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Abstract—The human calcitonin peptide chain was assembled using Fmoc solid-phase peptide synthesis chemistry. The combina-
tions of cleavage Reagent H with trans-[Pt(en)2Cl2]

2+ and Reagents B, K, and R with trans-[Pt(CN)4Cl2]
2� provide convenient

methods for the synthesis of human calcitonin and its methionine sulfoxide derivative; the formation of intramolecular disulfide
bonds by the above Pt(IV) oxidants is essentially quantitative. # 2002 Elsevier Science Ltd. All rights reserved.

Calcitonin, a single-chain, 32-amino acid peptide with a
proline amide group at its carboxyl terminus and a
seven-amino acid (23-atom) cyclic loop formed by a
disulfide bond between cysteines at positions 1 and 7, is
a calcium-regulating peptide hormone found in many
vertebrate species.1�7 Human calcitonin (peptide 5 in
Scheme 1) originates from the calcitonin-I gene on
chromosome 11. Salmon, human, and porcine calcito-
nins are widely used clinically for treatment of Paget’s
disease, hypercalcemia, osteoperosis, and relief of bone
pain.1�7 Moreover, calcitonin is one of the most suc-
cessful peptide drugs, with a history of more than two
decades of safe and effective therapeutic uses in the
treatment of bone and mineral disorders.1�6

Because of their therapeutic importance, much research
has been carried out on the synthesis of calcitonins
derived from different sources and their analogues, as
well as their structure–activity relationships.7�15 Human
calcitonin was first synthesized by Sieber and co-work-
ers in 1968.8 In the early syntheses, several fragments,
including one containing the 23-atom disulfide loop,
were usually prepared separately by solution-phase
methods, and the fragments were then joined to form
the whole peptides.8,9 Later, solid-phase peptide syn-
thesis methods based on Boc and Fmoc chemistry were
used to assemble the whole peptide chain in a single
experiment, resulting in a much higher efficiency in
terms of the whole synthesis process.7,10�14

Although synthesis of the linear peptide chain by solid-
phase peptide synthesis methodology is now straight-
forward, some challenging problems of sulfur chemistry
remain for the synthesis of human calcitonin (and cal-
citonins derived from other sources such as rabbit, rat,
and pig),2 and other peptides that contain both a di-
sulfide bond and methionine residues. These include the
slow and nonselective formation of the intramolecular
disulfide loop (vide infra)7�15 and partial oxidation of
the methionine side chain during peptide synthesis by
solid-phase Fmoc chemistry.16,17 Recently, we dis-
covered a new class of reagents [trans-dichloro-plati-
num(IV) complexes] for highly selective and efficient
formation of intramolecular peptide disulfide
bonds.18�20 Also, we recently developed a cleavage
reagent, Reagent H, with which methionine sulfoxides
are reduced during cleavage and deprotection of the
resin-bound peptide.16

In this letter, we describe convenient and high-yield
syntheses of human calcitonin and its methionine sulf-
oxide derivative by combining the different oxidizing
strengths of the two Pt(IV) complexes with different
cleavage reagents developed for Fmoc chemistry. The
purpose of the present work was to develop a high-yield
synthesis of human calcitonin and its methionine sulf-
oxide derivative and, in the process, to develop
methodology that can be generalized for the synthesis of
both the native and methionine-sulfoxide forms of other
peptides that contain both a disulfide loop and methi-
onine residues such as melanin-concentrating hormone,
somatostatin-28 and peptides of Atrial Natriuretic Fac-
tors. There is increased interest in the biological activity

0960-894X/02/$ - see front matter # 2002 Elsevier Science Ltd. All rights reserved.
PI I : S0960-894X(02 )00344-X

Bioorganic & Medicinal Chemistry Letters 12 (2002) 2237–2240

*Corresponding author. Tel.: +1-909-787-3585; fax: +1-909-787-
2435; e-mail: dlrab@ucrac1.ucr.edu



of the methionine sulfoxide form of peptides and pro-
teins,21 which can be formed in vivo by oxidation of
methionine residues by hydrogen peroxide, hydroxyl
radicals, hypochlorite and peroxynitrite,22 following the
recent reports that the level of methionine sulfoxide
reductase is decreased in Alzheimer’s disease brains23

and mice lacking the methionine sulfoxide reductase
gene have decreased longevity.24

