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Abstract

The title peptide, oxytocin trisulfide (3), was required on a multi-100 mg scale, as part of an analytical method validation
process for the clinically and commercially important product “Oxytocin Injection,” which is a sterile isotonic injectable
formulation of oxytocin (2). We report here that previous chemistry from our academic laboratory can be successfully scaled
up in the biotechnology sector to indeed provide pure 3 (overall yield 6-7%, > 95% purity). The scaled-up synthesis also
gave rise, somewhat unexpectedly, to modest levels of oxytocin tetrasulfide (4), and even higher homologues. Protocols
for synthesis, purification, and characterization [by HPLC, mass spectrometry and amino acid analysis] are described and

discussed, along with possible mechanistic explanations for our findings.
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Introduction

The neurohypophyseal hormone oxytocin (Scheme 1) occu-
pies a special place in the history of peptide science. Its
discovery and synthesis, by Vincent du Vigneaud and cow-
orkers, was recognized by the 1955 Nobel Prize in Chem-
istry (du Vigneaud et al. 1953; du Vigneaud 1956, 1964,
Ragnarsson 2007). Synthesis of oxytocin (2) has been an
important checkpoint in the development of innovative
methods of solution and solid-phase peptide synthesis, par-
ticularly those focused on the efficient creation of its hetero-
dectic intramolecular disulfide bridge (reviewed by Andreu
et al. 1994, Annis et al. 1997, Géngora-Benitez et al. 2014).
Furthermore, the medicinal chemistry and pharmacology
of oxytocin and its analogues has been a fertile research
area for seven decades (reviewed by Manning et al. 2012,
Wisniewski 2019).
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Starting in the early 1960s, medicinal treatments for
which oxytocin was the active pharmaceutical ingredient
(API) have been approved for clinical use—specifically to
induce or improve uterine contractions (when this is medi-
cally indicated due to maternal or fetal concerns) during
childbirth (vaginal delivery), as well as to continue uterine
contractions as a means to control postpartum bleeding or
hemorrhaging.'? Clinically approved formulations of oxy-
tocin, under the brand name PITOCIN and the generic name
“Oxytocin Injection” (a sterile isotonic injectable formula-
tion of 2), represent the first use of a synthetic peptide for
therapeutic purposes (Lau and Dunn 2018). Oxytocin and
related drugs are of critical importance to women'’s health,
as postpartum hemorrhaging is still the most common cause
of maternal death in the world (Owen et al. 2021). Inno-
vative medicinal chemistry and formulation strategies are
improving access to oxytocic drugs in low to middle income
geographies, as demonstrated through development of heat-
stable formulations that do not require the cold supply chain
that often limits access and quality (Fabio et al. 2015; Malm
et al. 2018; Widmer et al. 2018).

! Information from the United States of America Food and Drug
Administration (FDA) website. See https://labels.fda.gov/ in general,
and specifically https://www.accessdata.fda.gov/drugsatfda_docs/
label/2014/018261s0311bl.pdf (PITOCIN label).

2 Further biological indications of the hormone, as yet not harnessed
clinically, have been reviewed (Magon and Kalra 2011).
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Scheme 1 Chemical struc-
tures of oxytocin (2), its linear

(reduced) form (1), and its NH, H 0 .
trisulfide (3) and tetrasulfide (4) R
variants (R) N M N

Linear (reduced) Oxytocin (1)

n = 0, Oxytocin (2)

n =1, Oxytocin trisulfide (3)

n = 2, Oxytocin tetrasulfide (4)

Starting in 1984 and picking up momentum in the mid-
to-late 1990’s, our Minnesota laboratory developed several
routes to prepare novel trisulfide® analogues of oxytocin and
deamino-oxytocin, in what seemed at the time to be an aca-
demic exercise (Mott et al. 1986; Chen and Barany 1996;
Chen et al. 1997). The new variants were characterized in
several ways that confirmed their structures, and biological
studies were carried out as well. The practical relevance of
this work came into focus with several reports of peptide
synthesis by-products (Parmentier et al. 1994; Moutiez et al.
1997) and small recombinant proteins (Andersson et al. 1996;
Canova-Davis et al. 1996; Pristatsky et al. 2009; Kshirsagar

