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Abstract. Two distinct classes of lipocalin isoforms
(OBP-IIs and OBP-IIIs) were purified and identified
from porcine nasal mucosa of male and female individu-
als. Using primers designed on their N-terminal se-
quence, the complete primary structures of the mature
polypeptides were determined. Mass spectrometry analy-
sis confirmed the identity of the cDNA-derived sequen-
ces and provided information regarding their post-trans-
lational modifications. These species strongly resemble a
lipocalin expressed by von Ebner’s gland and salivary li-
pocalins carrying sex-specific pheromones secreted only
by the boar’s submaxillary glands. Both OBP-IIs and
OBP-IIIs present two cysteines paired in a disulphide

bond; the remaining residues occur in a reduced form. In
addition, OBP-IIIs are heavily glycosylated and markedly
different in their glycan moiety from the salivary lipocal-
ins. A three-dimensional model is proposed based on pro-
tein species with known structure. Like salivary lipocal-
ins, OBP-IIIs bind a number of odorant molecules, with
highest affinity for the specific pheromone 5a-androst-
16-en-3-one. The high similarity between OBPs from the
nasal area and lipocalins from secretory glands suggests
a common function in binding the same pheromonal li-
gands, the latter carrying chemical messages into the en-
vironment the former delivering them to specific recep-
tors.
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Introduction

Odorant-binding proteins (OBPs) are small soluble pro-
teins mediating olfactory perception in vertebrates [1—5]
and insects [6—9]. The physiological role played by these
proteins in olfactory transduction is still largely un-
known, despite the detailed structural information cur-
rently available. The complete amino acid sequence is

* Corresponding author.

known for a number of vertebrate OBPs, including those
from frog [10], cattle [11], rat [12, 13], mouse [14, 15]
and pig [16], and the three-dimensional structure has
been resolved for two [17—19]. Both primary structure
and crystallographic analyses clearly assign these pro-
teins to the superfamily of ‘lipocalins’, soluble macro-
molecules generally acting as carriers of hydrophobic li-
gands in aqueous biological fluids [20, 21].

Their affinity and specificity for odorant molecules have
been widely investigated in ligand binding assays
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[22—26]. Most of the studies have been performed with
the bovine and porcine proteins, which did not reveal any
major differences in binding properties. However, when
two OBPs expressed in the same species are compared, as
in the case of rat OBP-I and OBP-II, they demonstrate
different specificities versus several odorant molecules
[26]. The ligands for OBP-I share a rather flat structure,
including several aromatic compounds of medium size;
in contrast, those for OBP-II belong to the class of long-
chain fatty acids and related compounds. The presence of
a certain binding specificity, together with the microhete-
rogeneity of these proteins reported in several animal spe-
cies, could support a function for OBPs in the recognition
and discrimination of different odour classes in the peri-
phery. For this reason, we are interested in the structural
and functional characterisation of distinct OBPs occur-
ring in the same species.

We isolated and characterised the first OBP from pig, cal-
led OBP-1, which is highly expressed in the nasal respira-
tory region [16, 27]. Both its amino acid sequence and its
binding specificity for several classes of odorants in-
dicate close similarity to bovine OBP, to rat OBP-I, and to
other macromolecules of the same sub-class. Crystallo-
graphic analysis revealed structural elements very similar
to those reported for bovine OBP, although the latter
occurs as a homodimer whilst pig OBP-I is a monomer
[19].

Lipocalins very similar to OBPs are also found at high
concentration in biological fluids known to be phero-
mone carriers. Mouse and rat urine contain major urinary
proteins (MUP and a2-u) at concentrations of several
milligrams per millilitre [28, 29]. These proteins carry
pheromone molecules as endogenous ligands [30, 31]. Si-
milar proteins are also present in the saliva of mouse
[32,33] and boar [34, 35]. In the latter species, salivary li-
pocalins (SALs) have been shown to contain steroidal
pheromone molecules as endogenous ligands. Other lipo-
calins involved in chemical communication are hamster
aphrodisin, isolated from vaginal discharge [36—38] and
apolipoprotein-D that binds the odorant heptenoic acid in
human axillary sweat [39, 40].

The high similarity between OBPs from the nasal area
and the lipocalins from several glands is certainly related
to their affinity for the same pheromonal ligands, releas-
ed into the environment through various secretions to be
captured by the nasal mucus and detected. Here, we de-
scribe the purification, identification, cloning, ligand
binding and structural characterisation of two additional
OBPs from the pig nose, which turn out to be very simi-
lar to other proteins occurring in secretory glands, and are
likely involved in chemical communication.

Porcine odorant-binding proteins

Materials and methods

Materials

Pig nasal mucosa from individuals of both sexes was ob-
tained from the local abattoir. The tissue was dissected
shortly after death, stored in ice and processed within 2 h.
Tritiated 2-isobutyl-3-methoxypyrazine was prepared at
the Amersham Laboratories (U.K.) by catalytic hydroge-
nation with tritium gas of the unsaturated precursor 2-(2-
methyl-1-propenyl)-3-methoxypyrazine, synthesised in
our laboratory (P. Pelosi, unpublished data). The pure
tritiated compound had a specific activity of about
22 Ci/mmol. Mono-Q and Superosel2 columns were
from Pharmacia/LKB. Solvents and reagents for Edman
degradation were ‘sequencing’ grade from Applied Bio-
systems, Sigma and Aldrich. All other chemicals were
reagent grade.

