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Oxytocin is widely believed to be present and
structurally identical in all placental mammals.
Here, we report that multiple species of New
World monkeys possess a novel form of oxytocin,
[P8] oxytocin. This mutation arises from a sub-
stitution of a leucine to a proline in amino acid
position 8. Further analysis of this mutation in
Saimiri sciureus (squirrel monkey) indicates
that [P8] oxytocin is transcribed and translated
properly. This mutation is specific to oxytocin,
as the peptide sequence for arginine vasopressin,
a structurally related nonapeptide, is unaltered.
These findings dispel the notion that all placen-
tal mammals possess a ‘universal’ oxytocin
sequence, and highlight the need for research
on the functional significance of this novel
nonapeptide in New World monkeys.
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1. INTRODUCTION

Oxytocin is a cyclic nonapeptide hormone with a wide
spectrum of reproductive and social effects in mam-
mals, ranging from uterine contractions and lactation
to affiliative behaviour and parenting [1,2]. With the
exception of cartilaginous fishes, the amino acid
sequence of oxytocin in vertebrates is highly con-
served, with relatively few changes over the course of
400 Myr [3-5]. The evolutionary lineage of oxytocin
can be traced to isotocin ([S4,I8]-oxytocin), which is
found in different classes of bony fishes (e.g. Neopter-
ygii, Crossopterygii). Isotocin is the predecessor to
mesotocin ([I8]-oxytocin), found in lungfishes, amphi-
bians, reptiles, birds and most marsupials. Oxytocin
evolved with the emergence of eutherian mammals
(placental mammals) [2—6]. The amino acid sequence
of oxytocin (CYIQNCPLG) is identical in all placental
mammals examined to date, suggesting a strong selec-
tive pressure to withstand sequence variation [3,4].
However, we demonstrate herein that multiple New
World monkey species possess a position-8 amino
acid substitution in the oxytocin peptide (a leucine to
a proline), resulting in a novel form of oxytocin.
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2. MATERIAL AND METHODS

(a) Biological sample collection and preparation

All tissue samples were obtained opportunistically, secondary to a
primary study. Blood samples were obtained from trained animals
accustomed to blood sampling procedures. Biological samples were
obtained from the following institutions/individuals: Saimiri sciureus
(squirrel monkey), Stanford University; Callithrix jacchus (white-
tufted-ear marmoset), Macaca mularta (rthesus macaque) and Cebus
apella (capuchin), Alpha Genesis Inc.; Aotus nancymaae (owl monkey)
and Callicebus cupreus (titi monkey) were generous gifts from Dr
G. Yancey Gillespie, University of Alabama at Birmingham and
Dr Karen L. Bales, University of California at Davis, respectively.

(b) Genomic sequencing and reverse transcription-PCR
(RT-PCR) of primate oxytocin

Isolation of genomic DNA or RNA was performed using the DNeasy
Blood and Tissue Kit (Qiagen) and RNeasy Plus Kit (Qiagen),
respectively. All molecular biology experiments were conducted
using standard procedures and kits from either Invitrogen or
Qiagen. Melting temperatures were calculated with OLico CaLc.
We used the same sets of primers for capuchin, marmoset, squirrel
monkey and owl monkey (FW: CCAGCGCACCCGCACCAT,
REV: AAGCGAGTGGCGCGCTTCGA), (FW: TGTGCCCA-
GACCATTAGCCA, REV: TTCTGGATGTAGCAGGCGGA).
These two primer sets cover both the 5 UTR region and span
across all three exons of the oxytocin gene. For titi monkeys, the pri-
mers used were (FW: TGCTGTCTGCTCGGCCTCCT, REV:
GGTCCGAAGCAGCGGCCTTT). DNA samples from PCR reac-
tions were run on 1 per cent agarose gel, purified with a QIAquick
Gel Extraction Kit (Qiagen) and sent for sequencing (Quintara Bio-
sciences). RT-PCR primers for squirrel monkeys were: oxytocin
(FW: CCAGCGCACCCGCACCAT, REV: AAGCGAGTGGCGC
GCTTCGA), arginine vasopressin (FW: TTCCTCGGCCTAC
TGGCCTTC, REV: CAGCTCTCGTCGTTGCAGCA), oxytocin
receptor (FW: ATGGAGGGCGCGTTCGCAG, REV: TCACGC
CATGGATGGCTGGG).

(c) Matrix assisted laser/desorption ionization-time of
Slight (MALDI-TOF) mass spectrometry of squirrel monkey
Dpituitary tissue

For direct analysis of squirrel monkey neurointermediate lobe pitu-
itary peptides, pituitaries were processed according to standard
protocols and analysed on a Bruker Daltonics Autoflex III
MALDI-TOF/TOF mass spectrometer (Bruker Daltonics). For
sequence analysis, the 991 and 1013 peaks were fragmented using
TOF/TOF Lift technology, and identified using BioTooLs software.
The fragments were analysed using MAscoT.

