nagano & Nemeth, J. Pharmacol. Sci., 97:355-360 (2005);
see also Brown et al., J. Bone Miner. Res., 6:1217-1225 (1991).

Protein Kinase C

Protein kinase C (PKC) 1s a key enzyme 1n signal transduction involved in a

variety of cellular functions, including cell growth, regulation of gene expression and
ion channel activity. The PKC family of 1sozymes includes at least 11 different protein
kinases which can be divided into at least three subfamilies based on their homology and
sensitivity to activators. Members of the classical or cPKC subfamily, alpha, beta ([3,

B, and gamma isozymes, contain four homologous domains (C1, C2, C3 and C4) inter-

spaced with 1sozyme-unique (variable or V) regions, and require calcium,
phosphatidylserine (PS), and diacylglycerol (DG) or phorbol esters for activation.
Members of the novel or nPKC subfamily, delta, epsilon, eta, and theta 1sozymes, do not
require calcium for activation. Finally, members of the atypical or aPK(C subfamily, zeta
and lambda/iota 1sozymes, are insensitive to DG, phorbol esters and calcium.

Studies on the subcellular distribution of PKC 1sozymes demonstrate that
activation of PKC results 1n 1ts redistribution in the cells (also termed translocation),
such that activated PKC 1sozymes associate with the plasma membrane, cytoskeletal
elements, nuclel, and other subcellular compartments. It appears that the unique cellular
functions of different PKC 1sozymes are determined by their subcellular location. For

example, activated ; PKC 1s found inside the nucleus, whereas activated i PKC 1s

found at the perinucleus and cell periphery of cardiac myocytes. Further, in the same
cells, epsilon PKC binds to cross-striated structures (possibly the contractile elements)
and cell-cell contacts following activation or after addition of exogenous activated
epsilon PKC to fixed cells. The localization of different PKC 1sozymes to different
areas of the cell in turn appears due to binding of the activated 1sozymes to specific
anchoring molecules termed Receptors for Activated C-Kinase (RACKS).

RACKSs are thought to function by selectively anchoring activated PKC 1sozymes
to their respective subcellular sites. RACKSs bind only activated PKC and are not
necessarily substrates of the enzyme. Nor 1s the binding to RACKs mediated via the

catalytic domain of the kinase. Translocation of PKC retlects binding of the activated
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enzyme to RACKSs anchored to the cell particulate fraction and the binding to RACKSs is required for
PKC to produce its cellular responses. Inhibition of PKC binding to RACKSs in vivo inhibits PKC
translocation and PKC-mediated function.

cDNA clones encoding RACK1 and RACK?2 have been identified. Both are homologs of the
beta subunit of G proteins, a receptor for another translocating protein kinase, the beta-adrenergic

receptor kinase, beta-ARK. Similar to G-proteins, RACKI1, and RACK?2 have seven WD40 repeats.
Recent data suggest that RACK1 is a selective anchoring protein for activated BII PKC. Studies have

shown that RACK2 (also called 3°-COP) is a selective binding protein for ePKC. Csukai et al. J.
Biol. Chem. 1997; 272:29200-29206.

Translocation of PKC is required for proper function of PKC isozymes. Peptides that mimic
either the PKC-binding site on RACKs or the RACK-binding site on PKC are 1sozyme-specific

translocation inhibitors of PKC that selectively inhibit the tunction of the enzyme in vivo.

Summary

The current disclosure relates to polycationic calcium modulator peptides and pharmaceutical
compositions thereof, and to the use of such peptides and compositions in methods for decreasing
parathyroid hormone (PTH) and/or for treating hypercalcemia in a subject in need of such treatment.

[n one aspect, this disclosure provides a method for decreasing parathyroid hormone (PTH)
levels in a subject, comprising administering a therapeutically eftective amount of a calcium
modulator peptide to a subject in need thereof, whereby serum PTH 1s reduced.

