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The colostrum trypsin inhibitor (CTI) gene and transcript were cloned from the Cape fur seal mammary gland and
CTI identified by in silico analysis of the Pacific walrus and polar bear genomes (Order Carnivora), and in marine
and terrestrial mammals of the Orders Cetartiodactyla (yak, whales, camel) and Perissodactyla (white rhinocer-
os). Unexpectedly, Weddell seal CTI was predicted to be a pseudogene. Cape fur seal CTI was expressed in the
mammary gland of a pregnant multiparous seal, but not in a seal in its first pregnancy. While bovine CTI is
expressed for 24–48 h postpartum (pp) and secreted in colostrum only, Cape fur seal CTI was detected for at
least 2–3 months pp while the mother was suckling its young on-shore. Furthermore, CTI was expressed in the
mammary gland of only one of the lactating seals that was foraging at-sea. The expression of β-casein (CSN2)
and β-lactoglobulin II (LGB2), but not CTI in the second lactating seal foraging at-sea suggested that CTI may be
intermittently expressed during lactation. Cape fur seal and walrus CTI encode putative small, secreted, N-
glycosylated proteins with a single Kunitz/bovine pancreatic trypsin inhibitor (BPTI) domain indicative of serine
protease inhibition. Mature Cape fur seal CTI shares 92% sequence identity with Pacific walrus CTI, but only 35%
identity with BPTI. Structural homology modelling of Cape fur seal CTI and Pacific walrus trypsin based on the
model of the second Kunitz domain of human tissue factor pathway inhibitor (TFPI) and porcine trypsin (Protein
Data Bank: 1TFX) confirmed that CTI inhibits trypsin in a canonical fashion. Therefore, pinniped CTI may be crit-
ical for preventing the proteolytic degradation of immunoglobulins that are passively transferred frommother to
young via colostrum and milk.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Colostrum trypsin inhibitor (CTI) is a mammary-specific gene which
is expressed and the protein secreted in bovine colostrum for only 24–
48 h postpartum (pp) (Laskowski and Laskowski, 1951; Pineiro et al.,
1978; Veselsky et al., 1978). CTI is a small ~10–15 kDa, N-glycosylated
protein (Klauser et al., 1978; Laskowski and Laskowski 1951;
Tschesche et al., 1975) with a single Kunitz/bovine pancreatic trypsin
inhibitor (BPTI) domain, characteristic to the family I2 (Kunitz-BPTI) in-
hibitors of the S1 (chymotrypsin) family of serine endopeptidases
(Rawlings et al., 2014). Although CTI inhibits trypsin and plasmin and
is a weak inhibitor of α-chymotrypsin in vitro (Feeney and Allison,
1969; Laskowski and Laskowski, 1951; Pineiro et al., 1978), neither its
target enzyme, nor its function in vivo is known.

The expression of CTI and the orthologous marsupial early lactation
protein (ELP) gene (Pharo et al., 2012), coincides with the passive trans-
fer of antibodies from the mother to a neonate/young that lacks an
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adaptive (acquired) immune system and the ability to mount a specific
immune response (Brambell 1970; Edwards et al., 2012). Further-
more, during this period, the gut of the young is permeable to intact
immunoglobulins andmacromolecules and thus thesemolecules can
pass through the intestines and into the circulatory system prior to
‘gut closure’, i.e., when mucosal enterocytes lose the capacity to
absorb macronutrients and immunoglobulins (Kruse, 1983;
McFadden et al., 1997). CTI expression is brief in eutherians (1–2
days), but ELP expression is extended (for up to 100–125 days pp)
in marsupials such as the possum and tammar wallaby (the common
and scientific names for mammals described in this study are listed
in Supplementary file 1) (Nicholas et al., 1997; Pharo et al., 2012;
Piotte and Grigor 1996). Therefore, CTI may prevent the proteolytic
degradation of immunoglobulins (Laskowski and Laskowski, 1951),
while ELP may protect the marsupial young against pathogens
(Piotte and Grigor, 1996).

Neither CTI, nor ELP is found in birds, fish, reptiles or amphibians and
their status inmonotremes is inconclusive. They therefore evolved from
a common ancestral gene prior to the divergence of marsupials and
eutherians (Pharo et al., 2012) ~160 million years ago (Luo et al.,
2011). Intriguingly, all marsupials investigated have a functional (puta-
tive protein-coding) ELP gene, but this is not so for eutherian CTI. CTI is
conserved in species from the orders Carnivora (dog, cat) and
Cetartiodactyla (dolphin, cow, pig); but is a pseudogene in the horse
(order Perissodactyla), humans and other primates, the elephant,
sloth and rodents (Pharo et al., 2012). Gene loss, or loss of function
has occurred many times throughout evolution and is often the result
of gene duplication (Lynch and Conery, 2000) and/or transposition of
genomic DNA fragments within the genome by retro-elements
(Cañestro et al., 2013).

Since its evolution over 500 million years ago, the Kunitz domain
(KD) has been duplicated many times (Gojobori and Ikeo, 1994; Ikeo
et al., 1992) in bacteria, viruses, insects, invertebrates, vertebrates (e.g.
fish, birds, amphibians, reptiles (e.g. venoms and dendrotoxins), mam-
mals) and plants (Fry et al., 2009; Jamal et al., 2013; Rawlings et al.,
2014). KDs have a diverse range of functions, e.g., serine protease inhi-
bition, antimicrobial, anticoagulant and anti-inflammatory activity; po-
tassium and calcium channel blockers (e.g. neurotoxic venoms), non-
neurotoxic venoms, plant protection against herbivores, etc. (Fry et al.,
2009; Ranasinghe and McManus, 2013; Shigetomi et al., 2010). Genes
encoding as few as one KD, e.g. BPTI (also known as PTI) (Ascenzi
et al., 2003); serine protease inhibitor Kunitz-type and -4 (SPINT3 and -
4); trophoblast Kunitz domain proteins 1, 2, 3, 4 and 5 (TKDP1-5); two do-
mains: SPINT1 and -2; three tandemly repeated domains: tissue factor
pathway inhibitor 1 and -2 (TFPI1 and -2), and up to 12 domains, e.g.
nematode Ac-KPI-1 (Ancylostoma caninum)-Kunitz protease inhibitor-1
have been characterised (Hawdon et al., 2003). Multi-domain type-
encoding genes have also been identified, e.g. serine peptidase inhibi-
tor-like, with Kunitz and WAP domains 1 (eppin) (SPINLW1); WAP,
follistatin/kazal, immunoglobulin, Kunitz and netrin domain containing-1
and -2 (WFIKKN1 and -2); α1-microglobulin/bikunin precursor (AMBP)
and amyloid (βA4) precursor protein (APP).