(d) Bioinformatics

Oxytocin sequences for multiple species were acquired from public
databases, Ensembl, NCBI and UCSC genome browser. These
sequences were either previously deposited by researchers or predicted
from genomic scaffolds using either the default algorithm from the
respective database or GENEscaN. To ensure valid transcripts,
sequences were further validated by alignment with the existing
human oxytocin sequence (accession no. NM_000915) and excluded
if they did not cover at least 40 per cent of the complete coding
sequences. Oxytocin sequences previously published in primary jour-
nal articles or sequenced directly by our group were also included
in this analysis. Sequences obtained were deposited into GenBank
with the following accession numbers for oxytocin: owl monkey
(JF315861), titi monkey (JF315862), marmoset (JF315863), capu-
chin (JF315864), squirrel monkey (JF315865 and JF315866) and
the oxytocin receptor: squirrel monkey (JF330026).

3. RESULTS

Genomic region coding for oxytocin in squirrel mon-
keys revealed a surprising single in-frame mutation
from a thymine to a cytosine (figure 1a). This mutation
results in a single amino acid substitution, from a leu-
cine to a proline, in position 8 of the oxytocin
nonapeptide, [P8] oxytocin (figure 15). In addition,
we sequenced the oxytocin gene in a diverse popu-
lation of wild-caught and captive-bred squirrel
monkeys (7 = 15). All monkeys possessed this same
base substitution, suggesting that this mutation is
common among squirrel monkeys and not restricted
to a few genetically similar individuals.
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Figure 1. Genomic DNA, amino acid alignment for multiple species with and without the [P8] oxytocin mutation and repre-
sentative mass spectrometry analysis of [P8] oxytocin (OXT) and arginine vasopressin (AVP) peptide from squirrel monkey
pituitary tissue. Asterisks indicate nucleotides or amino acids that are identical to the corresponding residue in the human oxy-
tocin sequence. All squirrel monkey [P8] OXT and AVP were compared with synthetic controls based on the cDNA sequence.
Ton peaks represent positive detection of the corresponding peptide. (a) An alignment of genomic DNA for multiple species. A
total of 27 nucleotides are depicted in the diagram. This region represents the DNA portion necessary to encode the final oxy-
tocin nonapeptide. (b)) Domain organization and amino acid alignment of the pre-oxytocin hormone for multiple species.
Numbers below the region marked ‘oxytocin’ represent the amino acid residues corresponding to each of the nine amino
acids that comprise the oxytocin peptide. (¢) Ion peaks generated from squirrel monkey pituitary tissue. (d) Ion peaks generated
from synthetic peptide based on the mutated squirrel monkey cDNA sequence, [P8] OXT (CYIQNCPPG) and AVP
(CYFQNCPRG).

Genomic DNA analysis of the closely related sequence (figure 1la). Finally, sequence analyses

white-tufted-ear marmoset revealed that there are
two in-frame mutations in this primate species. The
first mutation does not change the amino acid compo-
sition; however, the second mutation translates into the
same proline-8 substitution as documented in squirrel
monkeys (figure la,b). The marmoset sequence was
obtained from DNA extracted from whole blood, the
Ensembl database and UCSC genome browser.
Additional genomic sequencing determined that owl
monkeys and capuchin monkeys have the same
mutated base pair substitution as squirrel monkeys,
whereas titi monkeys have the conserved oxytocin

Biol. Lert. (2011)

obtained from Ensembl revealed that the Tupaia belan-
geri (northern treeshrew) has multiple point mutations
in the region coding for oxytocin, but results in the
same amino acid substitution to that of the squirrel
monkey. The proline-8 amino acid substitution there-
fore was the result of a single in-frame mutation of a
cytosine to a thymine in all species with this mutation.

Next, we extracted total RNA from squirrel mon-
keys and demonstrated with RT-PCR that [PS8]
oxytocin is transcribed in this species. Oxytocin is a
product of a pro-hormone consisting of four com-
ponents encoded by a single gene (figure 15). In the
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Figure 2. Oxytocin and orthologous peptides. Asterisks represent amino acid residues that are identical to the corresponding

residues in the human oxytocin sequence.

human oxytocin gene, exon-1 encodes a translocator
signal, the entire nine amino acids of oxytocin, a gly-
cine residue coupled to a paired basic residue
processing signal (GKR), and the first nine amino
acids of neurophysin I. Exons 2 and 3 encode the
rest of the neurophysin I. Comparison of squirrel
monkey cDNA to squirrel monkey genomic DNA
suggests that [P8] oxytocin is spliced similarly to that
of humans.