In another aspect, this disclosure provides a method for treating hypercalcemia, comprising
administering a therapeutically effective amount of a calcium modulator peptide to a subject in need
thereof, whereby serum calcium 1s reduced.

in another aspect, this disclosure provides a method for treating bone disease, comprising
administering a therapeutically effective amount of a polycationic calcium modulator peptide to a
subject in need thereof, whereby bone turnover is reduced.

In some embodiments, the calcium modulator peptide comprises:

a) a polycationic peptide comprising 5 to 20 amino acids which are positively charged at

physiological pH, an amino terminus, a carboxy terminus, and a first thiol-containing residue;
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wherein the polycationic peptide 1s chemically modified at the amino
terminus, the carboxy terminus, or both; and

b) a cargo peptide comprising a second thiol-containing residue;

wherein the second thiol-containing residue 1s disulfide bonded to the first
thiol-containing residue.

In other embodiments, the calcium modulator peptide comprises:

a) a first polycationic peptide comprising at least 3 amino acids which are
positively charged at physiological pH, a first amino terminus, a first carboxy
terminus, and a first thiol-containing residue;

wherein the first polycationic peptide 1s chemically modified at the first amino
terminus, the first carboxy terminus, or both; and

b) a second polycationic peptide comprising at least 3 amino acids which are
positively charged at physiological pH, a second amino terminus, a second carboxy
terminus, and a second thiol-containing residue;

wherein the second polycationic peptide 1s chemically modified at the second
amino terminus, the second carboxy terminus, or both;

wherein the calcium modulator peptide comprises 6 to 30 amino acids which
are positively charged at physiological pH.

In further embodiments, the calcium modulator peptide comprises:

a polycationic peptide comprising 5 to 20 amino acids which are positively
charged at physiological pH, an amino terminus, a carboxy terminus, and a first thiol-
containing residue;

wherein the polycationic peptide 1s chemically modified at the amino
terminus, the carboxy terminus, or both; and

wherein the first thiol-containing residue contains a thiol group which may be
present as a free thiol or 1n a protected form.

In some embodiments, the therapeutically effective amount of the calcium
modulator peptide 1s sufficient to reduce serum PTH by at least 20% for at least 10 hours
post-administration of the calcium modulator peptide. In certain embodiments, the
decrease in PTH level 1s determined as the reduction 1n serum intact PTH. In other
embodiments, the therapeutically effective amount of the calcium modulator peptide 1s
sufficient to reduce serum intact PTH by at least 20% below pre-treatment baseline

levels for at least 10 hours post-administration of the calcium modulator peptide.
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In other embodiments, the therapeutically effective amount of the calcium modulator
peptide is sufficient to reduce serum PTH by 30% to 70% for at least 48 hours post-
administration of the calcium modulator peptide.

In certain embodiments, the therapeutically effective amount of the calcium modulator
peptide is sufficient to reduce serum calcium by at least 5% tor at least 10 hours post-
administration of the calcium modulator peptide.

In other embodiments, the therapeutically effective amount of the calcium modulator
peptide is sufficient to reduce serum calcium by 5% to 20% for at least 48 hours post-
administration of the calcium modulator peptide.

Methods disclosed herein are useful to treat subjects afflicted with disorders or diseases
characterized by elevated levels of serum PTH, elevated levels of serum calcium, or both. In
some embodiments, the methods may also be usetul to treat subjects afflicted with disorders or
diseases characterized by decreased levels of serum phosphate.

[n some embodiments, the subject is human. In other embodiments, the subject 1s human
and serum PTH is reduced. In certain embodiments, the subject is human and serum calcium 1s
reduced. In further embodiments, the subject 1s human and bone turnover 1s reduced.

[n some embodiments, the subject 1s afflicted with primary hyperparathyroidism,
secondary hyperparathyroidism, tertiary hyperparathyroidism, hypercalcemia of malignancy,
metastatic bone disease (e.g., osteosarcoma), Paget's disease, osteoarthritis, rheumatoid arthritis,
osteomalacia, chondrocalcinosis, achondroplasia, osteochondritis, osteogenesis impertecta,
congenital hypophosphatasia, fibromatous lesions, fibrous dysplasia, multiple myeloma,
osteolytic bone disease, periprosthetic osteolysis, periodontal disease, osteoporosis, abnormal
bone turnover, or high turnover bone disease.