The most extensively structurally characterised KD is BPTI (Ascenzi
et al., 2003), whichmost-likely evolved from bovine CTI after the diver-
gence of ruminants from other Cetartiodactyla (Pharo et al., 2012) ~25–
35Myr (Bininda-Emonds et al., 2007). The KD belongs to theα+ β fold
and is stabilised by three disulphide bonds (Ascenzi et al., 2003; Huber
et al., 1972). The P1 ‘warhead’ residue within the convex exposed ‘bind-
ing’ loop of the inhibitor determines serine protease specificity
(Laskowski and Kato, 1980; Laskowski and Qasim, 2000). Kunitz inhib-
itors with a basic Lys or Arg residue at P1 inhibit trypsin and trypsin-like
enzymes (Ikeo et al., 1992; Laskowski and Kato, 1980), thosewith Ala or
Ser inhibit elastase-like enzymes and a P1 Met or Leu confers activity
against chymotrypsin and chymotrypsin-like enzymes (Laskowski and
Kato, 1980). A P1 Leu is also active against neutrophil elastase (Garcia-
Fernandez et al., 2015). Protease inhibition involves the cleavage of
the P1–P1’ peptide bond (inhibitor) and the docking of the convex inhib-
itor ‘binding’ loop into the catalytic cleft of the serine protease in a clas-
sical ‘lock and key’ interaction (Marquart et al., 1983; Grzesiak et al.,
2000). A new, 1:1, reversible, tight-binding serine protease-Kunitz in-
hibitor complex is formed, involving P1 (inhibitor) and the catalytic
triad of residues: Ser, His and Asp (protease) (Marquart et al., 1983).

The identification of CTI in the dolphin (Cetartiodactyla) (Pharo
et al., 2012), suggested that the gene may also be present in other ma-
rine mammals, such as the Pinnipedia, ‘fin-footed’ semi-aquatic mam-
mals (Carnivora). Although monophyletic, the pinnipeds comprise a
diverse range of species within three extant families: the Otariidae
(eared seals: fur seals, e.g. Cape and subantarctic fur seals; and sea
lions, e.g. California seal lion), its sister family, the Odobenidae, with
one extant member, the walrus; and the Phocidae (earless or ‘true’
seals: e.g. Weddell seal, Hooded seal), [Fig. 1; (Higdon et al., 2007;
Nyakatura and Bininda-Emonds 2012)]. While all pinnipeds give birth
to a pup on land or ice (Atkinson 1997; Oftedal et al., 1987) and produce
lipid-rich, high-protein and low-sugar milk for their young, each family
has developed unique lactation strategies to ensure the survival of their
young inmarine environs (Fig. 1). Otariids such as the Cape and subant-
arctic fur seals fast for the first 4–10 days ppwhile nursing their pup on
land (Bonner, 1984; Oftedal et al., 1987). Themother then commences a
pattern of alternating trips to sea to feed interspersed with ~2–3 days
on-shore suckling her pup (Bonner, 1984; Gentry and Kooyman,
1986; Oftedal et al., 1987). Each trip to sea usually lasts for up to
25 days (Gamel et al., 2005) and ~23–28 days (Kirkman et al., 2002)
for the Cape and subantarctic fur seals respectively, but extreme forag-
ing periods of up to 1–2 months have been reported (Georges and
Guinet, 2000; Verrier et al., 2011). Therefore, it is vital that the mother
produces milk that will ensure the survival of her pup during these
periods.

The aims of this study were to identify the CTI gene and characterise
its expression in the mammary glands of semi-aquatic members of the
order Carnivora (Cape and subantarctic fur seals), identify CTI in other
species using an in silico bioinformatics approach, and to use protein
structural homology modelling to investigate whether pinniped CTI,
like other KDs has the potential to inhibit trypsin.

2. Materials and methods

2.1. Animals

Mammary gland tissuewas collected from six Cape fur seals and one
subantarctic fur seal during the reproductive cycle (Table 1), as de-
scribed previously (Cane, 2005). Approval for this research was obtain-
ed from the South African Government (Cape fur seals) and the Ethics
Committee of the French Polar Institute (IPEV) and the Polar Environ-
ment Committee of Terres Australes et Antarctiques Françaises (subant-
arctic fur seal).

2.2. Isolation of Cape fur seal genomic DNA and cloning of the CTI gene

Genomic DNAwas isolated from themammary gland of an on-shore
lactating Cape fur seal as described (Sambrook and Russell, 2001) and
CTI amplified by PCR from ~200 ng of genomic DNA with forward 5′-
GCCTAGAACATTCAGCTATTGGCACC-3′ and reverse 5′-TGAATGTTTTAT
TGACCTAGACCTGGAGG-3′ primers and Platinum Taq (Invitrogen) as
per the manufacturer's instructions. PCR conditions used were 94 °C
for 2 min; 35 cycles of [94 °C for 30 s; 54 °C for 30 s; 68 °C for 4 min]
and a final extension at 68 °C for 10 min. The PCR product was cloned
into pGEM-T Easy (Promega Corporation) and sequenced.

2.3. In silico identification of CTI

CTI genes were compiled from BLAST searches of the NCBI
GenBank nr (http://www.ncbi.nlm.nih.gov/BLAST/) and Ensembl

http://www.ncbi.nlm.nih.gov/BLAST/


Fig. 1. Evolutionary history of the Pinnipedia. The Pinnipedia consists of three extant families with different reproductive strategies. The Phocidae diverged from the ancestor of the
Otariidae and Odobenidae families ~33–23.3 Myr ago and these latter two families then diverged ~26–11 Myr ago (Higdon et al., 2007; Nyakatura and Bininda-Emonds, 2012). The di-
vergence times shown are based on the study by Higdon and colleagues (Higdon et al., 2007). Po, Pliocene; Ps, Pleistocene; H, Holocene.
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Release 80, May 2015 (http://www.ensembl.org/) databases or BLAT
searches of the UCSC Genome Browser (http://genome.ucsc.edu/)
using CTI mRNA and protein sequences. Expect-values ≤ 1e−8 and
E-value ≤ 1e−17 were used as cut-offs for nucleotide and protein
comparisons respectively. Putative exons, transcripts and proteins
within genomic sequences were predicted using the web-based
tools, GENSCAN (http://genes.mit.edu/GENSCAN.html) and Spidey
(mRNA-to-genomic alignment) (http://www.ncbi.nlm.nih.gov/
spidey/).