Purification of porcine OBP-IIs and OBP-IIIs
OBP-IIs were purified from nasal tissues by anion
exchange chromatography on a DE-52 column. OBP-IIIs
were isolated from the same source by immunoaffinity
chromatography, followed by gel filtration chromatogra-
phy on a Superosel2 column. For structural investiga-
tions individual components were isolated by a final
chromatographic step on a Vydac C, column 214TP54
(250 x 4.6 mm), 5 pm, 300-A pore size (The Separation
Group). Proteins were dissolved in 0.1% trifluoroacetic
acid (TFA), loaded onto the column and eluted by a linear
gradient from 20 % to 50 % acetonitrile in 0.1 % TFA over
30 min, at a flow rate of 1 ml/min.

c¢DNA synthesis

Total RNA was extracted from the nasal mucosa of one
male and one female pig with the Trizol Reagent kit
(GIBCO BRL) following the manufacturer’s instructions.
It was subjected to reverse transcription, using 200 units
of the Moloney murine leukemia virus reverse transcrip-
tase (GIBCO BRL) and 0.5 pg of oligo dT,_;5(Sigma) in
50 pl total volume. The mixture also contained 0.5 mM of
each dNTP (Pharmacia Biotech, Uppsala, Sweden),
75 mM KCl, 3 mM MgCl,, 10 mM dithiothreitol and
0.1 mg/ml bovine serum albumin (BSA) in 50 mM Tris-
HCI, pH 8.3. The reaction mixture was incubated at 37 °C
for 60 min and the products were directly used for poly-
merase chain reaction (PCR) amplification or stored at
-20°C.

Polymerase chain reaction

Aliquots of 1 pl crude cDNA were amplified in a Bio-Rad
Gene Cycler, using 2.5 units of Thermus aquaticus DNA
Polymerase (Sigma), 1 mM of each dNTP (Pharmacia
Biotech), 1 pM of each PCR primer, 50 mM KCl, 2.5 mM
MgCl, and 0.1 mg/ml BSA in 10 mM Tris-HCI, pH 8.3,
containing 0.1 % Triton X-100. Degenerate primers GAY -
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CTNTTNGGNAGNTGGTA and AARATHGCNGGN-
GARTGGTA encoding N-terminal regions of mature
OBP-IIs and OBP-IIIs, respectively, were used at the 5
end together with an oligo-dT at the 3" end. After a dena-
turing step at 95 °C for 5 min , the reaction was performed
for 35 cycles (95 °C for 1 min , 48 °C for 1 min , 72 °C for
1 min ), followed by a final step of 7 min at 72 °C.

Cloning and sequencing

PCR products were analysed by electrophoresis on a 2%
agarose gel and purified using microcolumns of the
‘QIAquick PCR Purification Kit’ (Qiagen). The product
was then ligated into a pGEM vector (Promega) by incu-
bating the plasmid (20 ng) and the insert in a 1:5 molar
ratio overnight at room temperature. The ligation product
was used to transform competent cells, prepared imme-
diately before use. After incubation in SOC medium for
1 hat 37°C, the cells were plated on LB/agar, containing
ampicillin, isopropyl thiogalactose (IPTG) and X-Gal.
White colonies were then grown in liquid LB/ampicillin
and analysed for the presence of the right insert by PCR,
using the plasmid primers SP6 and T7, followed by 2%
agarose electrophoresis. Nucleotide sequences of both
strands of the cDNA clones were determined from
double-stranded plasmid DNA using the Applied Biosys-
tem (ABI) Dye Deoxy Terminator Cycle Sequencer Kit
and an ABI 310 automated sequencer at the ENEA labo-
ratory (Casaccia, Roma, Italy).

Chemical and enzymatic reactions and peptide
separation

Before carrying out sequence or mass spectrometry ana-
lysis, OBPs were alkylated under the conditions describ-
ed previously [41]. Proteins were freed from excess
reagents by an high-performance liquid chromatography
(HPLC) purification step as described above. Carboxy-
amidomethylated proteins were digested with trypsin or
endoprotease GluC (Boehringer Mannheim) in 0.4 % am-
monium bicarbonate, pH 8, at 37 °C for 16 h, using an en-
zyme: substrate ratio of 1:50 (w:w). Peptide mixtures
were deglycosylated by 0.15 units of PNGase F incuba-
tion overnight in 0.4 % ammonium bicarbonate, pH 8, at
37°C. Peptides were fractionated by reverse-phase HPLC
on a Vydac Cgcolumn 214TP52 (250 x 2.1 mm), 5 pm,
300-A pore size (The Separation Group) by using a linear
gradient from 5% to 50% acetonitrile in 0.1 % TFA over
60 min, at a flow rate of 0.2 ml/min. Individual compo-
nents were manually collected and dried down in a
Speed-vac centrifuge (Savant).