In specific embodiments, the subject 1s afflicted with primary, secondary or tertiary
hyperparathyroidism. In preferred embodiments, the subject 1s aftlicted with secondary
hyperparathyroidism (sometimes referred to as SHPT). Reductions of serum PTH in subjects
afflicted with SHPT would be expected to reduce bone turnover. In other embodiments, the
subject 1s afflicted with hypercalcemia of malignancy or metastatic bone disease (e.g.,

osteocarcoma). In further embodiments, the subject 1s afflicted with osteoporosis.



10

15

20

25

CA 02669914 2015-07-06

CA2669914

In one aspect, this disclosure provides a calcium modulator peptide comprising:

a) a polycationic peptide comprising 5 to 20 amino acids which are positively
charged at physiological pH, an amino terminus, a carboxy terminus, and a first thiol-containing
residue;

wherein the polycationic peptide 1s chemically modified at the amino terminus, the
carboxy terminus, or both; and

b) a cargo peptide comprising a second thiol-containing residue;

wherein the second thiol-containing residue 1s disulfide bonded to the first thiol-
containing residue.

In another aspect, this disclosure provides a calcium modulator peptide comprising:

a) a first polycationic peptide comprising at least 3 amino acids which are positively
charged at physiological pH, a first amino terminus, a first carboxy terminus, and a first thiol-
containing residue;

wherein the first polycationic peptide is chemically modified at the first amino terminus,
the first carboxy terminus, or both; and

b) a second polycationic peptide comprising at least 3 amino acids which are
positively charged at physiological pH, a second amino terminus, a second carboxy terminus, and
a second thiol-containing residue;

wherein the second polycationic peptide is chemically modified at the second amino
terminus, the second carboxy terminus, or both;

wherein the calcium modulator peptide comprises 6 to 30 amino acids which are
positively charged at physiological pH.

In a further aspect, this disclosure provides a calcium modulator peptide comprising:

a polycationic peptide comprising 5 to 20 amino acids which are positively charged at
physiological pH, an amino terminus, a carboxy terminus, and a first thiol-containing residue;

wherein the polycationic peptide 1s chemically modified at the amino terminus, the
carboxy terminus, or both; and

wherein the first thiol-containing residue contains a thiol group which may be present as a

free thiol or 1n a protected form.
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In some such embodiments, the polycationic peptide further comprises a second thiol-
containing residue which 1s disulfide bonded to the first thiol-containing residue. In such cases,
formation of a disulfide bond forms a cyclic polycationic calcium modulator peptide.

In another aspect, this disclosure provides a calcium modulating peptide as described
herein conjugated to polyethylene glycol (PEG) to form a PEGylated peptide. In preferred
embodiments, the PEG has an average molecular weight of from about 5 kDa to about 40 kDa.

In a further aspect, this disclosure provides pharmaceutical compositions comprising a
calcium modulating peptide as further described herein and one or more pharmaceutically
acceptable excipients.

Peptides usetul in methods disclosed herein can be chemically synthesized using
conventional solution-phase or solid-phase techniques, or may be recombinantly produced.
Pharmaceutical compositions comprising at least one pharmaceutically acceptable excipient and
the peptides described are also contemplated for use with the methods provided herein.

The methods disclosed herein may be useful for the treatment of hyperparathyroidism,
bone disease, and other hypercalcemic disorders. Exemplary diseases include but are not limited
to: hyperparathyroidism (primary, secondary and tertiary), hypercalcemia of malignancy,
metastatic bone disease, Paget's disease, osteoarthritis, rheumatoid arthritis, osteomalacia,
chondrocalcinosis, achondroplasia, osteochondritis, osteogenesis imperfecta, congenital
hypophosphatasia, fibromatous lesions, fibrous dysplasia, multiple myeloma, osteolytic bone
disease, periprosthetic osteolysis, periodontal disease, osteoporosis, abnormal bone turnover,
and other forms of high turnover bone disease.