2.4. Preparation of total RNA

Total RNA for Northern analysis was isolated from pregnant and lac-
tating Cape fur seal mammary gland tissue using the RNeasy Lipid
Table 1
Reproductive stages of Cape and subantarctic fur seals used for this study.

Seal species Reproductive stage Label Locati

Cape fur seal Late-pregnancy, primiparous (first pregnancy)
female

P1 Small

Cape fur seal Late-pregnancy, multiparous female P2 Small
Cape fur seal Early-lactation female (on-shore) ~2–3 months pp O1 Large

border
Cape fur seal Early-lactation female (on-shore) ~2–3 months pp O2 Large

border
Subantarctic fur seal Lactating female (on-shore) ~2 months pp OAt La Ma

Ocean
Cape fur seal Lactating female (at-sea) S1 West o

seal co
Cape fur seal Lactating female (at-sea) S2 West o

seal co
Tissue Mini kit (Qiagen, Hilden, Germany) as per the manufacturer's
instructions.
2.5. RT-PCR cloning of the fur seal CTI transcript

First strand cDNA was generated with Superscript II and total RNA
(5 μg) isolated from mammary tissue of an on-shore, lactating Cape
fur seal (O3). The Cape fur seal CTI transcript was amplified by PCR
using the same primers as for the CTI gene (Section 2.2), high-fidelity
proof-reading Platinum Taq (Invitrogen, Carlsbad, CA, USA) and 5% of
the first strand reaction as a template. PCR conditions used were 94 °C
for 2 min; 35 cycles of [94 °C for 30 s; 55 °C for 30 s; 68 °C for 1 min]
and a final extension at 68 °C for 10 min and the PCR product cloned
on

breeding colony at Robesteen, South Africa (33°37′60S, 18°23′60E)

breeding colony at Robesteen, South Africa (33°37’′60S, 18°23’′60E)
breeding colony in Kleinsee, South Africa (29°40′0S, 17°4′60E), near the Namibian

breeding colony in Kleinsee, South Africa (29°40’′0S, 17°4’′60E), near the Namibian

re aux Elephants (46°22′S, 51°40′E), Possession Island (Iles Crozet), southern Indian

f Cape Town, South Africa, past the continental shelf edge ~100 km from the nearest
lony
f Cape Town, South Africa, past the continental shelf edge ~ 100 km from the nearest
lony

http://www.ensembl.org
http://genome.ucsc.edu
http://genes.mit.edu/GENSCAN.html
http://www.ncbi.nlm.nih.gov/spidey/
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into pGEM-T Easy (Promega Corporation) and sequenced using SP6
and/or T7 primers.
2.6. Northern blot analyses

Themembrane used to evaluate CTI expressionwas prepared as pre-
viously described (Cane, 2005). Briefly, total RNA (10 μg) was electro-
phoresed at ≥5 V/cm through a 1% agarose, low-formaldehyde (1.1%)
gel with 1× MOPS [3(N-Morpholino) Propane Sulfonic Acid] buffer at
4 °C. The RNA was transferred to Zeta-Probe GT Blotting Membrane
(Bio-Rad) in 20× SSC (3.0 M sodium chloride, 0.3 M trisodium citrate,
pH 7.0) overnight. The blot was rinsed briefly in 2× SSC, cross linked
with UV light (120 mJ) and hybridised for 4 h at 42 °C in 25 mL [30%
deionised formamide, 5× SSC, 50 mM sodium acetate, herring sperm
DNA (100 μg/μL), 5 mL Denhart's 50× stock solution, 0.1% SDS]. The
membrane was probed overnight at 42 °C with [α-32P] dCTP-labelled
fur seal CTI cDNA using the DECAprime II Random Priming DNA Label-
ling Kit (Ambion, Invitrogen, Carlsbad, CA, USA).
2.7. Sequence analysis

Physical characteristics of CTI were predicted using the web-based
tools ProtParam (http://www.expasy.org/tools/protparam.html) and
Pepstats (http://www.ebi.ac.uk/Tools/emboss/pepinfo/). Conserved
protein motifs and post-translational modifications were predicted
using the PROSITE database of protein domains, families and functional
sites (http://prosite.expasy.org/) and the Center for Biological Sequence
Analysis prediction servers: NetNGlyc 1.0 (N-glycosylation sites based
on the Asn-Xaa-Ser/Thr sequon) (http://www.cbs.dtu.dk/services/
NetNGlyc/) and NetPhos 2.0 (serine, threonine and tyrosine phosphor-
ylation) (http://www.cbs.dtu.dk/services/NetPhos/). Signal peptides
(indicative of secreted proteins) were predicted with SignalP 4.0
(http://www.cbs.dtu.dk/services/SignalP/). Sequences were aligned
with Clustal W2 or Clustal Omega available at the EMBL-EBI website
(http://www.ebi.ac.uk/services). BoxShade Server version 3.2 (http://
www.ch.embnet.org/software/BOX_doc.html)wasused to shademulti-
ple sequence alignments. Similarity and identity between either nucle-
otide, or amino acid sequences were determined with MatGAT (Matrix
Global Alignment Tool) 2.03 software (Campanella et al., 2003) using
the BLOSUM50 matrix. MatGAT produces pairwise alignments and ho-
mology between each sequence pair. Genomic DNA and mRNA se-
quences and third party annotations were submitted to the GenBank
nr database.
2.8. Structural homology modelling