3 In the nomenclature of contemporary organosulfur chemistry, com-
pounds with two are more linearly connected sulfurs are referred to
as (poly)sulfanes (suffix “ane”), but the “ide” suffix is so widely
entrenched historically that we continue to name the range of peptide
derivatives described throughout this article as di-, tri-, tetra-, etc.,
-sulfides.
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et al. 2012) and monoclonal antibodies (Gu et al. 2010), all
of which include a trisulfide bridge (reviewed by Nielsen
et al. 2011). Relatedly, we extended our synthetic expertise to
confirm the formation of a trisulfide by-product in the com-
mercial production of a somatostatin analogue called “lan-
reotide” (or “somatuline”), a peptide drug that has been used
clinically for treatment of acromegaly (Chen et al. 1999).
About a dozen years ago, we were approached by Teva
Parenteral Medicines, a commercial manufacturer then
based in Irvine, California, to assist them in a challenge they
had encountered with respect to their Oxytocin Injection
product. Thus, in the process of conducting regulatory sta-
bility studies of their formulation as mandated by the United
States of America Food and Drug Administration (FDA),
Teva Parenteral Medicines analytical chemists discovered
a chromatographically resolvable degradant that was sus-
pected, on the basis of a mass 32 amu higher than expected,
to be oxytocin trisulfide (3). A contemporaneous publica-
tion (Hawe et al. 2009) reinforced their suspicion. Authentic
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material in excess of 100 mg was required in order to defini-
tively establish the identity of this degradant, and as a refer-
ence compound for further studies that were expected in the
regulatory process; this included determination of the rela-
tive response factor of the trisulfide in the analytical method
used by Teva Parenteral Medicines.

In the present contribution, we report on the larger-scale
streamlined synthesis, purification, and characterization of
oxytocin trisulfide (3) in good yield and excellent purity,
and describe technical improvements and new observations
made along the way. In particular, we provide convincing
evidence for the formation, during synthesis directed at 3, of
tetrasulfide analogue 4, and note the presence of even higher
homologues as unexpected by-products.

Materials and Methods
General

All solvents and reagents used were of peptide synthesis,
HPLC, or LC-MS grade, as appropriate, from established
suppliers such as American Bioanalytical, J.T. Baker, Mall-
inckrodt, EMD Millipore (Supelco), and Sigma-Aldrich.
N*-9-Fluorenylmethyloxycarbonyl (Fmoc) L-amino acid
derivatives with appropriate side-chain protection, as well
as N*-(tert-butyloxycarbonyl)-L-S-acetamidomethylcysteine
[Boc-L-Cys(Acm)-OH], were from Novabiochem and other
high-quality suppliers. 4-(2',4’-Dimethoxyphenyl-Fmoc-
aminomethyl)phenoxy (Rink amide) polystyrene (PS) resin
was from Agilent Technologies. Isopropyl xanthic anhy-
dride (5) was prepared by the procedure given in Schroll
and Barany (1986), and was a starting material for in-house
(Minnesota) preparation of the Cys building block 9 (see
later). 'H and "°C nuclear magnetic resonance (NMR) spec-
tra were acquired on a VI-300 Inova instrument from Varian.

Analytical reversed-phase high performance liquid chro-
matography (HPLC) was conducted on a Gilson instrument
[model 231 sample injector, 401 syringe dilutor, 155 UV/vis
detector set at 220 and 280 nm], with H,O (A) and CH;CN
(B) mobile phases, each containing 0.1% trifluoroacetic acid
(TFA), on YMC C,z columns (4.6 X 150 mm, 5.0 pm par-
ticle size, 12 nm pore size). Elution was with a gradient
of A:B from 99:1 to 50:50 over 25 min, 0.8 mL/min flow
rate. Liquid chromatography-electrospray ionization mass
spectrometry (LC/ESI-MS) data were obtained on a Gilson
HPLC instrument, with the same chromatography conditions
but a shorter column (4.6 X 50 mm, 3.0 pm particle size),
coupled to MS detection on a Thermo quadrupole ion trap
(LCQ) with a standard ESI source (Stafford 2002).

