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ABSTRACT: The aim of this study was to investigate the effect of divalent metal ions (Ca,
Mg2+, and Zn2+) on the stability of oxytocin in aspartate buffer (pH 4.5) and to determine
their interaction with the peptide in aqueous solution. Reversed-phase high-performance liq-
uid chromatography and high-performance size-exclusion chromatography measurements indi-
cated that after 4 weeks of storage at 55◦C, all tested divalent metal ions improved the stability
of oxytocin in aspartate-buffered solutions (pH 4.5). However, the stabilizing effects of Zn2+ were
by far superior compared with Ca2+ and Mg2+. Liquid chromatography–tandem mass spectrom-
etry showed that the combination of aspartate and Zn2+ in particular suppressed the formation
of peptide dimers. As shown by isothermal titration calorimetry, Zn2+ interacted with oxytocin
in the presence of aspartate buffer, whereas Ca2+ or Mg2+ did not. In conclusion, the stability
of oxytocin in the aspartate-buffered solution is strongly improved in the presence of Zn2+, and
the stabilization effect is correlated with the ability of the divalent metal ions in aspartate
buffer to interact with oxytocin. The reported results are discussed in relation to the possible
mode of interactions among the peptide, Zn2+, and buffer components leading to the observed
stabilization effects. © 2013 Wiley Periodicals, Inc. and the American Pharmacists Association
J Pharm Sci 102:1734–1741, 2013
Keywords: stability; oxytocin; zinc ions; aspartate buffer; aqueous; formulation; peptide;
degradation; kinetic

INTRODUCTION

Pregnant women may face life-threatening blood loss
at the time of delivery. As stated in the Interna-
tional Confederation of Midwives (ICM) - Interna-
tional Federation of Gynecologists and Obstetricians
(FIGO) joint statement, the drug of choice to pre-
vent bleeding after child birth (postpartum hemor-
rhage) is oxytocin.1 Oxytocin (Fig. 1) is a nonapep-
tide hormone that is composed of a cyclic sequence of
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Cys1–Tyr2–Ile3–Gln4–Asn5–Cys6 with an N-terminal
amino group, and of a linear Pro7–Leu8–Gly9 with
a C-terminal amide. The secondary structure of the
cyclic part is heterodetic with a disulfide linkage be-
tween two cysteine residues, namely Cys1 and Cys6.2

Unfortunately, a major problem in practice is that
injectable oxytocin formulations become highly un-
stable when the storage temperature rises to 30◦C
or higher.3 Therefore, oxytocin should be refrigerated
during storage and transportation, the so-called “cold
chain,” which cannot always be maintained, partic-
ularly in rural or tropical areas.4 Oxytocin can un-
dergo degradation via deamidation, oxidation, or thiol
exchange.5,6 In particular, the Cys1–Cys6 disulfide is
susceptible to thiol exchange or oxidation promoted
by oxygen, light, or transition metal ions.7–9
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Figure 1. Oxytocin structure.

Several studies have been conducted to improve the
stability of oxytocin formulations.5,6,10 Within this
frame, we have previously demonstrated that com-
binations of divalent metal ions with citrate buffer
greatly improve the stability of oxytocin in aqueous
solution, whereas divalent metal ions added to non-
buffered aqueous oxytocin solutions have only limited
stabilizing effects at 40◦C or 55◦C.10 In a consecutive
study, we have shown that formation of a complex of
divalent metal ions and citrate with oxytocin leads to
the suppression of cysteine-mediated intermolecular
or intramolecular reactions, thus suppressing trisul-
fide/tetrasulfide and dimer formation.6