Mass spectrometry and amino acid sequence analysis
Intact proteins were submitted to electrospray mass spec-
trometry (ESMS) analysis using a Platform single-qua-
drupole mass spectrometer (Micromass). Samples were
dissolved in 1% (v/v) acetic acid and 2—10 pl were
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injected into the mass spectrometer at a flow rate of
10 pl/min. The quadrupole was scanned from m/z 500 to
1800 at 10 s/scan and the spectra were acquired and ela-
borated using the MASSLYNX software. Calibration was
performed by the multiply charged ions from a separate
injection of myoglobin (molecular weight 16,951.5 Da).
All mass values are reported as average masses.
Matrix-assisted laser desorption ionisation (MALDI)
mass spectra were recorded using a Voyager DE MALDI-
TOF mass spectrometer (Perkin Elmer-Perseptive Bio-
system); a mixture of analyte solution, a-cyano-4-hy-
droxycinnamic acid and bovine insulin was applied to the
sample plate and dried in vacuo. Mass calibration was
performed using the molecular ions from the bovine in-
sulin at 5734.54 Da and the matrix at 379.06 Da as inter-
nal standards. Raw data were analysed using computer
software provided by the manufacturer and are reported
as average masses. Assignments of the recorded mass va-
lues to individual peptides were performed on the basis of
their molecular mass.

Amino acid sequences were determined using either a
Perkin Elmer-Applied Biosystems 477A pulsed-liquid
protein sequencer equipped with a Perkin Elmer-Applied
Biosystems 120A HPLC apparatus for phenylthiohydan-
toin-amino acid identification, or a Milligen 6600 protein
sequencer.

Endogenous ligand analysis and ligand-binding
assays

Small ligands associated with the OBP-IIIs and SALs
were extracted from identical amounts of protein species
at room temperature with dichloromethane; the solutions
were evaporated and analysed by gas chromatography-
mass spectrometry (GCMS) analysis as previously report-
ed [34]. Binding properties were measured with tritiated
2-isobutyl-3-methoxypyrazine using the filtration assay
previously reported [42], or with the fluorescent ligand 1-
AMA in a competitive assay [16, 27, 35].

Molecular modelling

Sequence analysis was performed using the BLASTP2
algorithm in the EXNRL-3D database. Pairwise align-
ments were obtained by the Clustral W multiple-align-
ment program [42].

Computer modelling was performed on a Silicon Gra-
phics O2 workstation. Three-dimensional models of
OBP-II isoforms were constructed on the basis of the
crystallographic structure of bovine p-lactoglobulin
(PDB code 1BSO), major horse allergen equC (PDB code
1EW3) and mouse major urinary protein (PDB code
IMUP); models of OBP-III isoforms were constructed on
the basis of the structures of mouse major urinary protein
(PDB code 1MUP), pig OBP-I (PDB code 1A3Y) and
bovine OBP (PDB code 10BP), taken from the Protein
Data Bank, Brookhaven National Laboratory (Upton,
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N.Y.), and using the sequence alignment obtained as de-
scribed above. The N-terminal hexapeptide and C-termi-
nal octapeptide of OBP-IIIs were not included in model
construction because these residues are absent from the
other sequences. All three-dimensional models were con-
structed with the Insight/Homology program package
(Biosym). Several cycles of constrained energy minimi-
sation regularised the structures and geometrical parame-
ters. Models were validated using the WHATCHECK
program [43].

Results

Purification and identification of porcine OBP-IIs
and OBP-IIIs

Anion-exchange chromatography fractionation of a crude
extract from the nasal mucosa of single pig individuals of
both sexes revealed the presence of a protein with an ap-
parent molecular weight of 17 kDa (fig. 1 A), following
electrophoretic analysis in denaturing conditions (SDS-
PAGE). Ligand binding experiments with tritiated 2-iso-
butyl-3-methoxypyrazine, performed on relative chroma-
tographic fractions, revealed an apparent binding asso-
ciated with this species (data not shown). This protein
was further purified and subjected to N-terminal sequen-
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Figure 1. Purification of OBP-IIs (A) and OBP-IlIs (B) from pig
nasal mucosa. Identical results were obtained for male and female
individuals. (4) Relevant fractions obtained after DE-52 fractiona-
tion of a crude extract (lanes 21-27), purification by gel filtration
on Superosel2 (lanes 12—14) and the cross-reactivity of OBP-Ils
with polyclonal antiserum against the pig VEG protein C, Coomas-
sie; WB, Western blot). (B) Purification of OBP-IIIs by immuno-
affinity chromatography, using polyclonal antibodies against the
pig SALs (fractions 7—14), followed by gel filtration (fractions
13—15) and the Western blot performed on a crude extract of nasal
mucosa. Molecular markers were serum albumin (66 kDa), ovalbu-
min (45 kDa), carbonic anhydrase (29 kDa), trypsin inhibitor (20
kDa) and a-lactalbumin (14 kDa).