Homology modelling was performed using Chimera (Pettersen
et al., 2004) and Modeller (Šali and Blundell, 1993). BLAST searches
of the NCBI GenBank nr (http://www.ncbi.nlm.nih.gov/BLAST/) and
RSC PDB (Research Collaboratory for Structural Bioinformatics
Protein Data Bank), (http://www.rcsb.org/pdb/home/home.do)
were used to identify trypsinogen sequences and the latter to find
the best KD 3D structure to model CTI, as well as the best model for
the CTI-trypsin interaction. Models of Cape fur seal CTI [GenBank:
AFZ99004; residues 33–94 inclusive], Pacific walrus trypsin
[GenBank: XP_004416603; residues 24–246 inclusive] and a Cape
fur seal CTI-Pacific walrus trypsin complex were constructed using
the X-ray crystal structure of the second KD of tissue factor pathway
inhibitor [GenBank: NP_006278; residues 121–178 inclusive] in
complex with porcine trypsin [GenBank: NP_001156363; residues
24–246 inclusive], PDB ID: 1TFX. Pymol Version 1.3r1 (http://www.
pymol.org/releases/v1.3r1) was used for model visualisation and
preparation of Fig. 5.
3. Results

3.1. The Cape fur seal and Pacific walrus have a putative protein-coding CTI
gene, but Weddell seal CTI encodes a pseudogene

To investigate whether pinnipeds have a functional CTI gene, we
cloned the 2679 bp CTI gene from the Cape fur seal mammary gland
[GenBank: KC152480] and identified the 2605 bp Pacific walrus CTI by
BLAST searches of the walrus genome (Oros_1.0). Unexpectedly,
Weddell seal CTI (LepWed1.0) was predicted to be a pseudogene,
which if transcribed and translated would produce a ~6.7 kDa secreted
protein lacking a KD (Supplementary file 2). Functional CTI genes were
also predicted in the polar bear [GenBank: BK009384] (order Carnivora)
and in marine mammals from the order Cetartiodactyla: killer whale,
Scammon's minke whale and terrestrial species: sheep, goat, alpaca,
wild yak, Tibetan antelope, Bactrian and Arabian camels and bison (Ac-
cession numbers are listed in Supplementary file 3). While CTI was
thought to be a pseudogene in Perissodactyla, e.g. thoroughbred horse
(Pharo et al., 2012) and Przewalski's horse (this study), another mem-
ber of this order, the white rhinoceros, has a functional CTI gene (this
study).

Consistent with other CTI genes (Pharo et al., 2012), pinniped CTI in-
cluded three exons and two introns (Fig. 2; Supplementary file 4). How-
ever, pinniped CTI exon1was12nt shorter than that of other eutherians
and encoded the signal peptide only. CTI gene identify was confirmed
where possible, by the single-copy flanking genes, phosphatidyl inositol
glycan, class T (TPIG) and WAP four disulphide core domain 2 (WFDC2).
A summary of CTI and ELP gene and CTI pseudogene distribution in
mammals is provided (Supplementary file 5). An alignment of CTI and
ELP transcripts is also provided (Supplementary file 6), as well as their
evolutionary history (Supplementary file 7). Notably, CTI and ELP phy-
logeny was consistent with that of mammals.

3.2. Cape and subantarctic fur seal CTI are expressed in themammary gland
for at least 2–3 months postpartum

In order to investigate whether CTI is expressed in otariids, we am-
plified a 449 bp CTI transcript from the mammary gland of a pregnant
Cape fur seal (P2) and usedNorthern analysis to characterise CTI expres-
sion in the mammary glands of pregnant, lactating at-sea, and lactating
on-shore Cape fur seals, and from an on-shore lactating subantarctic fur
seal (Fig. 3; Supplementary file 8). The expression of LGB2 and CSN2,
both of which encode major milk proteins of the whey and casein
milk fractions respectively, were used as markers for prolactin-
responsive whey protein gene expression and functional differentiation
of the mammary gland (Rijnkels et al., 2013) respectively. CTI was de-
tected in the mammary gland of the multiparous (P2), but not the pri-
miparous (P1), pregnant seal, similar to the pattern of CSN2
expression, while LGB2 (Cane 2005; Sharp et al., 2005; Sharp et al.,
2006a; Sharp et al., 2006b) was detected in both pregnant seals. CTI,
LGB2 and CSN2were expressed in the mammary glands of the lactating
on-shore Cape (O3, O4) and subantarctic (OAt) fur seals, which were
nursing pups that were at least 2–3 months old. However, CTI tran-
scripts were only detected in mammary tissue from one of the lactating
females foraging at-sea. In contrast, LGB2 and CSN2 transcripts were de-
tected in both lactating females at-sea.

3.3. Pinniped CTI, putative N-glycosylated Kunitz serine protease inhibitors

Next, we translated the pinniped CTI transcripts and determined
that Cape fur seal and walrus CTI encode a putative 21 aa signal peptide
and a 75 aamature protein of ~8.47 and 8.59 kDa respectively, similar to
other CTI and ELP peptides, 8.56–9.68 kDa (Supplementary file 9). As
expected, mature Cape fur seal CTI was most similar to walrus CTI
(93.3%), but less similar to Carnivora (78.5–83.5%), rhinoceros
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Fig. 2. Structure of pinniped CTI and other eutherian CTI genes. The conserved 3-exon
structure of selected CTI genes is shown. Cape fur seal CTI [GenBank: KC152480], Pacific
walrus [GenBank: LOC101362989], Polar bear [GenBank: BK009384; LOC103669871],
dog [GenBank: BK008082], bottle-nosed dolphin [GenBank: BK008085; LOC101340157],
killer whale [GenBank: LOC101273120], cow [GenBank: LOC104973896], Bactrian camel
[GenBank: LOC105087824], white rhinoceros [GenBank: LOC101393639]. The CTI tran-
script encodes a signal peptide (green rectangle) and a mature secreted protein (blue),
with a short non-coding 3′ UTR (red). Exon 2 which encodes the Kunitz domain is
216 bp. Exon size is shown in bold text and intron sizes are italicised. Gene size (within
brackets) represents the number of nucleotides from the putative translation start (ATG,
exon 1) to the polyadenylation signal (AATAAA, exon 3) inclusive.