We have also observed that different types of
buffers may lead to a different interaction between
divalent metal ions and oxytocin, therefore having a
different impact on oxytocin stability. For example, we
demonstrated that addition of divalent metal ions to
oxytocin solutions in either acetic or citric acid buffers
results in different stabilization effects of the pep-
tide in aqueous solution.10 Although Ca2+, Mg2+, and
Zn2+ in combination with citrate buffer were success-
ful in stabilizing oxytocin, no stabilizing effect was
observed for the combination of the same divalent
metal ions and acetate buffer.10 Acetic acid and citric
acid are carboxylic acids with one and three carboxy-
late groups, respectively. Thus, the above-mentioned
results suggest that a buffer with more than one car-
boxylate group is required for stabilizing the oxy-
tocin–metal–buffer salt cluster. Indeed, preliminary
experiments indicated that aspartate, a buffer con-
taining two carboxylate and amine group, in combina-
tion with divalent metal ions stabilized oxytocin in so-
lution (unpublished result). Therefore, the aim of the
present study was to investigate the effects of diva-
lent metal ions (Ca2+, Mg2+, and Zn2+) on the stability
of oxytocin in aspartate buffer in more detail. Aspar-

tate was selected because it is a commonly used buffer
in parenteral products approved by the US Food and
Drug Administration for formulation purposes.11 It
was envisaged that the carboxylate groups of aspar-
tate may establish different interactions and thereby
differently affecting the peptide stability with respect
to citric acid.

It should be noted that both the pH and concen-
tration of metal ions in the formulation were found
to be crucial in the effectiveness of oxytocin stabiliza-
tion in citrate buffer.10,12 Thus, because the optimum
stability of oxytocin was reported to be at pH 4.5,5

the peptide formulations were maintained at that pH,
whereas various divalent metal ion concentrations
were tested. In addition, we have investigated the ef-
fect of divalent metal ions on the degradation profile
of oxytocin in aspartate buffer by liquid chromatog-
raphy–tandem mass spectrometry (LC–MS/MS). Fi-
nally, we performed isothermal titration calorimetry
(ITC) experiments as a primary attempt to analyze
the thermodynamics of the system at the molecular
level.

MATERIALS AND METHODS

Materials

Oxytocin monoacetate powder (Diosynth, Oss, The
Netherlands) was kindly provided by MSD, Oss,
The Netherlands. L-Aspartic acid, magnesium chlo-
ride, and zinc chloride were purchased from Fluka,
Steinheim, Germany. Calcium chloride was ob-
tained from Riedel-de Haen, Seelze, Germany; and
sodium hydroxide, sodium dihydrogen phosphate di-
hydrate, acetonitrile (supergradient grade), as well as
formic acid were purchased from Merck, Darmstadt,
Germany.
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Methods

Formulation of Oxytocin Solution and Stability Study

Oxytocin solution was formulated at a concentration
of 0.1 mg/mL (0.094 mM) in 10 mM aspartate buffer
at pH 4.5 (pH adjusted with sodium hydroxide) with
different concentrations of divalent metal ions Ca2+,
Mg2+, and Zn2+. All divalent metal ion solutions were
prepared using their chloride salts at concentrations
of 2, 5, 10, and 50 mM. The concentration of oxy-
tocin was determined using a UV spectrometer as
described previously.10,13 After preparation, the so-
lutions were stored in 6R glass type 1 vials for 4
weeks at either 4◦C or 55◦C, and were protected from
light. Some selected formulations were also stored for
5 days at 70◦C, and the samples were diluted 10-fold
with water for LC–MS/MS analysis. During the sta-
bility study, controlled pH levels in the samples were
within 0.1 pH units.