The claimed 1invention relates to a calcium modulator peptide comprising: a) a first
peptide consisting of CYGRKKRRQRRR, wherein the first peptide is chemically modified as an
acetamide at 1ts amino-terminus, as a primary carboxamide at its carboxy-terminus, or both; and
b) a second peptide, wherein the second peptide consists of CHDAPIGYD or CPDYHDAGTI;
wherein the cysteine residue of the first peptide 1s disulfide bonded to the cysteine residue of the
second peptide. Also claimed are pharmaceutical compositions comprising such a calcium
modulator peptide and at least one pharmaceutically acceptable excipient. The calcium
modulator peptide can be used for reducing serum PTH and may be for use in treatment of a

disease or condition as described herein.
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Brief Description of the Drawings

Figure 1 shows the relationship betw  PTH, serum calcium and serum phosphate (1P)

levels in dogs given KAI-1455 at 12.5 mg/kg by 12-hour intravenous infusion.
Figure 2 shows serum calcium levels 1n dogs given KAI-1455 at a dose of 25 mg/kg by

intravenous infusion over 12 hours, with calcium supplementation (2 mg elemental
calcium/kg/hr) during the 12-hour infusion and again from hours 3-6 post-EOL.
Figure 3 shows serum phosphate levels in dogs given KAI-1455 at a dose of 25 mg/kg by

intravenous infusion over 12 hours, with calcium supplementation (2 mg

Oa
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elemental calcium/kg/hr) during the 12-hour infusion and again from hours 3-6 post-
EOL.
Figure 4 shows plasma pharmacokinetics of KAI-1455 in human plasma in
subjects administered KAI-1455 at doses of 18, 54, 81 and 162 mg/kg/hr by intravenous
5  infusion over 12 hours. The concentration of KAI-1455 (ng/mL) was determined pre-
dose and at 1, 3, 6, 9, 12 hour timepoints during dosing, and at 2, 5, 7, 10, 15, 20, 30 and
60 minutes following the end of infusion.
Figure 5 shows 1onized calcium (mmol/L) at the start of infusion, and at 3, 6, 9,
12, 15, 18, 21, 24 and 48 hours after the start of infusion 1n humans administered KAI-
10 1435 at doses of 18, 54, 81 and 162 mg/kg by intravenous infusion over 12 hours.
Figure 6 shows total calcium (mg/dL) at the start of infusion, and at 3, 6, 9, 12,
15, 18, 21, 24 and 48 hours after the start of infusion in humans administered KAI-1455
at doses of 18, 54, 81 and 162 mg/kg by intravenous infusion over 12 hours
Figure 7 shows the percent change in calcium levels at the start of infusion, and
15 at3,6,9, 12,15, 18, 21, 24 and 48 hours after the start of infusion in humans
administered KAI-14355 at doses of 18, 54, 81 and 162 mg/kg by intravenous infusion
over 12 hours
Figure 8 shows plasma PTH level (pg/mL) at the start of infusion, and at 3, 6, 12,
15, 18, 24 and 48 hours after the start of infusion 1n humans administered KAI-1455 at
20  doses of 18, 34, 81 and 162 mg/kg by intravenous infusion over 12 hours
Figure 9 shows the percent change in plasma PTH levels at the start of infusion,
and at 3, 6, 12, 15, 18, 24 and 48 hours after the start of infusion 1n humans administered
KAI-1455 at doses of 18, 54, 81 and 162 mg/kg by intravenous infusion over 12 hours
Figure 10 shows 1onized calcium (mmol/L) at the start of infusion, and at 2, 3, 4,
25 6,8, 12, 16 and 36 hours after the start of infusion in humans administered KAI-1455 at
doses of 54 and 108 mg/kg by intravenous infusion over 4 hours.
Figure 11 shows total calcium (mg/dL) at the start of infusion, and at 2, 3, 4, 6, 8,
12, 16 and 36 hours after the start of infusion 1n humans administered KAI-1455 at
doses of 54 and 108 mg/kg/hr by intravenous infusion over 4 hours.
30 Figure 12 shows plasma PTH level (pg/mL) at the start of infusion, and at 2, 3, 4,
6, 8, 12, 16 and 36 hours after the start of infusion in humans administered KAI-1455 at