In parallel, ultraperformance liquid chromatography-
electrospray ionization mass spectrometry (UPLC/ESI-MS)
was carried out with a Waters Acquity UPLC coupled to a

Waters Synapt G2 quadrupole time-of-flight (QTOF) mass
spectrometer, with H,O (A) and CH;CN (B) mobile phases,
each containing 0.1% formic acid, using a Waters Acquity
UPLC BEH Cy4 (2.1 x50 mm, 1.7 pm particle size) column at
35 °C. Peptides were eluted using the following gradient elu-
tion system at a flow rate of 0.4 mL/min: isocratic at A:B 97:3
for 3 min, then linear from 97:3 to 3:97 over the next 7 min,
then isocratic at 3:97 for 3 min, then linear to 97:3 for 1 min,
total run time 20 min. Electrospray ionization mass spectra
were acquired over the range m/z 150-1500 every 0.1 s dur-
ing the chromatographic separations. Simultaneous to this,
high energy (MSe) spectra (trap collision energy ramped 15
to 45 eV) were acquired every 0.1 s. Lockspray calibration
spectra (leucine enkephalin, m/z 556.2771) were collected
every 10 s during the analysis to assure accurate mass meas-
urement. The following instrumental parameters were used for
MS detection: Capillary: 2.8 kV; Sample Cone: 35 V; Extrac-
tion Cone: 4 V; Source temperature: 100 °C; desolvation tem-
perature: 350 °C; cone gas: 0 L/h; desolvation gas: 800 L/h.

Preparative chromatography was run on a Gilson instru-
ment [model 306 pumps, 811 C dynamic mixer, 805
manometric module, 215 fraction collector, 155 UV/vis
detector set at 220 and 280 nm], using a YMC ODS AQ
(C,4:19%230 mm, 10 pm particle size, 12 nm pore size)
column, at a flow rate of 15 mL/min. The column was equili-
brated for 15 min with A:B (99:1), after which the crude
peptide (~ 125 mg) was loaded in A:B (9:1), and then eluted
with a linear gradient from 9:1 to 3:2 over 90 min.

Amino acid analysis (AAA)* involved gas-phase hydrol-
ysis of the purified peptide and quantitation of the amino
acids by ion-exchange chromatography on a Hitachi model
L8900, with ninhydrin post-column derivatization, against
an analytical standard, according to manufacturer’s proto-
cols. Thus, a portion of the purified peptide 3 was weighed
on an analytical balance and dissolved volumetrically in
water; a known volume of this solutions (~ 10 ug of pep-
tide) was placed in a clean glass microfuge tube and dried
by centrifugal evaporation. The microfuge tube was placed
in a glass vessel that was loaded into a hydrolysis vessel on
an Eldex “Pico Tag” hydrolysis workstation with 6 N HCI
containing 2% phenol. Following three cycles of evacu-
ation and nitrogen blanketing, the vessel was evacuated
one final time and heated at 110 °C for 18 h. The peptide
hydrolysate was dissolved in a known volume of citrate
buffer and analyzed by cation exchange chromatography
with pH step gradients and quantitated by post-column
derivatization with ninhydrin against an amino acid stand-
ard. Peptide concentration was determined as an average
of the amino acid concentrations of all the amino acids

4 The AAA protocol used adheres to guidance from the United States
Pharmacopeia (USP) for quantitation of peptide and protein concen-
tration following hydrolysis to constituent amino acids; USP < 1052>.
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Scheme 2 Organosulfur chemistry in support of controlled synthesis of peptide trisulfides

except for Cys, which was destroyed during hydrolysis; the
side-chain amide groups of Asn and Gln were hydrolyzed
during HCI treatment and so these residues were quan-
tified as Asp and Glu, respectively. Net peptide content
was calculated based on the gross weight concentration of
the peptide sample versus the experimentally determined
value above.

(Chlorocarbonyl)Disulfanyl Chloride (6)

Following Schroll and Barany (1986), sulfuryl chloride
(25 mL, 41.5 g, 0.4 mol) was added to a suspension of
isopropyl xanthic anhydride (5, 19.9 g, 83 mmol) in petro-
leum ether (100 mL), and the reaction mixture was brought
to reflux whereupon it became homogeneous. The reac-
tion proceeded for 3 h, after which concentration in vacuo
[rotary evaporator; bath temperature not to exceed 40 °C]
provided an orange liquid (23.9 g), which was immedi-
ately purified by short path vacuum distillation (4.4 g,
33%); bp 29-41 °C (0.47-0.54 mm). '>*C NMR (75 MHz,
CDCl;): 8 163.8. Purity of the title product was confirmed
by an analytical N-methylaniline assay (Barany et al. 1983;
Schroll and Barany 1986), which provided N,N’-dimethyl-
N,N’-diphenylcarbamoyl)disulfane that was pure as judged
by its '"H NMR spectrum (CDCl;) which matched that
reported in the literature (Barany and Mott 1984; Schroll
and Barany 1986; Henley et al. 2015; diagnostic singlets
of equal height at & 3.38 and 3.35).

