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Enhancing the gastrointestinal stability of salmon calcitonin
through peptide stapling

The stapling between Lys11 and Tyr22 of salmon calcitonin
afforded a peptide with enhanced stability under
gastrointestinal conditions, while maintaining activity. This
is a starting point for the development of oral calcitonin
for the treatment of postmenopausal osteoporosis and
hypercalcemia.
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Salmon calcitonin (sCT) is a polypeptide hormone available in the
clinic. sCT is degraded in the gastrointestinal tract in minutes. In this
work, a stapled analogue of salmon calcitonin, KaY-1(R24Q), was
developed using the cooperative stapling between Lys and Tyr, with
R24Q substitution. The analogue exhibited an improved stability in
simulated gastric and intestinal fluid and retained the ability to
activate the calcitonin receptor. This work will serve as a starting
point for the development of an oral sCT drug.

Human calcitonin (hCT) is an endogenous hormone secreted
by the parafollicular C cells of the thyroid gland, and plays a
critical role in regulating calcium homeostasis and bone
remodeling." Its function is derived from its ability to inhibit bone
resorption, and reduce osteoclast formation and attachment.> CT
is found in various organisms including mammals and fish® and
shares many structural features across species. This single-chain
32 amino acid polypeptide is characterized by an N-terminal
disulfide bridge (between Cys1 and Cys7) and a proline amide at
the C-terminus, while folding into a helical structure was found to
be essential for receptor binding, especially through Gly28, Ser29,
Gly30 and Thr31 (Fig. 1A and B).** The most widely used variant in
the clinic is salmon calcitonin (sCT), since it has the highest
affinity for the human calcitonin receptor (hCTR), and also the
highest potency,® while hCT is known to form fibers.” Hence, sCT
has been used for more than 40 years to treat postmenopausal
osteoporosis, Paget’s disease and hypercalcemia.® In addition,
calcitonin reduces the risk of vertebral fracture recurrence and
provides pain relief for acute back pain caused by vertebral
fractures,® and is commercially available as an injection and
nasal spray. The intra-muscular and subcutaneous injections
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are available as parenteral calcitonin dosage forms, which are
associated with gastrointestinal (GI) disturbances and injection
site reactions.”'® Intranasal administration via a nasal spray has
many advantages over the parenteral form, such as convenience
and being less invasive for patient, and fewer GI side effects.
However, the nasal spray has lower bioavailability and slower
absorption compared to the parenteral."*

Enhancing the stability of therapeutic peptides such as sCT
in the GI tract will improve their therapeutic applications. Oral
administration is the most convenient route for drug adminis-
tration, due to its cost effectiveness, ease of ingestion, pain-
lessness, and high patient compliance. However, peptides are
vulnerable to enzymatic degradation in the GI tract, lowering
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Fig. 1 The design and synthesis of CT variants. (A) Amino acid sequence
of CT from different species sharing many structural features, all consisting
of 32 residues, a highly helical structure, a disulfide bond between Cysl
and Cys7, and proline amide at the C-terminus. CALC_LITCT is American
bullfrog, CALC_ANGJA is Japanese eel, and CALC1_ONCKE is salmon
calcitonin. (B) The NMR structure of sCT (PDP entry 2GLG). (C) The amino
acid sequences of hCT and sCT and their synthetic variants. (D—F) Peptides
were obtained by Fmoc-SPPS with different cyclization strategies.
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their efficacy in patients to unacceptable levels."”” One of the
main obstacles to the development of oral CT is its degradation
in the acidic environment of the gastric fluid and the proteases
in the stomach and the intestine, among these enzymes pepsin,
trypsin, chymotrypsin and elastase.'® Although a number of
oral sCT formulations have been developed to prevent protein
degradation,™* they failed phase III clinical studies, due to the
insignificant effect in reducing the risk of vertebral and non-
vertebral fractures.™

Many approaches can be used to stabilize peptides including
helical peptide stapling, where crosslinking between side
chains constrains the peptide’s molecular flexibility, usually
improving binding affinity, selectivity and stability."*™"® Macro-
cyclic or helix stapled peptides are known to have higher
resistance to protease degradation as well as enhanced potency
and binding affinity.>*">*> Examples of crosslinking approaches
include helix stabilization, such as lactam groups, disulfide
mimics, hydrocarbon stapled peptides, and others.**”® In this
work, we examined a number of modifications, including
stapling the helical structure of sCT, to improve its stability
while retaining its biological activity.