doses of 54 and 108 mg/kg/hr by intravenous infusion over 4 hours.
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Figure 13 shows total calcium (mg/dL) and plasma PTH (pg/mL) preinfusion,

and at 1, 2, 3 and 4 hour timepoints 1n anesthetized rats (n=4) administered KP-1524
(SEQ ID NO:9) at a dose rate of 9 mg/kg/hr by intravenous infusion for 3 hours.

Figure 14 shows total calcium (mg/dL) levels predose and at 1, 2, 3, 4 and 24
hour timepoints in anesthetized rats (n=4) administered KP-9706 (SEQ ID NO:6) at a
dose rate of 9 mg/kg/hr by intravenous infusion for 3 hours.

Figure 15 shows in vitro plasma stability data in rat EDTA plasma for KAI-1455
(SEQ ID NO:7), KP-9706 (SEQ ID NO:6) and KP-9803 (SEQ ID NO:3).

Detailed Description of the Invention

The current invention relates to methods of using polycationic peptides to
prevent, treat or ameliorate hyperparathyroidism, bone disease and/or other
hypercalcemic disorders.

As used herein, the term “hyperparathyroidism”™ refers to primary, secondary and
tertiary hyperparathyroidism, unless otherwise indicated. In a preterred embodiment, a
subject having secondary hyperparathyroidism is treated using the calcium modulator
peptides of the invention to reduce plasma PTH levels. Untreated SHPT patients with
moderately severe hyperparathyroidism often have baseline circulating Intact PTH levels
>300 pg/ml, and levels than exceed 600pg/mL. In a preferred embodiment, the decrease
in serum PTH 1s measured as a decrease in Intact PTH below pretreatment baseline
levels.

As used herein, a “calcium modulator peptide” 1s a peptide comprising one or
more polycationic peptides and a total of 3 to 30 amino acids which are positively
charged at physiological pH, wherein the positively charged amino acids are contained
within the polycationic peptides, and wherein the calcium modulator peptide 1s capable
of decreasing serum PTH and/or calcium levels 1n a target tissue or tissues, or in a
subject. In certain embodiments, the calcium modulator peptide 1s capable of decreasing
serum PTH and/or serum calcium levels when a therapeutically effective amount of the
calcium modulator peptide 1s administered to a subject in need of such treatment. In
preferred embodiments, the calcium modulator peptide comprises 5 to 20 amino acids
which are positively charged at physiological pH. In particularly preferred
embodiments, the calcium modulator peptide comprises 6 to 12 amino acids which are

positively charged at physiological pH. The calcium modulator peptides of the present
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invention comprise a total of about 4 to 35 amino acid residues, including the positively charged
amino acid residues.

In certain embodiments, the calcium modulator peptide comprises a polycationic peptide
and a cargo peptide, each comprising a thiol-containing residue, wherein the thiol-containing
residues are linked by a disulfide bond.

In other embodiments, the calcium modulator peptide comprises two polycationic
peptides, each comprising a thiol-containing residue, linked by a disulfide bond. In some such
embodiments, the first polycationic peptide and the second polycationic peptide are the same,
such that formation of a disulfide bond forms a homodimeric structure. In other embodiments,
the first polycationic peptide and the second polycationic peptide are different, such that
formation of a disulfide bond forms a heterodimeric structure.