Reversed-Phase High-Performance Liquid
Chromatography

Reversed-phase high-performance liquid chromatog-
raphy was carried out according to the procedure de-
scribed earlier.5,10 An Alltima C-18 RP column with
5:m particle size, inner diameter of 4.6 mm, and
length of 150 mm (Alltech, Ridderkerk, The Nether-
lands), a Waters (Millipore, Millford, MA) 680 au-
tomated gradient controller, two Waters 510 HPLC
pumps, a Waters 717 plus autosampler, and a Waters
486 tunable absorbance UV detector were used. Sam-
ples of 20:L were injected, and the separation was
carried out at a flow rate of 1.0 mL/min and UV de-
tection at 220 nm. Samples were eluted using 15% (v/
v) acetonitrile in 65 mM phosphate buffer, pH 5.0, as
solvent A and 60% (v/v) acetonitrile in 65 mM phos-
phate buffer, pH 5.0, as solvent B. The acetonitrile
concentration was linearly increased from 15% at the
beginning, to 20% at 10 min, to 30% at 20 min, and
finally to 60% at 25 min. The recovery of oxytocin is
expressed as the percentage of initial amount.

Size-Exclusion HPLC

High-performance size-exclusion chromatography
was performed according to the method previously
reported.5,10 A Superdex Peptide 10/300 GL column
(GE Healthcare Inc., Brussels, Belgium) was used on
an isocratic HPLC system with a Waters 510 pump, a
Waters 717 plus autosampler, a Waters 474 scanning
fluorescence detector, and a Waters 484 tunable ab-
sorbance detector (Waters, Milford, Massachusetts).
Samples of 50:L were injected, and separation was
performed at a flow rate of 1 mL/min. Chromatograms
were obtained using fluorescence detection at excita-
tion wavelength of 274 nm and emission wavelength
of 310 nm. The mobile phase consisted of 30% ace-
tonitrile and 70% 0.04 M formic acid. The recovery of

monomeric oxytocin is expressed as the percentage of
initial amount.

Liquid Chromatography–Tandem Mass Spectrometry

The LC–MS/MS system was set up according to
the method described earlier.5,10 A Shimadzu (Kyoto,
Japan) LC system equipped with LC-20AD gradi-
ent pumps and a SIL-20AC autosampler was used.
The chromatographic separation was carried out on
an Alltima C18 column (internal diameter 2.1 mm,
length 150 mm, particle size 5:m; Grace Davison Dis-
covery Sciences). The gradient mobile-phase compo-
sition was a mixture of solvent A consisting of 95%
water and 5% acetonitrile and solvent B consisting of
5% water and 95% acetonitrile, both containing 0.05%
(v/v) acetic acid and 10 mM ammonium acetate. Elu-
tion was performed by a linear gradient from 5% to
60% of the solvent B in 30 min, followed by an increase
to 90% solvent B in 1 min, where it was kept for 4 min,
after which it returned to the starting conditions. The
flow rate was 0.2 mL/min. The UV signal was recorded
at 220 nm. The injection volume was 50:L.

The HPLC system was coupled to an API
3000 triple-quadrupole mass spectrometer (Applied
Biosystems/MDS Sciex) via a turbo ion spray source.
The ionization was performed by electrospray in the
positive mode. Full scan spectra were recorded at a
scan rate of 2 s from m/z 500 to 1300 and a step size of
0.2 amu with a declustering potential (DP) of 40 V and
a focusing potential (FP) of 250 V. Product ion scans
were acquired in specified time windows with a DP
of 60 V, a FP of 300 V, a collision energy of 40 V, and
a collision cell exit potential of 20 V. Data acquisition
and processing were performed using Analyst version
1.5 software (Applied Biosystems/MDS Sciex).

Liquid chromatography–tandem mass spectrome-
try was used to identify the oxytocin degradation
products observed by RP-HPLC with UV detection.
The analyses were carried out on each of the major
degradation peaks for oxytocin in aspartate buffer for-
mulation without divalent metal salts as well as by
LC–MS for the formulation with divalent metal salts.