Porcine odorant-binding proteins

cing; under these conditions, the polypeptide proved re-
fractive to Edman degradation, indicating the presence of
covalent modification at the N terminus. Sequence infor-
mation was obtained after incubation with trypsin, SDS-
PAGE separation of the resulting digest and Edman de-
gradation of a selected polypeptide fragment. The se-
quence obtained (LVGRDPENNPEALEEF) perfectly
matched that occurring in the VEG protein (residues
115-130 of the mature protein), previously isolated from
pig circumvallate papillae and lachrymal glands [44].
Further evidences for the similarity between the two pro-
tein species was provided by the strong reaction of the pu-
rified OBP-IIs with antiserum against the VEG protein,
as observed by Western blot experiments (fig. 1 A).
Similarly, when a crude extract of nasal mucosa dissected
from individuals of both sexes was analysed in Western
blot experiments, strong reactivity with the antiserum
against the SALs [34] was associated with an electropho-
retic band of about 29 kDa (fig. 1B). In contrast sex-spe-
cific expression of SALs in only the boar’s submaxillary
glands has been previously reported. The protein was fur-
ther purified by immunoaffinity and gel filtration chro-
matography, to yield a molecular species migrating as a
single broad band in SDS-PAGE. As reported in the fi-
gure, it showed a higher apparent molecular mass than
porcine SAL although it yielded an N-terminal sequence
(HKEAGQDVVTSNFDASKIA) identical to that expect-
ed for this species.

Determination of the apparent molecular weight for
OBP-IIs and OBP-IIIs by gel filtration chromatography
clearly indicated the occurrence of these molecular spe-
cies as monomers (data not shown).

Cloning and cDNA sequencing of OBP-IIs

and OBP-IIIs

Based on N-terminal sequences, degenerate primers were
designed, synthesised and used in PCR experiments, to-
gether with an oligo-dT, to amplify specific regions of
cDNA prepared from nasal tissue RNA of single indivi-
duals of both sexes. Bands of appropriate sizes were pu-
rified and cloned into a pGEM vector, in turn used to
transform competent Escherichia coli cells. Plasmids
from positive clones were finally sequenced using plas-
mid primers.

Two distinct nucleotide sequences encoding OBP-II and
two nucleotide sequences encoding OBP-III were detect-
ed in both individuals. The derived amino acid sequences
were almost identical to those reported for porcine VEG
and SAL proteins, respectively. Differences among pro-
tein isoforms were limited to a few bases and correspond-
ed to specific amino acid substitutions (Prol41 — Leu in
OBP-IIs; Val45 — Ala, Ile48 — Val and Ala73 — Val in
OBP-IIIs). These data are in good agreement with the
previous detection in rat of two distinct genes encoding
non-allelic VEG, which probably arose by gene duplica-
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tion [45]. Similar observations have also been reported
for porcine SALs [35]. These genes should determine the
simultaneous expression of different protein isoforms in
the same pig individual.

Structural characterisation of OBP-IIs

Porcine OBP-II yielded a single chromatographic peak
when analysed by reverse-phase HPLC (data not shown).
As expected on the basis of the cloning results reported
above, ESMS analysis of this fraction showed the pre-
sence of two different components differing by 16 Da
(fig. 2). However, the measured masses did not corre-
spond to the theoretical values calculated on the basis of
the determined nucleotide sequences. Furthermore, titra-
tion with iodoacetamide under denaturing conditions re-
sulted in a molecular mass increase of 57 Da for both spe-
cies (data not shown), demonstrating that two of the three
cysteine residues present in the sequence are involved in
a disulphide bridge.

To verify the primary structure and ascertain the occur-
rence of other post-translational modifications, a reduced
and carboxamidomethylated sample of protein was ana-
lysed by mass spectrometry following enzymatic diges-
tion. An OBP-II tryptic peptide mixture was submitted
directly to MALDIMS analysis; the results obtained are
shown in table 1. Most of the signals recorded in the spec-
trum were associated with the corresponding peptide
along the amino acid sequence on the basis of its mass va-
lue and trypsin specificity. The signals at m/z 2126.2 and
2142.3 were assigned to peptide (138—157) carboxami-
domethyl (CAM) and its analogue bearing the amino acid
replacement Pro141 — Leu, as also confirmed by amino

B A 174253+1.6Da
B 174419+ 1.2 Da

100
A

Relative Intensity (%)

|
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17000 17500 18000
Mass (Da)

Figure 2. Transformed ESMS spectrum of OBP-II isoforms.
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Table 1. MALDIMS analysis of reduced and carboxamidome-
thylated OBP-IIs following digestion with trypsin.