A number of CT analogues (Fig. 1C) were synthesized and
their GI stability and the ability to bind to the calcitonin
receptor were evaluated. We first started with the synthesis of
sCT, followed by six different stapled analogues (MT-CT, Se-CT,
CT(E;5-Kyg), KaY-1, KaY-2 and KaY-1(R24Q)). All of these pep-
tides were prepared by Fmoc-SPPS.>’ Peptides without disulfide
mimics underwent oxidative folding with oxidized glutathione
(GSSG), followed by purification and characterization by HPLC
and ESI-MS (full details can be found in the ESIF).>**° We first
set out to stabilize sCT’s disulfide bridge between Cysl and
Cys7, which is inherently unstable to the reducing environ-
ments in biological systems. Many strategies have been
employed to improve the metabolic stability of disulfide bonds,
such as conversion to a methylene thioacetal bridge (MT),***! or
substitution of the disulfide bridge with a diselenide using sele-
nocysteine (Sec, U),**>* thioether,®® or other disulfide
mimics.>”° We therefore designed and synthesized MT-CT, in
which the methylene thioacetal (MT) crosslink is located between
Cysl and Cys7. The synthetic sCT (20 mg) was dissolved in a
phosphate buffer containing guanidine hydrochloride, with tris(2-
carboxyethyl)phosphine (TCEP) as a reducing agent (1.5 equiv.) to
ensure that the Cys residues are in the reduced form. Next, an
excess of dilodomethane (CH,L,) in DMSO was added and the
reaction was stirred at 37 °C overnight (Fig. 1D).**' The progress
of the reaction was followed by HPLC and ESI-MS and the resulting
MT-CT was isolated by Prep HPLC in 60% yield (12 mg). For Se-
CT synthesis (with a Sec1 and Sec7), Sec residues were manually
coupled via Fmoc-SPPS using DIC/OxymaPure and after cleavage
and deprotection, the peptide was isolated in 25% yield (50 mg)
(Fig. 1D).

Additionally, two methods were used to staple sCT in its
iconic helical form: a lactam bridge between Lys and Glu, as well
as a formaldehyde-based link between Tyr and Lys. In the more
classical, lactam-based approach, the stapled helical peptide was
stabilized through a side-chain to side-chain lactam crosslink
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between the e-amino functional group of lysine (Lys, K) and the
carboxyl moiety of glutamic acid (Glu, E) or aspartic acid (Asp, D).
Such modifications have been found to improve both the potency
and stability of peptides compared to their linear counter-
parts.”®*> Accordingly, we synthesized a lactam crosslink
between Glu15 and Lys18 (i.e., CT(E;5-Kj3)), in which the lactam
formation was performed on resin (Fig. 1E). Hence, orthogonal
protecting groups (PGs) of Alloc/Allyl were used for Lys18 and
Glu15, respectively. Both side chain PGs were deprotected on
resin in a single step using a palladium catalyst,” followed by
macrolactamization with HATU and DIEA. After peptide synth-
esis completion, deprotection and cleavage yielded the desired
product, which was confirmed by MS, with a mass that was 18 Da
lower than sCT. This synthesis provided 10 mg of CT(E;5-Kis)
(33% yield) after prep HPLC purification (Fig. 1E).

More recently, a new type of stapling of linear peptides was
reported by Chen and coworkers.*>*> In this method, formal-
dehyde forms an imine with the e-amino group of the Lys
residue, followed by crosslinking to tyrosine (Tyr, Y) or arginine
(Arg, R) residues in the polypeptide chain.****> Using this
approach, a reaction between sCT and formaldehyde, with
DIEA in hexafluoroisopropanol (HFIP), resulting in crosslinks
between the e-amine of Lys and the phenol ring of Tyr will yield
two different analogues, KaY-1 (Lys11-Tyr22 crosslink) and KaY-2
(Lys18-Tyr22 crosslink) (Fig. 1F). The treatment of 20 mg of sCT
with 3 equiv. of HCOH and 3 equiv. of DIEA (Fig. 1F and Fig. S9,
ESIt) gave two main stapled peptides referred to as KaY-1 and
KaY-2, with a 12 Da increase in the mass (3443.38 Da) relative to
sCT. The observation of two peaks of identical mass was
expected, since there are two Lys residues in the sequence (Lys
11 and Lys18). Other minor side-products with crosslinks
between Arg and Tyr and a mass of 3456.12 Da were also
observed.** After semi-prep purification, we isolated 1 mg of
KaY-1 and 5 mg of KaY-2. Although their retention times were
different, these two analogues had identical mass and further
study needed to be carried out to determine which Lys was
crosslinked in each.