Isothermal Titration Calorimetry

Microcalorimetric titrations of divalent metal ions to
oxytocin in aspartate buffer were performed by us-
ing a MicroCal ITC200 microcalorimeter (Northamp-
ton, Massachusetts) as described previously.10 A solu-
tion of 30:L of 125 mM divalent metal chloride (cal-
cium, magnesium, or zinc chloride) in 10 mM aspar-
tate buffer, pH 4.5, was placed in the syringe, whereas
300:L of 5 mM oxytocin in 10 mM of aspartate buffer,
pH 4.5, was placed in the sample cell. The refer-
ence cell contained 300:L of aspartate buffer. Exper-
iments were performed at 55◦C. The effective heat of
the peptide–metal ion interaction upon each titration
step was corrected for dilution and mixing effects, as
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measured by titrating the divalent metal ion solution
into the buffer and by titrating the buffer into the
oxytocin solution (reference measurement). To inves-
tigate the possibility of oxytocin or metal ion binding
to the buffer components, control experiments were
performed in water. The heats of bimolecular interac-
tions were obtained by integrating the peak following
each injection. All measurements were performed in
triplicate. ITC data were analyzed by using the ITC
nonlinear curve fitting functions for one or two bind-
ing sites from Origin 7.0 software (MicroCal Software,
Inc.).

RESULTS

The Effect of Divalent Metal Ions on Oxytocin Stability
in Aspartate Buffer Solution

To investigate the stability of oxytocin in the
aspartate-buffered solutions in the presence of diva-
lent metal ions, oxytocin formulation in 10 mM as-
partate buffer (pH 4.5) with various concentrations of
divalent metal ions were prepared. Oxytocin is com-
monly formulated at a concentration of about 0.01 mg/
mL, which is 10 times lower than the concentration
used in this study. The higher concentration was cho-
sen to have higher peak intensities of the degrada-
tion products in the chromatograms (RP-HPLC and
HP-SEC). Oxytocin recovery and the presence of oxy-
tocin monomer were determined by RP-HPLC and
HP-SEC, respectively, after 4 weeks of storage at 4◦C
and 55◦C. The results are shown in Figure 2. After
4 weeks of storage at 4◦C, oxytocin remained stable
in all formulations. Instead, after 4 weeks of stor-
age at 55◦C, oxytocin stability increased with increas-
ing divalent metal ions concentration. Ca2+ and Mg2+

had similar effects on improving the oxytocin stabil-
ity; the recovery of oxytocin as well as the remain-
ing percentage of oxytocin monomer increased up to
45% in the presence of 50 mM Mg2+, and up to 35%
in the presence of 50 mM Ca2+. Notably, Zn2+ was
much more effective in stabilizing oxytocin; the re-
covery of oxytocin and the remaining percentage of
oxytocin monomer increased up to 35% at a concen-
tration of 2 mM Zn2+ (i.e., to a comparable extent as
50 mM Ca2+ or Mg2+) and to about 75% at a concen-
tration of 50 mM Zn2+. Overall, both RP-HPLC and
HP-SEC showed that Zn2+ has superior stabilizing
effects in aspartate buffer compared with Ca2+ and
Mg2+.

The Effect of Divalent Metal Ions on the Degradation
Profile of Oxytocin in Aspartate Buffer

To assign the degradation products of oxytocin in
the formulations, oxytocin in 10 mM aspartate buffer
(pH 4.5) in the absence and presence of 10 mM di-
valent metal ions was analyzed by LC–MS/MS after

Figure 2. Effects of Ca2+ (squares), Mg2+ (circles), and
Zn2+ (triangles) concentration on the recovery of oxytocin
in 10 mM aspartate buffer, pH 4.5, after 4 weeks of stor-
age at either 4◦C (solid symbols) or 55◦C (open symbols).
(a) Oxytocin recovery determined by RP-HPLC. (b) Oxy-
tocin monomer remaining as determined by HP-SEC. The
results are depicted as averages of three independent mea-
surements ± SD.