MH* Peptide Note
1750.9 (1-16) pEl
609.5 (17-20)
2350.9 (21-42)
2947.4 (43-69) CAM
1774.4 (70-84)
918.7 (85-92)
32232 (85—-111) CAM
2323.6 (93-111) CAM
2096.5 (95-111) CAM
1957.1 (115-131)
2412.8 (115-135)
1531.6 (119-131)
2126.2 (138-157) CAM
2142.3 (138—157) P141L CAM

CAM, carboxamidomethyl.

acid sequencing. Only an unexpected mass signal at m/z
1750.9, which was unmatched with any of the calculated
values for tryptic peptides, was present in the spectrum; in-
stead, the signal at m/z 1767.9, corresponding to the pep-
tide (1—16), was missing. The corresponding species, pu-
rified by reverse-phase HPLC, was insensitive to automat-
ed Edman degradation, suggesting the occurrence of a
modified N terminus. Treatment with pyroglutamate ami-
nopeptidase yielded a component presenting an MH* at
m/z 1639.4, corresponding to peptide (2—16) as also re-
vealed by amino acid sequencing, thus demonstrating the
occurrence of 5-oxoproline as the N-terminal amino acid.
A parallel MALDI-mapping experiment on OBP-IIs
alkylated without previous treatment with dithiothreitol
allowed the nature of the cysteine residues paired in the di-
sulphide bridge to be identified. In fact, tryptic digest re-
vealed the occurrence of components with MH" at m/z
4971.9, 4955.7, 2326.9 and 2096.8 that were associated
with peptides (43—69) + (138—157)Prol41 — Leu, (43—
69)+(138—157),(93—-111)CAM and (95-111) CAM, re-
spectively (data not shown). These results definitively de-
monstrated the occurrence in porcine OBP-IIs of the
disulphide Cys61-Cys152, whilst Cys101 is present in re-
duced form. On this basis, the mass values reported for
intact OBP-IIs (fig. 3) were in perfect agreement with the
theoretical values calculated for the two isoforms taking
into account the presence of a disulphide bridge and a cyc-
lized pyroglutamate residue at the N terminus (isoform A,
17,425.9 Da; isoform B, 17,441.9 Da).

Structural characterisation of OBP-IIIs

The broad electrophoretic band associated with porcine
OBP-IlIIs and an apparent molecular weight much higher
than expected on the basis of its primary structure sug-
gested the occurrence of linked oligosaccharides, as de-
monstrated by concanavalin A binding after electroblot-
ting on nitrocellulose membrane (data not shown). To
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Figure 3. MALDIMS analysis of the glycopeptide components obtained from reduced and carboxamidomethylated OBP-I1Is following di-

gestion with endoprotease GluC.

verify the occurrence of N-glycosylation phenomena al-
ready reported in the case of SAL [35], samples of OBP-
[IIs were treated with N-glycosidase F. The reaction pro-
duct migrated in SDS-PAGE with an apparent molecular
weight lower than that of the native protein, demonstrat-
ing that OBP-III is N-glycosylated (data not shown). The
same protein was refractive to the action of O-glycosi-
dase, excluding the presence of O-glycosylation pheno-
mena.

To verify the occurrence of distinct OBP-III isoforms,
samples of reduced and carboxamidomethylated protein
were analysed by mass spectrometry. A portion of the
OBP-III tryptic peptide mixture obtained after PNGase F
digestion was submitted directly to MALDIMS analysis.
The results obtained are shown in table 2. In this case
also, all the signals recorded in the spectrum were asso-
ciated with the corresponding peptide along the amino
acid sequence on the basis of its mass value and trypsin
specificity. As expected, the spectrum showed the pre-
sence of minor MH" signals at m/z 857.9, 1706.7 and
1834.9, which were attributed to peptide (43—49),
(64-77)CAM, and (63-77)CAM,, respectively, where
the amino acid replacements Val45 — Ala, I1e48 — Val
and Ala73 — Val occurred. The coexistence in this mix-
ture of the corresponding peptides not presenting these
substitutions was verified by MALDIMS and amino acid
sequencing following chromatographic purification. The
relative intensity of the peptides measured by chromato-
graphic and MALDIMS experiments suggested that the
two isoforms were expressed at different concentrations.
Complementary mass-mapping experiments carried out
using endoprotease GluC as proteolytic agent confirmed
these results and allowed coverage the entire protein se-
quence (table 2).

With the aim of identifying the N-glycosylated sites and
to ascertain the nature of the polysaccharide moiety pre-
sent on carboxamidomethylated OBP-IlIs, a portion of
the endoprotease GIluC digest before PNGase F treatment
was resolved by reverse-phase HPLC and the resulting
fractions were directly analysed by MALDIMS. The pre-
sence in the MALDI spectra of adjacent peaks differing

Table 2. MALDIMS analysis of tryptic and endoprotease GluC di-
gests obtained from reduced and carboxamidomethylated OBP-IlIs
following treatment with PNGase F.