Fig. 3. Expression of CTI in the fur seal mammary gland. Northern analysis of total RNA
(10 μg) extracted from the mammary glands of the Cape fur seal during late-pregnancy
(~1 month pre-partum) and Cape and subantarctic fur seals during early-mid lactation
(~2–3 months pp). A. CTI was not detected in the seal in its first pregnancy (P1), nor in
one of the lactating seals foraging at-sea (S1). In contrast, CTIwas expressed in the mam-
mary glands of the multiparous seal during pregnancy (P2), in one of the lactating at-sea
females (S2) and in the on-shore lactating Cape and subantarctic fur seals ~2–3months pp
(O3, O4, OAt). B. LGB2 was detected at all reproductive stages, with expression highest in
themammary glands of the on-shore lactating seals. C.CSN2, indicative ofmammary gland
differentiation, was detected in all animals except the primarous seal, with strong expres-
sion in the on-shore lactating Cape fur seals and one of the lactating seals at-sea, D.
Ethidium bromide-stained ribosomal RNA bands show total RNA integrity and loading.
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(Perissodactyla; 73.5%) and Cetartiodactyla CTI (67.5–71.1%), and mar-
supial ELP (49.4–56.8%) (Supplementary file 10).

Alignment of the pinniped CTI precursor proteins with CTI of select-
ed species, plus the ubiquitously expressed BPTI (shown as cow PTI, Fig
4) and human TFPI KD2, upon which Cape fur seal CTI was modelled
(Section 3.4), highlighted regions of similarity and difference (Fig 4).
An alignment of all CTI and ELPprecursor proteins is also provided (Sup-
plementary file 11). Characteristic to the Kunitz/BPTI domain [BPTI
KUNITZ 2 motif, Prosite: PS50279 and BPTI KUNITZ 1 motif: Prosite:
PS00280, F-x(2)-{I}-G-C-x(6)-[FY]-x(5)-C; residues within square
brackets are permitted and those within curly brackets are not],
pinniped CTI shares six conserved cysteine residues which form three
disulphide bonds: C1–C6, C2–C4 and C3–C5, corresponding to Cys19–
Cys69, Cys28–Cys52, Cys44–Cys65 (pinniped protein numbering,
Fig. 4; Supplementary files 11 and 12). The 51 aa CTI KD is flanked by
non-structured, low complexity regions of 18–22 aa and 3–10 aa at
the N- and C-termini respectively.

The putative interaction of Cape fur seal CTI with a serine protease,
e.g. trypsin, is most likely mediated by two protease recognition loops
(blue box, 29–37; green box, 52–59; alignment numbering Fig. 4),
which are stabilised by the C2-C4 disulphide bond (Xu et al., 1998).
Like BPTI (Hanson et al., 2003), CTI is predicted to be stabilised by the
internal hydrophobic core residues: Tyr39–Phe40–Tyr41, although the
camel has Ser40 (Fig. 4). Notably, a basic P1 reactive site residue
(Arg/Lys) was conserved in all sequences (#, residue 33, Fig 4, Supple-
mentary file 11). Although Carnivora CTI and human TFPI KD2 P1–P1′
(Arg–Gly) and Cetartiodactyla CTI and bovine PTI P1–P1′ (Lys–Ala)
were conserved, the rhinoceros CTI P1–P1′ (Arg-Gly) were a combina-
tion of the two.

In contrast to the non-glycosylated BPTI (Creighton and Charles,
1987), CTI has a conserved putative N-glycosylation site at Asn42
(alignment numbering Fig. 4, Supplementary files 11 and 12) [ASN gly-
cosylation motif, Prosite: PS00001, N-{P}-[ST]-{P}, where N is the sugar
attachment site]. The N-glycosylation site has been confirmed for bo-
vine CTI and is located at the ‘base’ of the pear-shaped protein
(Klauser et al., 1978). TFPI KD2 is also N-glycosylated, but at Asn117
(Nakahara et al., 1996) (position 43 alignment numbering, Fig. 4), adja-
cent to the CTI sugar-attachment site.

All CTI peptides were predicted to be phosphorylated at Ser43 (ɸ,
alignment numbering Fig. 4, Supplementary files 11 and 12) and all Car-
nivora CTI peptides phosphorylated by casein kinase II at Thr44 (align-
ment numbering Fig. 4, Supplementary files 11 and 12), [CK2
PHOSPHO SITE, Prosite: PS00006, [ST]-x(2)-[DE], residues 44–47, phos-
phorylation at position 1 (Thr44)].

Image of &INS id=
Image of Fig. 3


Fig. 4.Alignment of CTI, BPTI and the secondKunitz domain of human TFPI. Putative CTI and bovine PTI (BPTI) precursor proteins andKD2 of human TFPIwere alignedwith Clustal Omega.
BPTI (cowPTI) [GenBank: AAI49369], humanTFPI KD2 (includes part of theflanking regions, aminoacids 79–150 inclusive shown,mature proteinnumbering) [GenBank: NP_006278] and
CTI of the Pacificwalrus [GenBank: XP_012422725], Cape fur seal CTI [GenBank: AFZ99004], Polar bear [GenBank: BK009384], dog [GenBank: AEN62470],white rhinoceros [GenBank: XP_
004430613], Bactrian camel [GenBank: XP_006193597]; cow [GenBank: AEN62469], bottle-nosed dolphin [GenBank: BK008085; DAA35188] and killer whale [GenBank: XP_004272954].
Predicted signal peptides (dark blue border) and residues that span splice sites (orange text) are shown. The P1 reactive site residue [#, the putative trypsin interaction site from the KU
motif (NCBI cd00109)] and the BPTI_KUNITZ_1 and 2 motifs and are indicated. The two putative serine protease recognition loops (blue and green boxes respectively), the predicted hy-
drophobic core (pink box), N-glycosylation sites (bold, italicised text) and conserved serine phosphorylation site (ф) are shown. The predicted 3D-structure of CTI is indicated above the
alignment: coiled regions, black bar;α-helices, red and yellow; and β-sheets, blue arrows. Conserved sites were shaded with BoxShade. Residues common to all species are indicated (*)
and those shared by at least 19 of 27 species (N70%) are shaded black. Grey residues indicate conserved residue type. Conservation between groups of amino acids with strongly similar
properties, i.e., score N 0.5 in the Gonnet PAM 250matrix is indicated (:). Conservation between groups of amino acids with weakly similar properties (score b 0.5 in the Gonnet PAM 250
matrix) is also noted (.). Gaps within the alignment are indicated (−).
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3.4. Structural homology modelling of Cape fur seal CTI suggests that it in-
hibits trypsin

In order to further investigate the protease inhibitory potential of
Cape fur seal CTI, we constructed a homology model. High (54%) se-
quence identity with the second KD of human TFPI, for which an X-
ray crystal structure exists [PDB ID: 1TFX, Chain D (Burgering et al.,
1997)], predicted a high degree of structural conservation throughout
the molecule and, in particular, in the protease-recognition loops
(Fig. 5A). Apart from 3-residue and 2-residue insertions at the N- and
C-termini respectively (both located distal to the inhibitory loop),
there are no insertions or deletions.