incubation of the samples at 70◦C for 5 days to en-
sure the formation of sufficient amounts of degrada-
tion products to be analyzed properly. MS/MS anal-
ysis was applied to confirm the identification of the
most intense peaks, and degradation products were
assigned following our previous reports.5,6,14 Figure
3a shows the total ion current of mass spectra in the
m/z range between 900 and 1200 for the formulation of
oxytocin without divalent metal ions (solid line), and
with 10 mM Zn2+ (dashed line). Spectra of the formu-
lations with calcium and magnesium ions are shown
in the supplementary material. Nine peaks can be
observed in the MS profile of the formulation with-
out divalent metal ions after thermal stress. These
nine revealed 10 molecular species in the LC–MS con-
tour plot (Fig. 3b). The protonated molecular ion of
unmodified oxytocin was found at a retention time
of 12.8 min with m/z of 1007.4. A peak at a reten-
tion time of 14.5 min with m/z 1066.6, correspond-
ing to oxytocin acetate (ammoniated), appeared in the
LC–MS of both stressed and unstressed oxytocin for-
mulations. Most likely, oxytocin acetate was formed
during synthesis as the oxytocin was supplied as a
monoacetate salt. Complete assignment of the degra-
dation products is listed in Table 1. At retention time
of 13.7 and 15.0 min trisulfide and tetrasulfide form
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Figure 3. (a) The total ion current and (b) contour plot of mass spectra (m/z 900–1200) of
oxytocin and its degradation products in 10 mM aspartate buffer after 5 days of storage at 70◦C
and pH 4.5 (solid line) and in the presence of 10 mM Zn2+ (dashed line).

degradation products were identified from the m/z
1039.6 and 1071.6 peaks, respectively (see supple-
mentary material for the structures of trisulfide
and tetrasulfide oxytocin species). Other peaks (i.e.,
dimers 1–6 in Table 1) are interpreted as various
forms of disulfide or thioether-linked oxytocin dimers
as described previously.6

Addition of divalent metal salts in the formulation
with the aspartate buffer did not result in any addi-
tional degradation products compared with samples
without metal salts (see dashed line in Fig. 3a for the
formulation containing 10 mM Zn2+). Conversely, as
expected from the RP-HPLC and HP-SEC data, it re-
sulted in a significant reduction of the major degrada-
tion peaks. The intensity of each degradation product
from each stressed formulation of oxytocin in aspar-
tate buffer in combination with Ca2+, Mg2+, and Zn2+

was recorded. In Table 1, the relative intensities in
percentage of the peak area of each degradation prod-

uct in the presence of divalent metal ions with respect
to the same formulations without divalent metal ions
are listed. Addition of Ca2+ and Mg2+ reduced the for-
mation of dimers 1 and 2 of about 30%, an effect that
was even more pronounced in the presence of Zn2+,
that is, 53% and 60% reduction for dimers 1 and 2,
respectively.

Zn2+ was the most efficient divalent metal ion in
suppressing the total amount of the degradation prod-
ucts of oxytocin in aspartate buffer. In fact, in contrast
to Ca2+ and Mg2+, Zn2+ also reduced the formation
of other dimers: dimer 3 was reduced by 14%, and
dimer 5 was reduced by 30%. However, an increase
in the formation of trisulfide and tetrasulfide species
was also observed. The signal intensity of the tetra-
sulfide form (m/z 1071.6, retention time 15.0 min) is
very low compared with that of the dimers, and there-
fore peak integration was less accurate. We have
no explanation for the increased intensity of the
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Table 1. Effect of Divalent Metal Ions on the Intensity of Oxytocin in Aspartate-Buffered Solution

Relative Peak Intensity (%) of Oxytocina

Assignment Retention Time (min) m/z Ca2+ Mg2+ Zn2+

Oxytocin trisulfide 13.7 1039.4 111 ± 4 101 ± 8 146 ± 5
Oxytocin tetrasulfide 15.0 1071.6 135 ± 13 114 ± 10 187 ± 12
Dimer 1 15.7 993.2b 68 ± 3 68 ± 2 47 ± 0
Dimer 2 16.7 993.2b 69 ± 3 76 ± 2 39 ± 2
Dimer 3 16.9 1008.6 115 ± 4 111 ± 2 86 ± 2
Dimer 4 17.6 1024.6b 147 ± 19 135 ± 3 127 ± 5
Dimer 5 18.0 1008.6 111 ± 2 111 ± 1 71 ± 3
Dimer 6 18.9 1024.6b 152 ± 8 144 ± 3 115 ± 18