Trypsin Endoprotease GluC

MH*  Peptide Note MH* Peptide Note
1833.6  (1-17) 2204.2 (1-21)

15684  (3-17) 1809.4 (4-21)

1636.7  (18-32) 1880.8  (22-37)

1179.4  (33-42) 4068.3 (1-37)

2798.05 (18-42) 1039.4  (38-46)

899.7 (43-49) 1012.8  (38-46) V45A
8579 (43-49) VA45A, 148V 2653.8  (68-90) 2CAM
1807.2 (63-77) 2CAM 15204  (77-90)

18355 (63-77) A73V 2CAM  920.1  (91-97)

16789 (64-77) 2CAM 28132 (98-121)

1706.5 (64-77) A73V 2CAM 21963 (122-139)

16358 (78-92) 1252.1 (140-149) CAM
24192 (95-115) 2894.1 (150-175) CAM
1292.3 (116-125) 2520.1 (150-171) CAM
3692.1  (95-125) 2064.8 (154-171) CAM
812.6 (126-132) 37545 (140-171) 2CAM
4486.1  (95-132) 5932.1 (122-171) 2CAM
1498.4 (137-148) CAM 41282  (140-175) 2CAM
945.5 (149-156) 6306.6 (122-175) 2CAM
1108.7 (157-164) CAM

1330.2 (149-159)

7233 (160-164) CAM

1007.8 (165-175)
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by 162, 203 and 291 mass units immediately identified
the fraction containing glycopeptides. In fact, the peak
eluting at 36.4 min showed the spectrum reported in fi-
gure 3. The signals observed were associated with glyco-
sylated forms of the peptide (47—90)CAM. On the basis
of the known biosynthetic pathway of N-linked oligosac-
charides and the molecular mass of the peptide moiety,
these signals were interpreted as the fragment (47—
90)CAM bearing largely heterogeneous complex- and
hybrid-type N-linked glycans on Asn53. Table 3 sum-
marises the glycan structures identified from the MAL-
DIMS analysis. No signal corresponding to the unglyco-
sylated peptide was observed in the peptide mixture. On
the contrary, fractions eluting at 28.6, 29.7 and 41.2 min
presented intense signals at m/z 1012.4, 1039.5 and
2813.4 that were attributed to fragments (38—46)
Val45 — Ala, (38—46) and (98—121), respectively. No
peaks related to glycosylated forms of these peptides
were observed. These findings demonstrated that Asn38
and Asn99 do not exhibit any post-translational modifi-
cations.

Parallel experiments on OBP-IIIs alkylated under dena-
turing conditions without treatment with reducing agents
allowed us to ascertain the redox state of the cysteine re-
sidues. A combined MALDIMS-Edman degradation ana-
lysis of the tryptic digest revealed the occurrence of pep-
tides with MH™ at m/z 2285.7, 2413.9, 2313.8 and 2441.5
(data not shown). These components were associated
with peptides (64—77)CAM + (160—164) and (63—77)
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Table 3. MALDIMS analysis of the glycan moiety occurring in the
glycopeptides resulting from endoprotease GluC digestion of car-
boxamidomethylated OBP-IIIs.

MH* Glycan composition  Structures

6335.8  FucHexNAc;Hex;

6457.6  FucHexNAc,Hex;

6497.4  FucHexNAc;Hex, fucosylated monoantennary

6538.6  FucHexNAc,Hex;

6659.3  FucHexNAc;Hex; fucosylated diantennary hybrid

6700.5 FucHexNAc,Hex,

6741.5  FucHexNAc;Hex;

6798.1  HexNAcyHex,

6862.6  FucHexNAc,Hex; fucosylated diantennary

6903.7  FucHexNAcsHex,

6944.7  FucHexNAc Hex,

7001.6  HexNAc;Hex,

7106.4  FucHexNAc¢Hex,

7153.5  SiaFucHexNAc;Hex; fucosylated monosialylated
diantennary

7443.2  Sia,FucHexNAc;Hex; fucosylated disialylated
diantennary

Fuc, fucose; HexNAc, N-acetylhexosamine, Hex, hexose.

CAM + (160—164) of both isoforms, where Cys68 and
Cys160 were linked by a disulphide bridge and Cys75
was alkylated. These results, together with the observa-
tion that Cys141 was always contained in peptides as a
carboxamidomethylated residue, demonstrated that na-
tive OBP-IIIs are characterised by the presence of the di-
sulphide Cys68-Cys160, whilst Cys75 and Cysl41 are
both present in reduced form.
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Figure 4. Comparative endogenous ligand determination by GCMS of porcine OBP-I1Is (4) and SALs (B). Peaks 1 and 2 corresponded to
Sa-androst-16-en-3-ol and Sa-androst-16-en-3-one, respectively. Also shown are the ligand-binding curve (C) and competitive binding as-
says (D) of purified OBP-IIIs. The ligand was 1-aminoanthracene, used in fluorescence measurements as previously described [35]. The
odorants employed as competitors were Sa-androst-16-en-3-one (triangles), 2-phenylethanol (closed circles), 3,7-dimethyloctanol (filled

squares) and 2-isobutyl-3-methoxypyrazine (open circles).
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Ligand binding experiments