@ Springer

N°-(tert-Butyloxycarbonyl)-S-[(N-methyl-N-pheny-
Icarbamoyl)disulfanyl]-L.-cysteine
[Boc-Cys(Ssnm)-OH] (9)

The title compound was prepared according to Chen et al.
(1997), who started with N*-(tert-butyloxycarbonyl)-S-
(acetamidomethyl)-L-cysteine (Boc-Cys(Acm)-OH, 7), and
carried out a series of steps (3 mmol scale) culminating in a
flash chromatography purification, resulting in a 49% yield
of a white solid, mp 104-107 °C (Scheme 2). For this work,
the literature procedure was reproduced at several scales
(i.e., 2 to 10 mmol), with comparable results, but the prod-
uct was obtained as an oil. This oil, analyzed by HPLC just
prior to its use in SPPS, showed a purity of 87%. It solidi-
fied after several days under high vacuum (<0.1 mm) to a
weighable foam.

Linear Protected Oxytocin Rink Amide Polystyrene
Resin

The first eight residues of oxytocin were assembled, in
C — N order, on a Rink amide polystyrene resin (4.0 g, 0.6
mmol/g; 24 X 0.1 mmol =2.4 mmol). Fmoc-amino acids with
appropriate side-chain protection (Scheme 2) were coupled
via O-benzotriazole-N,N,N’,N -tetramethyluronium hexafluo-
rophosphate (HBTU) protocols (30 min) in N, N-dimethyl-
formamide [6-fold excess of amino acid derivative, 5.4-fold
excess each of 1-hydroxybenzotriazole (HOBt) and HBTU;,
12-fold excess of N-methylmorpholine (NMM); these con-
ditions corresponded to an activated amino acid concentra-
tion of ~0.25M. A small portion of the resulting octapeptide
resin, H-Tyr(tBu)-Ile-GIn(Trt)-Asn(Trt)-Cys(Trt)-Pro-Leu-
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Gly-Rink amide-PS, was cleaved [TFA-iPr;SiH-phe-
nol-H,O (92.5:2.5:2.5:2.5); Solé and Barany 1992] and
shown by subsequent LC-MS analysis to be the desired octa-
peptide (>95%). Next, the linear synthesis was completed
[using essentially all of the peptide-resin which included 2.4
mmol peptide], by adding Boc-Cys-(Ssnm)-OH (9, 1.50 g,
3.6 mmol, 1.5 equiv.) along with HOBt (540 mg, 3.6 mmol)
and N,N’-diisopropylcarbodiimide (DIPCDI) (0.53 mL, 3.6
mmol) in DMF (30 mL) for 3 h; concentration of activated
Boc-Cys(Ssnm)-OH was ~0.12 m). An additional portion of
DIPCDI (0.2 mL, 1.2 mmol) was added after 3 h, meaning
that the total coupling time was 4 h. At the end of this period,
a negative ninhydrin test (Kaiser et al. 1970) indicated that
acylation was complete.

Oxytocin Trisulfide (3)

The protected linear nonapeptide-resin (see above) was
rinsed with DMF (5 X) and CH,Cl, (5 X), and then treated
with TFA-iPr;SiH-phenol-H,0 (92.5:2.5:2.5:2.5; “Reagent
B,” 200 mL) for 2 h (Solé and Barany 1992). The cleaved
resin was removed by filtration, and the TFA-based solution
was added to cold ether—hexane (1:1; 1600 mL) so as to
precipitate the crude peptide. The precipitate was collected
by centrifugation, and then taken up essentially immediately
in CH;CN-H,0 (1:1, with 0.1% TFA; pH ~ 3; ~ 200 mL).
LC-MS analysis less than 1 h after this solution was created
showed that cyclization was complete, with a mixture of 2,
3, and 4 being produced in an approximate ratio of 1:6:2 by
integration of peaks in the LC trace (detection based on UV
absorbance at 220 nm). The bulk reaction was lyophilized
to provide a white powder (1.5 g, 64%) that was purified
by preparative HPLC (conditions given earlier) in twelve
separate injections of ~ 125 mg each. The fractions contain-
ing oxytocin (disulfide) (2), oxytocin trisulfide (3), and oxy-
tocin tetrasulfide (4) were pooled separately, and lyophilized.
This provided desired 3 (166 mg, 6.7% yield, > 95% purity),
along with disulfide 2 (308 mg, 12.7% yield, ~ 90% purity)
and a highly impure fraction (80 mg) containing tetrasulfide
4 admixed with other co-products. Quantitative amino acid
analysis of the purified oxytocin trisulfide (3) showed Asx,
1.01; Glx, 1.01; Pro, 0.98; Gly, 1.01; Ile, 1.00; Leu, 1.01;
Tyr, 0.98; and a net peptide content of 76.4%. ESI-MS: m/z
calcd 1039.42; found 1039.24 [(3) + H]*.