We next constructed a model of the complex between Cape fur seal
CTI and Pacific walrus trypsin, using the X-ray crystal structure of the
second KD of human tissue factor pathway inhibitor in complex with
porcine trypsin [PDB ID: 1TFX (Burgering et al., 1997)]. Neither Cape
fur seal, nor any other otariid trypsin sequence was available and so
we used the trypsin sequence of its closest relative, the walrus. As
these species are from sister families, we expected minimal sequence
difference. Notably, the active trypsin enzymes of the walrus
(odobenid) and Weddell seal (phocid) share 89.7% identity, but less
than with other Carnivora peptides (79.8–89.2%), Cetartiodactyla tryp-
sin (69.5–77.1%), and human trypsin (68.3–71.4%) (Supplementary
file 13).

Alignment of pinniped trypsinogen with the bovine, human, dog,
polar bear and killer whale sequences shows the trypsin motif
[TRYPSIN_DOM; Prosite: PS50240 (residues 9–229, alignment number-
ing; Fig. 6)], conservation of eight cysteine residues which form four di-
sulphide bonds and stabilise the enzyme, as well as the conservation of
the catalytic triad of residues (Ser185, His48 and Asp92; nucleophile-
base–acid) which are necessary for protease-inhibitor binding
(Vandermarliere et al., 2013). Like porcine trypsin (PDB ID: 1TFX,
Chains A, B) and bovine trypsin (PDB ID: 4GUX, chain A), walrus trypsin
is predicted to form two six-stranded beta-barrels (α-trypsin chain 1
andα-trypsin chain 2) separated by an interface comprising the catalyt-
ic residues (Vandermarliere et al., 2013).

Consistent with Kunitz inhibitor-serine protease complex formation
(Burgering et al., 1997; Vandermarliere et al., 2013), homology model-
ling suggests that Cape fur seal CTI possesses the necessary structural
and chemical features in order to inhibit trypsin (Fig. 5B). Strikingly,
there were very few residue differences between the homology
inhibitor-trypsin templates and the seal/walrus proteins in the vicinity
of the protease-inhibitor interface, with no actual differences in the in-
terface itself (Fig. 5B). The resulting features of the modelled walrus
trypsin–Cape fur seal CTI complex, such as interface hydrogen bonding
(Fig. 5C) and structural complementarity (Fig. 5D) were highly con-
served with the X-ray crystallographically-determined mammalian
complex (PDB ID: 1TFX). Interactions between the inhibitor P1 residue
(Arg in this case) and the protease S1 specificity pocket typically make
dominant energetic contributions to the complex stability and thus
the inhibitory activity. Taken together, the modelling strongly suggests
that seal CTI most likely possesses inhibitory activity against trypsin-
like serine proteases in a highly similar manner to canonical inhibitors
such as BPTI.

4. Discussion

A functional colostrum trypsin inhibitor gene was thought to be re-
stricted to all species of the eutherian orders Carnivora and
Cetartiodactyla (Pharo et al., 2012), but we have shown that although
CTI is present in semi-aquatic marine mammals such as the Cape fur
seal (Otariidae) and walrus (Odobenidae), it is a pseudogene in the
Weddell seal (Phocidae), the only marine mammal with a disrupted
CTI gene thus far. Furthermore, the identification of a putative protein-
coding CTI gene in the white rhinoceros (family Rhinocerotidae, order
Perissodactyla), suggests that CTI may also be present in other Perisso-
dactyls, e.g. tapirs (family Tapiridae), with a disrupted CTI gene limited
to members of the Equidae (this study; Pharo et al., 2012). The

Image of Fig. 4


Fig. 5. Panel showing salient features of the modelled Cape fur seal CTI (green) and its complex with Pacific walrus trypsin (cyan). Orientations of the protease inhibitor are kept approx-
imately the same throughout. A. Cartoon of Cape fur seal CTI superimposed on the second Kunitz domain of human tissue factor pathway inhibitor I (PDB ID: 1TFX chain D, wheat) on
which it was modelled. The side chains of residues that differ in the sequence alignment are shown as sticks. N- and C-termini, showing 3- and 2-residue insertions, respectively, in
Cape fur seal CTI are indicated; B. cartoon of model of Cape fur seal CTI (green) in complex with walrus trypsin (cyan). Interface residues that differ between the models and the homo-
logues are shown as sticks (cyan=porcine trypsin, blue=walrus trypsin); C. Close-up cartoon of thewalrus trypsin-Cape fur seal CTI complex showinghydrogen bonds (magenta) at the
complex interface. A cross-section is shown where some residues have been removed for clarity; D. walrus trypsin-Cape fur seal CTI complex model showing trypsin molecular surface
(cyan) and interacting residues of CTI (sticks). P1 arginine of CTI fits snugly into the trypsin S1 specificity pocket (both labelled). Panels B, C and D show the high degree of chemical
and structural complementarity at the complex interface consistent with the proposed trypsin-inhibitory function of Cape fur seal CTI. The conserved disulphide bond in the protease in-
hibitor that anchors the inhibitory loop is shown as sticks (yellow S atoms) and marked with an asterisk. The P1 residue is labelled in all panels.
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prolonged period of CTI expression in the mammary gland of the Cape
and subantarcic fur seals suggests that CTI is essential in these otariids.
Additionally, the conservation of a basic P1 residue (Lys/Arg) in all eu-
therian CTI peptides, unlike in present-day marsupial ELP, suggests
that eutherian CTI acquired a basic P1 residue after the divergence of
the ancestral marsupials and eutherians ~160 million years ago (Luo
et al., 2011). Structural homology modelling suggests that pinniped
CTI binds to and inhibits trypsin in a canonical fashion, which may
play an important role in neonate health.
4.1. Conservation of pinniped CTI gene structure