Purified OBP-III and SAL samples were comparatively
analysed by GCMS to ascertain the presence of endoge-
nous ligands. Figure 4 A, B reports the chromatographic
profiles obtained for OBP-IIIs from female mucosa and
SALs from boar submaxillary glands. Results similar to
those reported in the first panel were obtained for OBP-
IIIs from male individuals. These data clearly demon-
strated that sex pheromones (5a-androst-16-en-3-one
and Sa-androst-16-en-3-ol) are present in SALs, as pre-
viously reported [34], but are totally absent in protein
samples from nasal mucosa. Similarly, the binding pro-
perties of OBP-IIIs were probed using the fluorescent li-
gand 1-aminoanthracene, already successfully employed
with pig OBP-1 [16, 27] and pig SALs [35]. The binding
curve (fig. 4C) and the competitive binding measure-
ments (fig. 4D) were similar to those measured for SALs
[35]. This is hardly surprising given the structural similar-
ities between the proteins. On the other hand, according
to the similar behaviour observed for SAL in its native
(glycosylated) and recombinant (non-glycosylated)
forms, the larger glycan moiety observed in OBP-IIIs was
not expected to be relevant for the binding properties of
the species [35]. These observations suggest that sex
pheromones could also be the physiological ligand for
OBP-IlIs, temporarily captured by the protein following
their release into the environment as chemical messages.
In contrast no reliable binding data were obtained for
OBP-IIs. The ligand used for most OBPs, 2-isobutyl-
3-methoxypyrazine, showed only weak binding, while
the fluorescent probe l-aminoanthracene was ineffi-
cient. Tritium labelled palmitic acid also proved to be a
weak ligand in a filtration assay, while fluorescence mea-
surements using retinol as the ligand detected some bind-
ing to OBP-IIs, but a binding curve could not be deter-
mined. Other potential ligands have not been tested so far.

Molecular modelling

The sequence identity in pairwise comparisons between
OBP-IIs, OBP-IIIs and members of the lipocalin family
whose three-dimensional structure is known was about
40% or less. Nevertheless, on the basis of the homology
observed and secondary-structure predictions, we hypo-
thesise a lipocalin fold for both molecular species. For
our modelling, we generated a secondary-structure-dri-
ven sequence alignment between porcine OBP-IIs, bo-
vine B-lactoglobulin [46], major horse allergen equC [47]
and mouse major urinary protein [48]; a similar proce-
dure was used for porcine OBP-IIIs, mouse major urinary
protein [48], porcine OBP-I [19] and bovine OBP [17,
18]. Both alignments were submitted to the same model-
ling procedure. Figure 5 shows the general folding pat-
tern of OBP-II and OBP-III molecules. In both cases,
models obtained using the amino acid sequence of the
other isoforms described in this paper were entirely su-
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perimposable on that shown in the figure. The superim-
posed backbone traces of OBP-IIs with mouse major uri-
nary protein displayed a 1.2 A root-mean-square devia-
tion (RMSD) on 152 Ca atoms. Good values were also
obtained in the superimposition with the major horse all-
ergen equC (1.5 A RMSD on 152 Ca atoms) and in part
with bovine B-lactoglobulin (1.9 A RMSD on 146 Ca
atoms). A good superimposition was also obtained in the
case of OBP-IlIs with mouse major urinary protein
(0.6 A RMSD on 152 Ca atoms), with porcine OBP-I
(1.5 ARMSD on 142 Ca atoms) and in part with bovine
OBP (1.7 A RMSD on 105 Car atoms). The Ramachand-
ran plots indicated that most of the residues (95% for
OBP-IIs and 96% for OBP-IIIs) present ¢ and y angles
in the core and allowed regions, except for proline and
glycine residues and a few amino acids located in loop re-
gions (data not shown). Most bond lengths, bond and tor-
sion angles were in the range of values expected for a na-
turally folded protein (data not shown). The schematic
structural models shown consists of the typical nine-
stranded f barrel containing three (OBP-IIs) or two
(OBP-IIIs) helices observed in other members of the li-
pocalin family (fig. 5 A, B). The secondary structure ele-
ments identified in OBP-IIs were al (Glnl1-Aspl2), S1
(Gly15-Asp25), a2 (11e28-Gly30), B2 (Thr37-Leud4), B3
(Asp48-11e57), p4 (GIn60-Leu68), B5 (Phe77-Ala79), 6
(Lys83-Leu89), f7 (Asp95-Glu104), B8 (Vall10-Argl18),
a3 (Prol124-Lys137) and B9 (Vall44-Pro146). Similarly,
these elements in OBP-IlIs were 1 (Gly20-Asp30), al
(Lys32-Glu36), B2 (Phe44-Leu51), B3 (Ser55-Val64), p4
(Glu66-Val78), B5 (Val82-Tyr87), 6 (Gly89-Asn99), 7
(Aspl102-Asnl12), B8 (Lysl15-Argl25), o2 (Prol31-
GIn143) and B9 (Asn150-Leul54).