Results and Discussion
Synthetic Organosulfur Chemistry
The first task requiring specialized expertise was the pro-

duction of (chlorocarbonyl)disulfanyl chloride (6). Although
there have been several previously reported routes to this

key reagent (Bohme et al. 1981, Barany and Mott 1984,
Schroll and Barany 1986, Chen et al. 1997, Tobén et al.
2011), we opted for the method discovered by Schroll and
Barany (1986) that involves careful chlorination of isopro-
pyl xanthic anhydride (5) (Scheme 2). The 6 thus obtained
was redistilled, and then, according to the procedure of Chen
et al. (1997), was reacted with Boc-Cys(Acm)-OH (7), fol-
lowed shortly thereafter by a quench with N-methylaniline, to
provide the needed Boc-Cys(Ssnm)-OH (9) building block.

Linear Solid-Phase Peptide Synthesis

An overall route first used by Chen et al. (1997) was fol-
lowed, with some changes in the protection schemes and
other details (Scheme 3). More specifically, we used tri-
phenylmethyl (trityl =Trt) in place of 2,4,6-trimethoxy-
benzyl (Tmob), to protect the side-chains of Asn, Gln,
and the internal Cys residue, and we used a 4-(Fmoc-
aminomethyl-2',4’-dimethoxyphenyl)phenoxy polystyrene
resin (Rink amide — PS) (0.45 mmol/g) whereas Chen et al.
(1997) worked with a 5-(4-Fmoc-aminomethyl-3,5-dimeth-
oxyphenoxy)valeryl poly(ethylene glycol) — polystyrene
(PAL —PEG —PS) graft support. Fmoc solid-phase peptide
synthesis (SPPS) chemistry with primarily HBTU coupling
protocols on an Abimed/Gilson AMS 422 instrument at the
New England Peptide facility was used to assemble Boc-
Cys(Ssnm)-Tyr(tBu)-Ile-Gln(Trt)-Asn(Trt)-Cys(Trt)-Pro-
Leu-Gly-Rink amide — PS (Scheme 3, top line). This was
done several times at varying scales.

Cleavage of Peptide-Resin and Spontaneous
Cyclization

The peptide-resin (Scheme 3) was cleaved with “Reagent
B” [TFA-iPr;SiH-phenol-H,0 (92.5:2.5:2.5:2.5)] (Solé
and Barany 1992), and rather rapid cyclization to the tri-
sulfide occurred spontaneously as the peptide was taken up
in CH;CN-H,O (1:1) containing 0.1% TFA (net pH ~ 3).
Concomitantly, other oxytocin species formed, so that the
crude product comprised regular oxytocin (disulfide) (2),
oxytocin trisulfide (3), and oxytocin tetrasulfide (4) in an
approximate ratio of 1:6:2 (based on integration of peaks on
an HPLC trace with UV detection).

Identifications of peaks were confirmed by ultraper-
formance liquid chromatography-quadrupole time-of-flight
mass spectrometry (UPLC/QTOF-MS) (Fig. 1). High reso-
lution electrospray ionization mass spectra detected proto-
nated molecular ions, [2+H]*, [3+H]*, and [4+H]" in
the mixture at m/z 1007.4427, 1039.4150, and 1071.3849
respectively. These measured values correspond to the
theoretical molecular formulas of (2: C;3HgN1,0,,5,), (3:
Cy3HgsN1,01,S5), and (4: C,3HgeN,,0,,S,), with measure-
ment errors of 1.0 ppm, 0.8 ppm, and 2.7 ppm, respectively.