Relative peak intensity is expressed with respect to that of the same product in the absence of divalent metal ions.
aAspartate buffer solution with 10 mM of the indicated divalent metal ion.
bAmmoniated.

trisulfide form (m/z 1039.4, retention time 13.7 min)
in the presence of Zn2+ because the mechanism of
trisulfide and tetrasulfide formation is unclear.

After 5 days of storage at 70◦C, oxytocin formu-
lated in aspartate buffer without divalent metal ions
was the most degraded of all formulations tested, and
only approximately 20% oxytocin could be recovered
(Fig. 4). Addition of 10 mM Ca2+ and Mg2+ did not
markedly improve the peptide recovery, which is in
agreement with the results of the stability study at
55◦C. However, when Zn2+ was added, the degrada-
tion was reduced and a recovery of about 45% oxytocin
was found.

Interaction of Oxytocin and Divalent Metal Ions in
Aspartate Buffer

The interaction of oxytocin with divalent metal ions
was investigated by ITC at a temperature of 55◦C.
Figure 5 shows the exothermic (�Hobs) events when
Ca2+ or Mg2+ was titrated into a solution of oxy-
tocin in 10 mM aspartate buffer. The effects were very
small (not more than 0.05 kcal/mol of injectant) and
only slightly different from the corresponding refer-
ence measurements. On the contrary, when Zn2+ was
titrated into oxytocin in aspartate buffer, a strong en-
dothermic reaction was observed and the heat effects
upon the titration reached more than 0.5 kcal/mol for
the first injection. The shape of the titration curve for
the Zn2+–oxytocin in aspartate is indicative of a bind-
ing reaction. Using the analysis model with two dis-
tinct types of binding sites, the binding constants Ka
at 55◦C for Zn2+ – oxytocin interaction are 6.2 ± 1.0 ×
103 and 72 ± 17 M−1, respectively. Thus, although we
did not elucidate the binding mechanism in full de-
tails, the ITC results clearly reveal that the only sys-
tem that shows substantial thermodynamics interac-
tions has the most pronounced effect on the stability
of the aqueous oxytocin formulations we evaluated in
this study.

Figure 4. Recovery of oxytocin in the absence (OAP) and
presence of 10 mM Ca2+ (OAPCa), Mg2+ (OAPMg), and Zn2+

(OAPZn) in 10 mM aspartate-buffered solution at pH 4.5 un-
der stressed condition at a temperature of 70◦C for 5 days.
Oxytocin recovery determined by LC–MS. The results are
depicted as averages of three independent measurements
± SD.

DISCUSSION

In a previous study, we found that oxytocin can be
stabilized by a combination of divalent metal ions and
citrate buffer at pH 4.5. Divalent metal ions in com-
bination with citrate buffer suppressed intermolecu-
lar reactions in the disulfide bridge region presum-
ably by forming a complex in that region. At a con-
centration of 50 mM, there were no significant differ-
ences observed among the three tested divalent metal
ions, Ca2+, Mg2+, and Zn2+.10 Our present study in-
dicates that formulations with a combination of di-
valent metal ions and aspartate buffer behave differ-
ently in improving oxytocin stability in aqueous solu-
tion. In fact, we have shown that in aspartate buffer,
only the addition of 50 mM Zn2+ results in a com-
parable stabilizing effect on oxytocin as citrate with
Ca2+, Mg2+, and Zn2+.10 The LC–MS/MS results show
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Figure 5. Least squares fit of the data from calorimetric
titration profiles of aliquots of 125 mM divalent metal ions:
Ca2+ (solid square), Mg2+ (open square), and Zn2+ (open
triangle) into 5 mM oxytocin in 10 mM aspartate buffer
(pH 4.5). The heat absorbed per mole of titrant is plotted
versus the ratio of the total concentration of divalent metal
ions to the total concentration of oxytocin.