To perform a selective methylene crosslinking, and to iden-
tify which of the two Lys residues is bound to Tyr22 in each of
these isomers, we decided to use the orthogonal PG trifluoro-
acetyl (Tfa), which is stable under acidic conditions. As such, the
synthesis of sCT(Lys18-Tfa) was performed. After cleavage, oxida-
tive folding and purification, the crosslinking with formaldehyde
between the free Lys11 and Tyr22 was carried out on 30 mg
sCT(Lys18-Tfa) at 37 °C overnight (Fig. S11, and ESI{ for details).
After purification by HPLC, the Tfa was removed in phosphate
buffer at pH 13.%° The peptide was purified again with semi-prep
HPLC to give 5 mg of KaY-1 exclusively (16% yield) (confirmed by
the retention time with the peak 1 from previous synthesis with
sCT and their similar CD spectra, Fig. S13, ESI{). These results
together with CD indicated that KaY-2 (which was isolated in
sufficient amounts for the downstream characterizations, see
below) has a methylene crosslink between Lys18 and Tyr22.

Using rational design, we suggested a single amino acid
substitution to improve sCT’s stability to enzymatic degrada-
tion. sCT has an Arg residue at position 24, which we found to
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be one of the main cleavage sites by pancreatin enzymes,*” so
we decided to prepare a new analogue of KaY-1 in which Arg24
was replaced by glutamine, i.e., KaY-1(R24Q). Indeed, hCT has a
Gln at position 24, so the resulting CT mutant may be con-
sidered a hybrid of these two species (Fig. 1A, C and F and
Scheme S1, ESI).*> For the preparation of KaY-1(R24Q), we first
prepared CT(R24Q) with the Tfa PG on Lys18, and the same
crosslinking reaction was performed (Fig. 1F and Fig. S14, ESIY)
followed by the removal of the Tfa group and purification,
which provided 2 mg of KaY-1(R24Q) (10% yield).

Next, the stability of sCT and its analogues was evaluated by
their degradation in simulated gastric fluid (SGF) and simulated
intestinal fluid (SIF) at 37 °C (Fig. 2B and C). The SGF contained
pepsin at pH 1.3, while the SIF contained pancreatin at pH 6.8."
In the SGF the sCT had a half-life of only 35 min, whereas KaY-1
and KaY-1(R24Q) had a half-life of 190 and 170 min, respectively,
while the other analogues did not exhibit any improvement in
terms of stability (Table 1). Based on these encouraging results
for Kay-1 and KaY-1(R24Q), we decided to test their stability in
SIF. Gratifyingly, KaY-1(R24Q) was found to have a ¢,,, of 42 min,
while sCT and KaY-1 had a ¢, of 5 and 7 min, respectively.

The calcitonin receptor (CTR) is a member of the G-protein-
coupled receptors superfamily.*® The activated receptor is cap-
able of coupling to at least two signal transduction pathways,
one of which leads to an increase in intracellular cAMP,*® while
the other is the phospholipase C pathway (PLC) which leads to
the release of Ca*>* from intracellular stores and promotes the
influx of external calcium.’® Therefore, the in vitro activity of
four of the most promising stabilized analogues with retained
helical structures in addition to synthetic sCT, namely MT-CT,
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Fig. 2 CD spectra for CT analogues, the in vitro gastrointestinal stability
and calcitonin receptor agonist assay for hCT, sCT, and analogues. (A) CD
spectra for sCT and all analogues. (B) Stability in simulated gastric fluid
(SGF). (C) Stability in simulated intestinal fluid (SIF). (D) cAMP accumulation
assay using a Nomad biosensor. (E) Ca®* assay using the HEK 293 CALCR-
HiTSeeker cell line and the commercially available calcium assay kit. The
data points were fitted to a first order decay function using Kaleidagraph to
estimate the rate constants, which were used to calculate t;,,, and all data
were collected in triplicate. For activity, all data points represent mean +
SD for each condition and n = 3. (hCT is in gray, sCT in black, MT-CT in
orange, Se-CT in green, CT(E;5-Kyg) in purple, KaY-2 in pink, KaY-1in blue,
and KaY-1(R24Q) in red).
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Table 1 Summary of the t, in SGF and SIF, and ECsg for cAMP and Ca?*
cytosolic concentration changes of CT analogues

SGF t,) SIF t.) CAMP EC5, Ca®" ECs,

CT analogue (min) (min) (nM) (nM)

hCT n.d. n.d. 7.8 £ 1.6 2.9+£0.6
sCT 35.6 £ 0.1 49+0.7 13.5%+4.5 87.0 £ 17.5
MT-CT 33.5+£0.2 n.d. 1666 + 60 7304 + 700
Se-CT 32.6 £ 0.5 n.d. 82.7 £16.5 112.5 £+ 18.3
CT(E;5-Kis) 47.3 £1.9 n.d. n.d. n.d.