@ Springer
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Scheme 3 Solid-phase synthesis and solution cyclization to produce
oxytocin trisulfide (3), via intermediate 11. Upon completion of the
deprotection/cleavage step, the cleaved resin was removed by filtra-
tion and the filtrate was added to cold Et,0O-hexane (1:1, 8 volumes)

In addition, measurement of the doubly-charged ion at m/z
552.1862 corresponds to the theoretical molecular formula
of oxytocin pentasulfide (C43HgcN;,0,,S5), with a measure-
ment error of 4.7 ppm; the corresponding singly-charged
protonated molecular ion was not observed.

Purification and Characterization of Oxytocin
Trisulfide (3)

The desired oxytocin trisulfide (3) was obtained after careful
reversed-phase preparative HPLC, in an overall isolated yield
of about 6.4% based on starting resin, and in excellent purity
[>95%, by analytical HPLC, as shown in Fig. 2, with the
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3

to precipitate crude peptide, which was collected by centrifugation
and then dissolved in CH;CN-H,O (1:1) containing 0.1% TFA (over-
allpH ~ 3)

very minor by-products clearly identified as reduced oxytocin
(1), oxytocin (disulfide) (2), and oxytocin tetrasulfide ]2
The structure of 3 was confirmed by ESI-MS and amino acid
analysis (AAA). The lyophilized product comprised 76% of

5 Two reviewers correctly pointed out an apparent inconsistency
between the distribution of products in the crude material and the
isolated yields after purification. We believe that the isolation of
pure oxytocin (disulfide) (2) was highly efficient [and matches the
expected amount], whereas the isolation of pure trisulfide (3) was not
nearly as efficient because we placed a premium on obtaining highly
pure material over maximizing the yield. It is also possible that in
the leadup to purification, some of the 3 that had been produced may
have lost a sulfur atom, hence raising the yield of 2 while lowering
the yield of 3.
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Fig.1 UPLC/QTOF-MS analysis of a “crude” synthetic oxytocin
trisulfide (3) mixture, prior to purification. Buffers and elution con-
ditions are listed in the “General” section of “Materials and Meth-
ods.” a Total ion current (TIC) chromatogram for the separation of
the pre-purification mixture. b Extracted ion chromatogram of m/z
1007.44, corresponding to detection of disulfide 2. ¢ Extracted ion
chromatogram of m/z 1039.42, corresponding to detection of tri-
sulfide 3. d Extracted ion chromatogram of m/z 1071.38 correspond-
ing to detection of tetrasulfide 4. e High resolution mass spectrum of
3, detected in the synthetic mixture, illustrating detection of [3+H]*
and [3+2 HJ** ions. Theoretical [3+H]* = 1039.4159. The meas-
ured [3+H]* of 1039.4150 corresponds to determination of 3
[molecular formula C,3HgN;,0,,S;]with a measurement error of 0.8
ppm. As detailed in “Results and Discussion,” corresponding spectra
for 2 and 4 were used to confirm their identities

3, as quantified by AAA, with the remaining material likely
to be counterions from the final purification (trifluoroacetate)
plus residual water, as is typical for most peptides.

Perspective on Scaled-up Oxytocin Trisulfide
Synthesis

In our earlier work (Chen et al. 1997), we investigated
multiple directed routes to title peptide 3, focusing on (i)

appropriate orthogonally removable pairs of protecting
groups for the two cysteine residues (N-terminal and inter-
nal); (ii) which cysteine residue would serve as the nucleo-
phile versus which could be the electrofugal moiety, and (iii)
the relative merits of on-resin cyclization (taking advantage
of pseudo-dilution which favors intramolecular reactions)
versus carrying out this critical step in solution.

For the work reported herein, we focused on a strategy
involving attack by the internal cysteine (originally protected
by S-Trt) on a terminal S-Ssnm moiety, with the cyclization
reaction taking place in solution, after acidolytic release of
the peptide from the support. By having Ssnm protect the
sulfhydryl side-chain of N-terminal cysteine in the oxytocin
sequence, we did not have to be concerned about maintain-
ing protection for further deprotection/coupling cycles of
Fmoc chemistry, and we were able to use Boc to protect
the N-terminal a-amino group. Just as (N-methyl-N-phe-
nylcarbamoyl)sulfenyl (Snm) (Schroll and Barany 1989)
is somewhat preferable over (methoxycarbonyl)sulfenyl
(Scm) (Brois et al. 1970; Kamber 1973; Hiskey et al. 1975;
Mullen et al. 2010], so too is Ssnm somewhat preferable
over (methoxycarbonyl)disulfanyl (Sscm) (Mott and Barany
1984, Chen et al. 1997).