In further embodiments, the calcium modulator peptide comprises a single polycationic
peptide and at least one thiol-containing residue, wherein the thiol-containing residue contains a
free thiol or the thiol moiety 1s present in a protected form. In some such embodiments, the
calcium modulator peptide comprises a single polycationic peptide and two thiol-containing
residues which are disulfide bonded to each other, (i.e., the thiol moieties are internally
“protected” as a disulfide group), wherein disulfide bond formation provides a cyclic calcium
modulator peptide.

As used herein, a “polycationic peptide” refers to a peptide comprising 2 to 30 amino
acids which are positively charged at physiological pH, and at least one thiol-containing residue,
wherein the polycationic peptide 1s chemically modified (1.e., “capped”) at the peptide’s amino
terminus, carboxy terminus, or both.

Polycationic peptides can vary in length from 3 to 35 amino acid residues in total,
preterably from 5 to 25 amino acid residues in total, and may consist of a single repeating
positively charged amino acid residue or may comprise a variety of natural or unnatural amino
acid residues. In preferred embodiments, the polycationic peptide comprises from 5 to 20
positively charged amino acids, preferably 5 to 15 positively charged amino acids, more

preferably comprises 6 to 12 positively charged amino acids.
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In some embodiments, the calcium modulating peptide comprises only one polycationic
peptide. In other embodiments, the calcium modulating peptide comprises two polycationic
peptides, each of which preferably comprises 3 to 10 positively charged amino acids.

Preferred polycationic peptides include TAT-derived peptides, for example the capped
Cys-TAT peptide having the sequence of SEQ ID NO:5 or a truncated peptide having the
sequence of SEQ ID NO:29. Also preferred are polycationic peptides comprising 3 to 7 arginine
residues. In some embodiments, the arginine residues are sequential, such as the capped
polyarginine peptides having the sequences of SEQ ID NOs: 19-26. In other embodiments, the
polycationic peptide may comprise 3 to 7 arginine residues which are non-sequential, such as the
peptide having SEQ ID NO:32.

As used herein, the term “positively charged amino acids™ refers to amino acid residues
which are positively charged at physiological pH (~7.4 in plasma).

Positively charged amino acids are independently selected from natural or unnatural
amino acids which are positively charged at physiological pH, having either the L- or D-
configuration, or racemates thereof, or mixtures thereof having any degree of chiral purity. In
some embodiments, the positively charged amino acids are selected from natural amino acids. In
other embodiments, the positively charged amino acids are selected from natural and/or unnatural
amino acids. In specific embodiments, the positively charged amino acids are independently
selected from the group consisting of histidine, lysine, arginine, 2,3-diaminopropionic acid (Dap),
2,4-diaminobutyric acid (Dab), ornithine, and homoarginine.

Once a therapeutic peptide enters the plasma of a subject, it become vulnerable to attack
by peptidases. Exopeptidases are typically non-specific enzymes which cleave amino acid
residues from the amino or carboxy termini of a peptide or protein. Endopeptidases, which
cleave within an amino acid sequence, can also be non-specific; however endopeptidases
frequently recognize particular amino sequences (recognition sites) and cleaves the peptide at or
near those sites.

One method of protecting peptide compositions from proteolytic degradation involves
“chemically modifying” or “capping” the amino and/or carboxy termini of the peptides. As used
herein, the terms “chemically modified” or “capped™ are used interchangeably to refer to the

introduction of a blocking group to the terminus of the peptide via a covalent modification.
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Suitable blocking groups serve to cap the termini of the peptides without decreasing the
biological activity of the peptides.

Without wishing to be bound by theory, 1t is believed that capping of at least one termini
of the polycationic peptide 1s important for obtaining sufficient plasma stability and exposure to
achieve therapeutically relevant levels of PTH and/or calcium reductions in vivo. Such blocking
or “capping”’ groups may be useful to protect the peptides from proteolytic degradation by serum
proteascs.