Assembly of the side chain protected human calcitonin
peptide chain on resin, H-Cys(Trt)-Gly-Asn(Trt)-Leu-
Ser(tBu) -Thr(tBu) -Cys(Trt) -Met -Leu -Gly -Thr(tBu) -
Tyr(tBu)-Thr(tBu)-Gln(Trt)-Asp(OtBu)-Phe-Asn(Trt)-
Lys(Boc) - Phe -His(Trt) -Thr(tBu) -Phe - Pro -Gln(Trt) -
Thr(tBu)-Ala-Ile-Gly-Val-Gly-Ala-Pro-NH-resin, was
carried out on a Millipore model 9050 Plus peptide
synthesizer using solid-phase, Fmoc peptide synthesis
methodology. 0.40 g of Fmoc-PAL-PEG-PS resin with a
loading capacity of 0.22mmol/g and a 5-times excess of
Fmoc-protected amino acids were used for the syn-
thesis. The Fmoc group was removed from the N-term-
inal amino group of the resin-bound peptide with 20%
piperidine in N,N-dimethylformamide. Entering amino
acids were preactivated with 1-hydroxy-7-azabenzo-
triazole (HOAt) and N,N0-diisopropyl-carbodiimide
(DIPCDI), and couplings were run for 90min. After
being dried for 24 h under vacuum, 100mg of the pep-
tide-bound resin was reacted with 5mL of freshly pre-
pared Reagent R (TFA 90%, thioanisole 5%, ethane-
dithiol 3%, anisole 2%)25 for 2.5 h under a nitrogen
atmosphere. The resin was removed by filtration and
washed with TFA (2 � 1mL), which was combined with
the filtrate. The filtrate was then poured into 150mL
cold ether, resulting in precipitation. The precipitate

was then dissolved in water and lyophilized to give
29mg crude product. Similarly, treatment of the pep-
tide-bound resin with Reagent B (TFA 88%, phenol
5%, triisopropylsilane 2%, and water 5%)25 and
Reagent K (TFA 82.5%, phenol 5%, thioanisole 5%,
ethanedithiol 2.5%, and water 5%),26 respectively, gave
approximately the same amount of crude product.

A RP-HPLC chromatogram of the crude product
obtained from the Reagent R cleavage is shown on the
top part of Figure 1. The major peak was assigned to
peptide 4 in Scheme 1 based on its mass as determined
by MALDI-TOF mass spectrometry.27 The much smal-
ler peak identified in the chromatogram was assigned to
peptide 3 in Scheme 1.27 Peak area measurements, indi-
cate an HPLC purity of ca. 60% for the sum of peptides
4 and 3.28 The crude peptide obtained by cleavage with
Reagents B and K gave HPLC chromatograms similar
to that in Figure 1, indicating oxidation of the methi-
onine residue of the resin-bound peptide during peptide
chain assembly (i.e., the resin-bound peptide is a mixture
of 1 and 2 in Scheme 1).

The methionine sulfoxide was quantitatively reduced
during cleavage and deprotection with Reagent H (TFA
81%, phenol 5%, thioanisole 5%, ethanedithiol 2.5%,
dimethylsulfide 2%, water 3%, ammonium iodide 1.5%
w/w).16 Thirty-nine milligrams of crude product was
obtained from the cleavage of 100mg peptide/resin, as
compared to the �29mg obtained with Reagents R, B
and K. The additional 10mg of crude product is
ammonium iodide that precipitated with the peptides. A
chromatogram of the crude product obtained by clea-
vage with Reagent H is shown in the top part of Figure 2.

Scheme 1. Synthesis of human calcitonin (5) and its methionine sulfoxide derivative (6). Components of reagents H, B, K, and R used for peptide
cleavage are described in the text.
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The major peak at 23.2min was assigned to peptide 3 in
Scheme 1, based on its mass,27 with an HPLC purity of
ca. 57%.29

The crude peptide obtained by cleavage with Reagent H
was oxidized with trans-[Pt(en)2Cl2]

2+ to form the
intramolecular disulfide bond.19,20 The reaction mixture
contained pH 4.0 phosphate buffer, 3.0mM Pt(IV)
complex and 2.0mg/mL of crude peptide; the oxidation
was complete in 1 h. A chromatogram of the reaction
mixture is shown in the bottom part of Figure 2; the
major peak at 24.3min was assigned to peptide 5
(human calcitonin) in Scheme 1 based on mass spectro-
metry.27 Based on peak area measurements, oxidation
of 3 to 5 was essentially quantitative, indicating that
trans-[Pt(en)2Cl2]