The fact that oxytocin trisulfide formation did not
require weakly basic catalysis, e.g., from a weak tertiary
amine [compare to conditions reported by Mott and Barany
(1984)], but already occurred under the acidic conditions
of the crude peptide workup, can be attributed to the added
facility of any cyclization that is intramolecular. Even
s0, not just desired trisulfide formed, but also extraneous
disulfide and tetrasulfide species were present; this appears
to be unavoidable and is discussed in the next section. While
for the present study, we did not explicitly look for paral-
lel or antiparallel dimers, these are known to be potential
by-products of disulfide-forming reactions, and could very
well have formed here as well. However, their amounts were
likely to be lower since directed approaches seem to offer
more control than co-oxidation type methods.

We should note that non-directed solution-phase
approaches to trisulfide formation have been reported; such
approaches take advantage of electrophilic “S?*” equivalents
that react with free sulfhydryl groups. One suitable reagent,
N,N’-thiobisphthalimide (TBPI), which by now is com-
mercially available, can be applied to peptide bis(thiols) in
dilute solution (< 0.1 mm)° to form cyclic peptide trisulfides
(Lundin et al. 1994; Moutiez et al. 1997). Furthermore,
sequential addition of two peptide free thiols to TBPI has

% The requirement for highly dilute concentrations during literature
solution cyclizations should be contrasted to the effective concentra-
tion for the cyclization method described in this paper, which can be
estimated as two orders of magnitude higher, i.e., 7 to 10 mm.
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Fig.2 Analytical HPLC chromatogram, with UV detection at
220 nm, of oxytocin trisulfide (3) after purification and lyophiliza-
tion. Buffers and elution conditions are listed in the “General” section
of “Materials and Methods.” The target compound is peak C, which

been described for production of unsymmetrical trisulfide
peptides (Lundin et al. 1994). For completeness, we refer
to the elegant work of Erlanson and Wells (1998) where
commercially available bis(tetrabutylammonium)hexasulfide
was used to convert peptide bis(thiols) to a mixture of the
corresponding cyclic di-, tri-, tetra-, and pentasulfides.

Possible Mechanisms to Explain Formation
of Disulfide (2) and Tetrasulfide (4)

The directed route chosen in this study led to a facile syn-
thesis of oxytocin trisulfide (3) in acceptable yield (6-7%,
overall from starting resin), but the corresponding disulfide 2
and tetrasulfide 4 species also formed as by-products, among
others,” despite our use of optimized reaction protocols.
These findings were already anticipated based on our ear-
lier comprehensive academic-scale publication (Chen et al.
1997). The simplest way to account for the past and present
results is to invoke disproportionation, a common issue with
even simple model disulfides and higher polysulfides, let
alone peptides.

Another paper from our laboratory (Chen and Barany
1996) provided a case study for how trisulfides could form
in experiments that were designed to create disulfides.
Related, we need to explain a foundational observation
for the current studies, namely the formation of a disulfide

7 Higher polysulfides are almost surely present, albeit in diminish-
ing amounts. For the present work, we provide strong support for the
presence of oxytocin pentasulfide, based on UPLC/QTOF-MS of the
crude product mixture.

@ Springer

Minutes 20

comprises 96.0% of the total material. The following impurities were
identified by ESI-MS: Peak A: Oxytocin (2, 1.7%, m/z=1007.4);
Peak B: Linear (reduced) oxytocin (1, 1.5%. m/z=1009.2); Peak D:
Oxytocin tetrasulfide (4, 0.5%, m/z=1070.9)

(and even a tetrasulfide) as degradants from what started
as pure trisulfide [see Hawe 2009 as already cited, along
with an invaluable investigation by Wisniewski et al. 2013,
and mechanistic proposals reviewed by Yang 2016]. What
actually happens in these disparate cases might be more
nuanced, and we hope that the speculations that follow will
stimulate rigorous mechanistic studies.