KaY-2 345+ 03 nd. n.d. n.d.

Kay-1 191.2 £ 66.1 71+£0.7 47.6 £24.1 165.5 £ 34.8
KaYy-1(R24Q) 170.6 +32.2 41.9 £+ 6.1 2.7 £0.8 215.8 + 43.8

Se-CT, KaY-1 and KaY-1(R24Q), were tested. The ability of these
analogues (in the range of 10 uM-1 pM) to activate the CTR,
and as a result leading to an increase in the cytosolic cAMP and
Ca®" concentration (Fig. 2D and E), was evaluated.

Innoprot’s red .sypNomad-CALCR U20S cell line (a human
bone osteosarcoma cell line) was used for cAMP accumulation
assay (Fig. 2D and ESIf for details).”* While the ECs, of hCT was
determined at 7.78 nM, the sCT, Se-CT, KaY-1, and KaY-1(R24Q)
also exhibit ECs, in the nanomolar range (Table 1), with KaY-
1(R24Q) exhibiting a slightly enhanced potency (ECs, of
2.67 nM) compared to hCT, while MT-CT had ECs5, > 1 pM.

The change in Ca®>" concentration was also measured using
the HEK293 CALCR-HiTSeeker cell line and a commercially
available calcium assay kit.>> hCT showed a high efficacy
(ECso = 2.94 nM) compared with the synthetic analogues;
86.9 nM for sCT, 112 nM for Se-CT, 165 nM for KaY-1, and
215 nM for Kay-1(R24Q), while MT-CT had ECs, > 1 uM (Fig. 2E,
Table 1).

In this study we aimed to produce other types of sCT analogues
that would exhibit a higher resistance under simulated gastro-
intestinal conditions by taking advantage of peptide stapling.
Therefore, we stabilized the disulfide bond by inserting methylene
thioacetal (MT-CT) or a diselenide bridge (Se-CT). Furthermore, we
applied the i, i + 3 lactam stapling approach to generate a crosslink
between Glul5 and Lys18. In addition, we used cooperative
stapling between a Lys and Tyr with formaldehyde to generate
the i, i + 4 stapling product (KaY-2) and 7, i + 11 stapling product
(Kay-1). Finally, we replaced the arginine residue, which is a
cleavage site for intestinal pancreatin peptidase, with glutamine
to obtain KaY-1(R24Q).

CD characterization demonstrated that all but the CT(E;5-
Kig) and KaY-2 analogues maintained their highly helical
structure required for activity (Fig. 2A and ESIt for details).

The stability of sCT and its synthetic variants in the presence of
pepsin and pancreatin was determined by following their overall
rate of degradation. The results indicated that the two analogues
KaY-1 and KaY-1(R24Q) have five-fold longer half-lives compared
with the sCT and KaY-1(R24Q) exhibited an 8-fold increased stability
in SIF compared to a much faster degradation of sCT and KaY-1
(Table 1). These findings support the proposed mechanism for CT
degradation by pancreatin at Arg, and show that by eliminating this
digestion site, the drug’s efficacy may be increased.

The in vitro biological activity of the most stable synthetic
analogues indicated that KaY-1(R24Q) displayed 3-fold more

This journal is © The Royal Society of Chemistry 2023
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activity than hCT in changing the cytosolic cAMP concen-
tration. However, it was 70-fold less active than hCT in chan-
ging the calcium concentration in the cytosol. While KaY-1
showed 6-fold less activity in the cAMP assay, and 56-fold less
activity in changing calcium concentrations in the cytosol in
comparison to hCT.

In conclusion, the present study demonstrated that KaY-
1(R24Q) obtained by stapling reaction between Lys11 and Tyr22
retained the helical structure, exhibited increased stability in
both SGF and SIF, and retained activity. Our results provided a
starting point for the development of an oral sCT analogue for
the treatment of postmenopausal osteoporosis, Paget’s disease
and hypercalcemia.
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