In mammals, arginine vasopressin is often present in
addition to oxytocin, encoded by a separate gene. The
sequence of arginine vasopressin (CYFQNCPRG) dif-
fers from oxytocin in positions 2 and 8. In order to test
whether the oxytocin mutation in squirrel monkeys is
related to concomitant changes in arginine vasopres-
sin, we also sequenced the squirrel monkey arginine
vasopressin gene. Arginine vasopressin is expressed in
squirrel monkeys and the amino acid sequence is iden-
tical to humans. A search using Ensembl also indicates
that marmoset monkeys possess the same conserved
arginine vasopressin sequence.

We next investigated whether [P8] oxytocin and
arginine vasopressin are processed into mature
nonapeptides in squirrel monkeys. Homogenates of
the posterior pituitaries from nine squirrel monkeys
were analysed by mass spectrometry. [P8] oxytocin
(991 Da) and [P8] oxytocin ionized with sodium

Biol. Lerr. (2011)

(1013 Da) or potassium (1029 Da) peak adducts all
suggest the presence of [P8] oxytocin (figure 1¢). In
addition, we compared the homogenate spectra with
an oxytocin synthetic standard and found similar
peaks (figure 1d). A difference of approximately 1 Da
was observed owing to C-terminal amidation of squirrel
monkey [P8] oxytocin compared with carboxylation of
the C-terminal in the synthetic standard. The sequence
of [P8] oxytocin was confirmed by MALDI-TOF/TOF
mass spectrometry LIFT fragmentation with the
b- and y-ion fragments identified using the MascoT
database. Fully processed (1084.5 Da) and amidated
arginine vasopressin (1105.92 Da) was also present
and detected in the same spectra (figure 1¢). Overall,
these results indicate that both [P8] oxytocin and argi-
nine vasopressin are transcribed and translated in
squirrel monkeys, confirming that the processing of
[P8] oxytocin is not impaired by the P8 substitution.
Finally, we performed a comprehensive bioinformatics
search, and found no other placental mammals with a
position-8 amino acid substitution (figure 2).

4. DISCUSSION

Here, we report that multiple New World monkey
species express a novel form of oxytocin, consisting
of a proline substitution in amino acid position 8.
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Not all New World monkey species possess the novel
form of oxytocin, as titi monkeys have the conserved
oxytocin sequence. These findings suggest that the
mutation arose in a group of highly related New
World monkey species. Indeed cladistic analysis using
combined molecular datasets (B-2M, EPSILON,
G6PD and IRBP) suggests that marmosets, owl mon-
keys, squirrel monkeys and capuchins belong to a
single clade in the Cebidae family, whereas titi mon-
keys belong to the Pithecidae family [7]. Although
New World monkey taxonomies are debated, our oxy-
tocin dataset is consistent with this phylogeny [7-9].
Future research should examine additional members
of the Pithecidae family to confirm the absence of
the mutation as well as the inclusion of monkeys
from the Atelidae family, the third New World
monkey lineage. If the oxytocin mutation differs sys-
tematically between these three lineages, it may prove
useful in further elucidating New World monkey
cladistic organization.

In addition to these four New World monkey
species, we found that northern treeshrews also possess
the P8 mutation, which probably represents a parallel
substitution. Our bioinformatic analysis revealed that
of the other 24 placental mammals in which the oxyto-
cin sequence is known, no additional P8 mutations
were observed. At present, 10 distinct orders have
been sampled, while an additional 11 mammalian
orders (albeit some with very few members) remain
unsampled. These findings raise, but do not answer,
an important question: has the oxytocin sequence
been reported to be invariant in placental mammals
because of under-sampling across mammalian orders,
or does the [P8] mutation in treeshrews and a subset
of New World monkeys form a biologically informative
exception to this rule?

Oxytocin is a small nonapeptide, and a single amino
acid change might, a priori, be hypothesized to have
a functional effect. At present, it is unclear what the
biological consequences of this mutation are. How-
ever, proline adds an additional rigid-ring structure
that makes it more rotationally constraining and
alters protein architecture to a much larger extent
than either isoleucine or leucine in amino acid position
8 [10], as found in mesotocin and oxytocin, respect-
ively. This substitution could change the overall
binding property of the mutated [P8] oxytocin peptide,
therefore rendering it more or less able to regulate
species-typical reproductive and social behaviours. To
date, all pharmacological studies of New World
monkey species have involved administration of the
conserved oxytocin peptide to species with the P8
mutation [11,12]. Detailed in vitro assays of oxytocin,
[P8] oxytocin and arginine vasopressin, as well as
their respective receptors, could provide insight on
the role of this mutation on binding and activation
in these peptide signalling systems, and guide pharma-
cological studies of the n vivo effects of oxytocin in
primate species with and without this mutation.
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All squirrel monkey biological sample collection procedures
were approved by Stanford University’s Administrative
Panel on Laboratory Animal Care. Collection procedures
for the other species were approved by Institutional Animal
Care and Use Committees at each of the organizations that
provided samples.
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