Acetylation of the amino termini of the described peptides is a preferred method of
protecting the peptides from proteolytic degradation. Amidation of the carboxy termini of the
described peptides 1s also a preferred method of protecting the peptides from proteolytic
degradation. However, other capping groups are possible. For example, the amino terminus may
be capped by acylation or sulfonylation, to form amides or sulfonamides. Similarly, the carboxy
terminus may be esteritied, or converted to a secondary amide, and acyl sulfonamide, or the like.
In some embodiments, the amino terminus or the carboxy terminus may comprise the site of
PEGylation, 1.e., the amino or carboxy termini may be chemically modified by reaction with a
suitably functionalized PEG.

Protecting peptides from endopeptidases typically involves 1dentification and elimination
of an endopeptidase recognition site from a peptide. Protease recognition sites are well known to
those of ordinary skill in the art. Thus it 1s possible to 1dentify a potential endoprotease
recognition site and then eliminating that site by altering the amino acid sequence within the
recognition site. Residues in the recognition sequence can be moved or removed to destroy the
recognition site. Preferably, a conservative substitution 1s made with one or more of the amino
actds which comprise an identified protease recognition site.

In preferred embodiments, the amino terminus of the polycationic peptide(s) is chemically
modified by acetylation, to provide an N-acetyl peptide. In further preferred embodiments, the
carboxy terminus of the polycationic peptide(s) i1s chemically modified by amidation to provide a
primary carboxamide at the C-terminus. In a particularly preferred embodiments, both the amino
terminus and carboxy terminus are capped by acetylation and amidation, respectively.

As used herein, the term “thiol-containing residue” refers to a thiol-containing amino acid

or a thiol-containing compound comprising an amino group and/or a carboxy group such that it
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can be incorporated into a polypeptide, wherein the thiol group may be in protected or
unprotected form, and which is capable of forming a disulfide bond when the thiol group is 1n its
free form.

Representative examples of thiol-containing residues include, €.g., cysteine, homo-
cysteine, and mercaptopropionic acid. When the thiol-containing residue contains a chiral center,
it may be present in the L- or D- configuration, or as a racemate, or in any degree of chiral purity.
In frequent embodiments, the thiol-containing residue(s) comprise cysteine or homocysteine.

The thiol-containing residue may be located at any position along the polycationic peptide
chain, including the amino terminus, the carboxy terminus, or some other position. For ease of
chemical synthesis, thiol-containing residues are frequently coupled to the peptide chain using a
building block containing the thiol moiety in a protected form.

In some embodiments, the thiol-containing residues which form a disulfide bond between
the polycationic peptide and the cargo peptide, or between the first and second polycationic
peptides, are the same (1.€., cysteine to cysteine, or homocysteine to homocysteine). In other
embodiments, the two thiol-containing residues may be different.

[n certain embodiments, the thiol-containing amino acid may be in a protected form.
Suitable protecting groups for thiol moieties include, for example, thioester derivatives, in
particular thioacetyl or thiobenzoyl analogs; thiocarbonates; hemithioacetals, such as 1-
ethoxyethyl, methoxymethyl and polyoxymethylene thioethers; and disulfide protecting groups,
such as the disulfide formed between the free thiol of a thiol-containing residue and a substituted
or unsubstituted thiophenol moiety.

In some embodiments, the thiol protecting group may be cleavable in vivo. Such
protected thiol-containing residues may function as prodrugs, masking the free thiol and
modifying the physicochemical, pharmacokinetic and/or pharmacodynamic properties of the
calctum modulator peptide comprising such a protected thiol-containing residue.

The joining thiol-containing residues can be placed anywhere in the sequence of the
polycationic peptide(s) and/or the cargo peptides. For example, the first and second thiol-containing
residues may be located at the amino termini of the two polycationic peptides in certain embodiments,
or at the amino termini of the polycationic peptide and the cargo peptide in other embodiments. The
joining thiol-containing residues can be placed at the carboxy termini of the peptides, or alternatively

at the amino terminus of one of the polycationic and cargo peptide, and at the carboxy terminus of the
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