First, it is not entirely clear at which point in our synthetic
route (Scheme 3) the target trisulfide actually forms. It is
not out of the question that considerable cyclization already
occurs within the highly acid cleavage medium [“Reagent
B,” which is mostly TFA, along with scavengers], but it is
also plausible that the reaction requires the slightly aqueous
acid milieu provided once the crude cleaved peptide product
becomes dissolved.

With the goal of finding some common underlying mech-
anism to explain formation of both disulfide and tetrasulfide
by-products from an acyl trisulfane intermediate, i.e., the
Cys(Ssnm)-containing oxytocin derivative 11, we propose
multifurcated pathways (Scheme 4). Thus, in addition to the
expected, well-precedented nucleophilic attack of the Cys®
sulfhydryl onto the central sulfur atom of the Cys'(Ssnm)
group which leads to 3 (Scheme 2), the attack could occur
on alternative sulfur atoms of the trisulfane [Scheme 4, paths
(a) and (b)].

In path (a), the Cys® thiol attacks the Cys' p-sulfur, lead-
ing to the peptide disulfide 2 along with loss of the dithi-
ocarbamic acid PhN(Me)(C = O)SSH; this latter transient
species could continue to decompose to N-methylaniline,
carbonyl sulfide (COS), and elemental sulfur [SY]. In path
(b), the Cys6 thiol attacks the Cys' carbonyl-proximal sulfur,
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Scheme 4 Potential mechanisms for formation of disulfide (2) and tetrasulfide (4) by-products during the conversions of Cys(Ssnm) intermedi-

ate 11 that are directed towards oxytocin trisulfide (3)

in a process that results in peptide tetrasulfide 4, along with
loss of carbon monoxide (CO) and N-methylaniline.

As a possible precedent for our proposed path (b), het-
erocyclic disulfane systems such as 1,2,4-dithiazolidinones
react with phosphorus nucleophiles on carbonyl-proximal
sulfur (Goerdeler and Nandi 1975; Goerdeler et al. 1981;
Ponomarov et al. 2012). Under strong acid conditions, inter-
mediate 11 is likely to be protonated (i.e., 12), which would
increase the electrophilicity of the carbamoyl trisulfane and
lead to less selectivity in reactions at the three sulfur centers.
The overall increased electrophilicity of protonated interme-
diate 12 could also lead to a reduction in energy differences
in the three possible S-S bond forming reactions, leading to
partitioning of the reaction through the desired (expected)
route along with the less desired paths (a) and (b).

Our proposal (Scheme 4) is not intended to be the only
possible mechanistic explanation for the observed results.
For example, the (SO)n species (elemental sulfur) formed in
any of several ways [e.g., path (a) in Scheme 4, or decom-
position of 11] could react with free cysteine residues to
insert one or more sulfur atoms. Additionally, the presence
of iPr;SiH as a scavenger during the acidolytic cleavage step
provides a reducing environment. As a result, sulfur—sulfur
bonds in any of the intermediates or products could result
again in (S%), generation, with subsequent production of
higher order polysufanes (reviewed by Steudel 2002, Lin-
dahl and Xian 2023).

The reducing power of iPr;SiH-containing TFA-based
cleavage cocktails with respect to S—S bonds has been
invoked recently by Yang et al. (2020) as a factor in the
formation of free thiol species from resin-bound disulfide-
containing peptides. The aforementioned hypothesis is con-
sistent with our finding of linear (reduced) oxytocin (1) as
one of the by-products in the crude cleaved peptide (nomi-
nally 3) and even as a minor impurity to final purified oxy-
tocin [see Fig. 2; note the presence of 1 (peak B) in what is
mostly 3 (peak C)].

Conclusions

Notwithstanding the intellectual stimulation of trying to
explain some interesting observations in peptide sulfur
chemistry, our primary goal was to fulfill a practical need
from our partnering sponsor. Using state-of-the-art meth-
ods, the Minnesota—New England Peptide team was able to
synthesize significant amounts of authentic pure oxytocin
trisulfide (3). Upon receipt of this material by the in-house
analytical team at Teva Parenteral Medicines, it was con-
firmed to co-elute with the degradant observed in their Oxy-
tocin Injection stability studies (data not shown). This result
validated the identification of the aforementioned degradant.
As trisulfide motifs continue to emerge in surprising ways
in vitro and in vivo, we hope that our results will inform
future work in this area.
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