that in particular the formation of oxytocin dimers is
strongly reduced by the presence of Zn2+ in aspartate,
whereas it is only moderately affected by Ca2+ and
Mg2+. Our previous study showed that all the dimers
were produced from the thiol exchange in the disul-
fide bridge.6 Thus, it appears that the combination of
Zn2+ and aspartate was able to protect the disulfide
Cys1,6 bridge of oxytocin, whereas the combination of
Ca2+ or Mg2+ does not. In line with these results, ITC
data demonstrate that in the presence of aspartate,
only Zn2+, among the tested divalent metal ions, was
able to strongly interact with oxytocin.

The whole assembly of oxytocin–divalent metal
ion buffer is a complex process, wherein individual
interactions between components may be addition-
ally probed by ITC (see Supplementary Material S5
and S6). Apparently, the individual interactions be-
tween oxytocin and the divalent metal ions cannot
guarantee the complex stability when the buffering
component is added. One example here is Ca2+: it
interacts strongly with oxytocin in water, and also
forms a complex with the aspartate in solution, but
the trivalent OT–Ca2+–aspartate complex formation
was not detected, and oxytocin remained unstable
in the corresponding formulation. In contrast, Zn2+

demonstrated endothermic binding to the aspartate,
although not to oxytocin alone. Oxytocin binding was
induced in the presence of aspartate buffer. It also im-

plies that initial Zn2+–Asp complexation is required
to acquire the affinity to OT.

The observed stabilization effects might be as-
cribed to the formation of divalent metal ion adducts
to oxytocin, which has been reported in various
publications.15–17 A compact oxytocin–metal–octahe-
dral complex is formed by the coordination of the
metal ions and the oxygen atoms of the backbone
carbonyl groups of oxytocin15,18,19 with the divalent
metal ions, Ca2+, Mg2+, and Zn2+, positioned within
the oxytocin ring.20,21 It is well known that the bind-
ing affinity of oxytocin for Mg2+ is lower than in the
case of Ca2+, and by far lower than in the case of
Zn2+.15,18,19 Indeed, Zn2+ very effectively coordinate
with oxytocin and strongly affect its conformation in a
physiological environment.19 Therefore, the superior
stabilizing effects of Zn2+ with respect to Ca2+ and
Mg2+ might be because of the higher stability of the
oxytocin–Zn2+ adduct.

In addition, our results show that the type of buffer
also plays an important role on the stability of the pep-
tide. At a pH of 4.5, citrate has one carboxylate ion
( COO−) in alpha position and other two carboxylate
groups that can contribute to the coordination of a
metal or to binding to oxytocin itself. At the same
pH of 4.5, aspartate has only two carboxylate ions
that could act as electron donors toward a metal ion
or oxytocin. This difference of available electron donor
groups between the two buffers might influence the
oxytocin–metal adduct formation, as well as its sta-
bilization. The lack of an additional electron donor
oxygen moiety in aspartate is likely to discriminate
the binding of Ca2+ or Mg2+ with respect to Zn2+, as
suggested by the ITC results, which did not show any
significant interactions between oxytocin and Ca2+ or
Mg2+ in aspartate buffer.

CONCLUSIONS

Our study clearly shows that the stability of oxy-
tocin in the aspartate-buffered solution is strongly
improved in the presence of Zn2+, and the stabiliza-
tion effect is correlated with the strength of inter-
action between oxytocin and divalent metal ions. The
improved stability of oxytocin can be ascribed to bind-
ing of Zn2+ to the peptide facilitated by aspartate by
which the intermolecular degradation reactions near
the Cys1,6 disulfide bridge are suppressed.
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