2+ is highly selective and efficient for
formation of the intramolecular disulfide bond in
human calcitonin. In the early synthesis of human cal-
citonin, the disulfide bond formation was achieved by
iodine oxidation with a careful control of oxidation
time;8 but it was found in later experiments that I2 can
also oxidize the methionine side chain.9,28 It also was
observed that [Fe(CN)6]

3� can react with the methi-
onine and tyrosine side chains of peptides,28 although
[Fe(CN)6]

3� has been used for disulfide bond formation
in the synthesis of calcitonins without methionine.11,15

Thus, disulfide bonds are generally formed by air oxi-

dation in the synthesis of human calcitonin and
analogues.9,12�14 However, with air oxidation, very
dilute solutions must normally be used, the reaction is
slow and solution pH must be carefully controlled.12

The crude product obtained by Reagent R cleavage was
oxidized with trans-[Pt(CN)4Cl2]

2� to simultaneously
form the intramolecular disulfide bond and convert the
methionine residue in 3 to the sulfoxide form. trans-
[Pt(CN)4Cl2]

2� is a stronger oxidizing agent than trans-
[Pt(en)2Cl2]

2+ and will both oxidize thiols to intramole-
cular disulfide bonds and methionine to methionine
sulfoxide, but it is not so strong that it oxidizes tyrosine
and other amino acid side chains.18,30 The reaction
mixture contained dilute HCl (pH 2), 2.0mM
[Pt(CN)4Cl2]

2� and 1.71mg/mL crude product; oxida-
tion was complete in 60min. A chromatogram of the
reaction mixture is shown in the bottom part of Figure
1. On the basis of a monoisotopic mass of 3431.7,27 the
peak at 20.9min was assigned to the methionine sulf-
oxide form of human calcitonin, peptide 6 in Scheme 1.
The chromatograms in Figure 1 also illustrate that
trans-[Pt(CN)4Cl2]

2� simultaneously transforms both
peptides 3 and 4 to peptide 6, and that the transforma-
tion is essentially quantitative. Oxidation of the crude
products obtained from cleavage with Reagents B and
K gave similar results.

Figure 1. Chromatograms of crude product obtained from Reagent R
cleavage in water (1.71mg/mL) (top) and a reaction mixture contain-
ing crude product (1.71mg/mL) and 2.0mM trans-[Pt(CN)4Cl2]

2� in
dilute HCl (pH 2) after reaction for 60min (bottom). A 10 � 250mm
Vydac C18 column was used with an acetonitrile–water gradient
mobile phase containing 0.1% TFA (dashed lines indicate the aceto-
nitrile gradient). Peak assignments are given in Scheme 1. Peptide
injections are the same volume for the two chromatograms.

Figure 2. Chromatograms of crude product obtained from Reagent H
cleavage in water (2.0mg/mL) (top) and a reaction mixture containing
crude product (2.0mg/mL) and 3.0mM trans-[Pt(en)2Cl2]

2+ in a pH
4.0 phosphate buffer after reaction for 60min (bottom). A 10 �
250mm Vydac C18 column was used with an acetonitrile–water gra-
dient mobile phase containing 0.1% TFA (dashed lines indicate the
acetonitrile gradient). Peak assignments are given in Scheme 1. Peptide
injections are the same volume for the two chromatograms.
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Oxidation of the crude product obtained from Reagent
H cleavage with [Pt(CN)4Cl2]

2� resulted in a more
complicated situation due to the rapid oxidation of
iodide in the crude product to iodine, which in turn
reacted with the peptide.

In summary, human calcitonin and its methionine sulf-
oxide derivative can be conveniently synthesized in
high-yield by using various combinations of the oxida-
tion reagents trans-[Pt(en)2Cl2]

2+ and trans-
[Pt(CN)4Cl2]

2� and the different cleavage reagents, as
outlined in Scheme 1. This methodology is expected to
be widely useful for synthesis of other peptides that
contain both intramolecular disulfide bonds and
methionine residues and their methionine sulfoxide
derivatives.
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