While theflanking genes of Cape fur sealCTI are unknown, the great-
er than93%nucleotide identity shared been theCape fur seal andwalrus
CTI genes, the latter of which is flanked by the single-copy PIGT and
WFDC2 genes, confirmed the identity of Cape fur seal CTI. The conserva-
tion of the 3-exon, 2-intron CTI structure and in particular, the 216 bp
exon 2, which encodes a low-complexity 18 aa coiled region at its 5′
end (CTI N-terminus), a 51 aa Kunitz domain and a short 4 aa 3′ end
suggests that conservation of exon 2 in its entirety may be important
for CTI function. Furthermore, the eutherianOrder-specific conservation
of the 3–7 aa encoding CTI C-terminus suggests that this region may
have an Order/species-specific function. The loss of CTI in the Weddell
seal and other eutherians implies that either CTI function is provided
by an alternate protein, or that CTI is not essential in these species and
hence there is no evolutionary disadvantage to its loss.

4.2. The unique expression pattern of Cape fur seal CTI

The expression of CTI in themammary glands of the on-shore lactat-
ing Cape and subantarctic fur seals 2–3 months pp, but the lack of CTI
transcripts in one of the two lactating Cape fur seals foraging at-sea is
consistent with reduced milk synthesis at-sea (N80%) in Antarctic
(Arnould and Boyd, 1995) and Cape fur seals; and the resumption of
milk production as the mother returns to shore to suckle her pup
(Cane 2005; Sharp et al., 2005; Sharp et al., 2006a). Both the absence
of lactose (the major osmole in most mammalian milks which directly
affects milk volume) (Brew 2003; Neville et al., 1983) and a ‘switch’ in
energy partitioning in the otariid mother, from the mobilisation of her
body reserves for milk production on-shore, to replenishing her bodily
stores while foraging at-sea (Costa 1991)may facilitate the ‘suspension’
of lactation at-seawithout the gland involuting (Cane 2005; Sharp et al.,
2005; Sharp et al., 2006a). In contrast, the cessation of sucking stimulus
for ~48–72 h triggers mammary gland involution in most mammals
(Watson 2006). Furthermore, the detection of CSN2 and LGB2 tran-
scripts, but not CTI in one of the at-sea females suggests that CTI expres-
sion may be intermittent during lactation, i.e., up-regulated on-shore
and down-regulated at-sea. Unlike other eutherians, otariid CTI may
be expressed throughout lactation, rather than for only the first 24–

Image of Fig. 5


Fig. 6. Alignment of selected eutherian trypsinogen precursor proteins. Eutherian trypsinogen precursor proteins were aligned with Clustal Omega. Human [GenBank: NP_002760], dog
[GenBank: P06871], Polar bear [GenBank: XP_008695541], Pacificwalrus [GenBank: XP_004416603],Weddell seal [GenBank: XP_006743617], killerwhale [GenBank: XP_004272168], pig
[GenBank: NP_001156363], and cow [GenBank: NP_00110719]. The signal peptide and propeptide are boxed (blue and brown respectively) and the start site of the active trypsin enzyme
shown (green arrow). The four conserved disulphide bonds are indicated, as well as the catalytic triad (bold red text). The 3D structure of trypsin [based on bovine trypsin (PDB ID: 1TFX
chain A) and porcine trypsin (PDB ID: 1TFX chain A), is shown above the alignment: coiled regions, black bar; α-helices, red and yellow; and β-sheets, blue arrows. Conserved sites are
shadedwith BoxShade. Residues common to all species (*) are indicated and those shared by at least 6 of 8 species (N70%) are shaded black. Grey residues indicate conserved residue type.
Conservation between groups of amino acids with strongly similar properties (score N 0.5, Gonnet PAM 250 matrix) is shown (:) and between those with weakly similar properties
(score b 0.5, Gonnet PAM 250 matrix) also noted (.). Gaps within the alignment are indicated (−).
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48 h pp. However, no conclusions could be drawn due to the limited
number of animals available for this study. The lack of CTI expression
in the pregnant, primiparous Cape fur seal mammary gland, in contrast
to the multiparous seal at the same stage of gestation, may reflect the
limited development of the primiparous gland (Cane, 2005), and its re-
duced secretory capacity (Lang et al., 2012).

4.3. Cape fur seal CTI — a putative trypsin inhibitor

Structural homology modelling based on human TFPI KD2 con-
firmed that Cape fur seal CTI forms a disulphide rich alpha + beta fold
protein stabilised by 3 disulphide bonds. Although the Cape fur seal
trypsin sequence is unknown, the high conservation between the active
eutherian trypsin enzymes suggested that walrus trypsin was an excel-
lent substitute for otariid trypsin for protease-inhibitor structural
homology modelling using the human TFPI KD2-porcine trypsin tem-
plate (PDB ID: 1TFX). Furthermore, the conservation of a basic P1 Arg
residue in Cape fur seal CTI and the catalytic triad of residues (Ser185,
His48 and Asp92) in walrus trypsin strongly supported the inhibition
of walrus trypsin by Cape fur seal CTI in a canonical mechanism of inter-
action characteristic to Kunitz inhibitors such as BPTI (Krowarsch et al.,
2003; Laskowski and Kato 1980).

The precise in vivo target of eutherian CTI is unknown, but pinniped
CTI may have similar anti-protease activity to bovine CTI. Hence, Cape
fur seal and walrus CTI may inhibit trypsin, α-chymotrypsin and plas-
min, but be inactive against β-chymotrypsin (Wu and Laskowski
1955), kallikrein, thrombin and renin (Pineiro et al., 1978). Similar
to human TFPI KD2, CTI may also inhibit Factor Xa, a key component
in the blood coagulation pathway (Burgering et al., 1997). In addition,
the resistance of bovine CTI to pepsin digestion (Kassell and
Laskowski, 1956) suggests that pinniped CTI may remain intact on its
passage through the gastrointestinal tract and so may enter the circula-
tory system of the young pup. Therefore, CTI may have multiple sites of
action against one or more serine peptidases in thematernal mammary
gland andmilk, aswell as in the gastrointestinal tract and/or circulatory
system/other organs of the young. Future studies of Cape fur seal CTI ac-
tivity could involve the preparation and testing of recombinant CTI
against serine endopeptidases.

4.4. Putative CTI functions in the mammary gland and neonate

Eutherian CTImay havemultiple functions in themother and young.
In particular, as a putative serine protease inhibitor, it may prevent the
digestion of milk proteins in the mammary gland and milk before their
ingestion by the infant. The proteases in pinniped milk have yet to be
characterised, but human milk has four major active proteases (Khaldi
et al., 2014). These include a serum-derived trypsin-like enzyme and
plasmin, plus elastase and cathepsin D, which are produced by the
mammary gland. With the exception of cathepsin D, all are serine pro-
teases, which may be inhibited by CTI. Notably, bovine milk contains
neither trypsin, nor chymotrypsin, but does contain plasmin, one of
the most active proteases in milk (Dallas et al., 2015). Hence, CTI may
protect the maternal mammary gland and neonatal tissues from self-
digestion by plasmin which is involved in tissue remodelling. CTI may
also safeguard the neonate intestines and other tissues from maternal
immune cells. These cells are absorbed across the intestinal epithelium
and enter the newborn's circulatory systembut release trypsin and elas-
tase (Reber et al., 2008; Salmon, 2000). CTI may also influence cell-cell
interactions by inhibiting trypsin and other enzymes that alter cell sur-
face proteins.

The positive correlation of both CTI and IgG (immunoglobulin
G) content in bovine colostrum (Laskowski and Laskowski, 1951;
Pineiro et al., 1978; Quigley et al., 1995) and the passive transfer of im-
munoglobulins from mother to young via colostrum for the first 24–
48 hpp (Veselsky et al., 1978) suggests that CTI protects IgG against pro-
teolytic degradation in the neonate intestines (Brambell 1970; Quigley
et al., 1995). Although the newborn calf has innate immunity, it has in-
sufficient lymphocytes to mount an adaptive (specific) immune
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response to protect its systemic and mucosal compartments (Brambell
1970; Salmon, 2000). Therefore, IgG transfer prior to gut ‘closure’ (ces-
sation of passage of macromolecules) is essential for the survival of the
young calf (Brambell, 1970; Quigley et al., 1995) and by analogy, the
Cape fur seal pup.

4.5. Potential role of oligosaccharides in CTI function

The conservation of a sugar attachment site at Asn42 in all CTI and
ELP peptides; with human TFPI KD2 glycosylated at an adjacent aspara-
gine, in contrast to the non-glycosylated BPTI suggests that N-linked ol-
igosaccharides are important for CTI function. The glycan attachment
site at the protein's ‘base’ (Klauser et al., 1978) is unlikely to interfere
with the P1 protease reactive site at the ‘opposite’ end of the protein
and so both ‘ends’ of CTI may have different biological roles. Oligosac-
charides have anti-inflammatory and anti-adhesion properties acting
as prebiotics, or as chemical messengers in cell-cell communication
and may also bind directly to immune cells and influence their migra-
tion (Jost et al., 2015; Urashima et al., 2012; Zivkovic et al., 2011).
Most importantly, oligosaccharides can act as soluble receptor ana-
logues, or decoys for epithelial cell surface receptors which bind bacte-
rial and viral pathogens (Jost et al., 2015; Kunz et al., 2014; Urashima
et al., 2012). Hencemicroorganisms bind to these decoys, preventing in-
fections in the young (Pacheco et al., 2015).

The cell- and species-specific nature of glycan production (Pacheco
et al., 2015; Urashima et al., 2012) suggests that milk oligosaccharides
may have unique functions. For example, milk oligosaccharides influ-
ence gut microbiota and gut maturation (Jost et al., 2015; Zivkovic et
al., 2011). Many of these sugars are resistant to digestion (Pacheco
et al., 2015) and somay pass intact through the intestines into the circu-
latory system and be transported to other tissues and organs (Kunz
et al., 2014). Similarly, attached sugars may also increase the longevity
of glycolipids and glycoproteins by preventing their non-specific degra-
dation in the gut, as well as improving bioactivity, structure, stability
and solubility (Roth et al., 2010). Hence N-glycosylated CTI may persist
in the gut of the pup and enter the circulatory system. As the half-life of
maternal IgG in newborn serum ranges from 12 to 20 days (Murphy
et al., 2014), the extended period of CTI expression may provide
prolonged protection for IgG and other milk proteins in the pup. This
would be advantageous, particularly during the long periods of fasting
that the pup experiences while its mother forages at-sea.

In summary, there appears to be no consistent set of characteristics
that distinguish species that have retained the CTI gene from those
that have a CTI pseudogene. However, CTI has not been reported in spe-
cies that rely solely on the placental transfer of maternal immunoglob-
ulins (humans, chimpanzees, rabbits). In contrast, CTI or the
orthologous marsupial ELP gene are present in mammals that transfer
immunoglobulins exclusively via colostrum (cow, pig, grey short-
tailed opossum), or those that utilise both methods of transfer (dog,
cat, pinnipeds, tammar wallaby) (Brambell 1970; Cavagnolo, 1979;
Cavagnolo and Vedros, 1979; Deane et al., 1990). It would be of interest
in the future to identify the target protease(s) of CTI and/or
constituent(s) with which CTI interacts.

5. Conclusions

Colostrum trypsin inhibitor is expressed in themammary gland of the
lactating Cape and subantarctic fur seals (Otariidae) during the first 2–3
months pp, but unlike for other eutherians, CTI expressionmay be cycli-
cal; up-regulated on-shore and down-regulated at-sea. The retention of
a putative protein-coding CTI gene in the Pacific walrus (Odobenidae),
but its disruption in the Weddell seal (Phocidae), was unexpected.
Structural homology modelling of Cape fur seal CTI suggests that it,
like other members of the BPTI/Kunitz family, inhibits trypsin-like ser-
ine proteases in a reversible, canonical mechanism. Therefore, pinniped
CTI may prevent the proteolytic degradation of immunoglobulins and
other milk proteins in the gastrointestinal tract and circulatory system
of the young. Furthermore, glycosylated CTImay bind pathogenic bacte-
ria in the pinniped pup gut, thereby preventing systemic infections and
enhancing the survival of the young.
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