Both models revealed the presence of a flat hydrophobic
cavity inside the B-barrel able to accommodate the poly-
cyclic molecules observed as natural and synthetic li-
gands. Furthermore, the figure illustrates that in the case
of OBP-IlIs, the amino acid replacements observed are
all located in the hydrophobic pocket of the protein; in
contrast, the single amino acid substitution occurring in
OBP-IIs is placed in a loop region far from the binding
cavity. Comparison of the models reported in the figure
also highlighted the main structural differences between
the two porcine proteins reported in this study. A careful
analysis revealed the presence in OBP-IIIs of longer
secondary-structural elements (g5, 6, f7 and f8) with
respect to OBP-IIs that could affect relative protein
stability.

Furthermore, structural analysis in the region 113—128 of
OBP-IIs and 120—135 of OBP-IVs revealed Aspl19
(OBP-IIs) and Lys126 (OBP-IIIs) as major elements re-
sponsible for the narrow turn present in both proteins be-
tween 8 and a3 and B8 and a2, respectively. This poly-
peptide segment was reported as crucial in the domain
swapping observed in bovine OBP and responsible for
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Cys152

pig OBP-II QEFPAVGQPLODLLGRWYLEAMTSDP-EIPGEK-PESVITPLILEALEGGDLEAQI
pig OBP-III HEEARGQDVVTSNFDASKIAGEWYSILLASDAKENIEENGSMRVFVEHIRVLDNSSLAFKF
pig OBP-I QEPQPEQDPFELSGEWITSYIGSSDLEKIGENAPFQVFMRSIEFDDEESEVYLN
mus MUOP EEASSTGRNFNVEKINGEWHTIILASDEREKIEDNGNFRLFLEQIHVLEN-SLVLEKF
bov OBF AQEEEAEQNLSELSGPWRTVYIGETNPEKIQENGPFRTYFRELVFDDEKGTVDFY
equ Cl QOEENSDVAIRNFDISKISGEWYSIFLASDVEEKIEENGSMRVFVDVIRALDNSSLYAEY
bov lact LIVIQTMEGLDIQEVAGTWYSLAMAASDISLLDAQSAPLRVYVEELEKEPTPEGDLEIL
g OBP-II -TFLIDGQCQDVTILVLEKETNQPFTFT-AYDGERVVYILPSEVEDHYILYCEGELDGQEVR
pig OBP-III -QREVNGECTDFYAVCDEVG-DGVYTVAYYGENKFRLLEVNYSDYVILHLVNVNGDETFQ
pig OBP-I FFEKENGICEEFSLIGTEQ-EGNTYDVNYAGNNEFVVEYASETALIISNINVDEEGDKTI
mus MUP -HTVRDEECSELSMVADETERAGEYSVIYDGFNTFTIPETDYDNFLMAHLINEEDGETFQ
bov OBFP FSVERDGEWENVHVEATEQD-DGTYVADYEGQNVFEKIVELSRTHLVAEHNINVDKHGQTTE
egqu Cl1 ~QTEVNGECTEFFMVFDETEEDGVYSLNYDGYNVFRISEFENDEEIILYLVNFDEKDRPFQ
bov lact LOEWENDECAQEEITAEETEIPAVFEIDALNENEVLVLDTDYKEYLLFCMENSAEPEQSL
pig OBP-II MAKLVGRDPENNPEALEEFEEVARAK-GLNP-DIVRPQQSETCSFPGGN
pig OBP-IITI LMEFYGREPDVEPELEDKFVEICQOY-GIIKENIIDLTEIDRCFQLRGSGGVQESSAE
pig OBP-I MTGLLGEKGTDIEDQDLEKFEEVTREN-GIPEENIVNIIERDDCPA
mus MOP LMGLYGREPDLMSDIKERFAQLCEEH-GILRENIIDLSENANRCLQARE
bov OBFP LTELFVE-LNVEDEDLEEFWELTEDE-GIDEENVVNFLENEDHPHPE
agu C1 LFEFYAREPDVEPEIKEEFVEIVQEKR-GIVEENIIDLTEIDRCFQLRGNGVAQA
bov lact VCQCLVRTPEVDDEALEKFDEALEALPMHIRLSFNFTQLEEQCHI

Figure 5. Two different views of the three-dimensional structure of OBP-IIIs (4) and OBP-IIs (B) models. The f sheet regions are indicat-
ed in green (OBP-IIIs) and magenta (OBP-IIs), the a helices in red (OBP-IlIs) and dark blue (OBP-IIs). In both cases, loops and disulphide
bridges are highlighted in light blue and yellow, respectively. The amino acid residues involved in post-translational modifications and iso-
form replacements are indicated. The sequence alignment of porcine OBPs with lipocalins whose three-dimensional structure is known is
also shown. Conserved amino acid residues and cysteines are highlighted in red and blue, respectively.

protein dimerisation [19]. Primary-structure alignment
(fig. 5) revealed high sequence homology in this region
between OBP-IIs, OBP-IIIs, mouse major urinary pro-
tein, porcine OBP-I and major horse allergen equC,
whilst in bovine OBP, a deletion was observed. Therefore,
the presence of a longer and more flexible segment
should allow a narrower turn in the molecular structure,
generating the monomeric form observed in the case of
native OBP-IIs and OBP-IIIs. Furthermore, the presence
in these proteins of a disulphide bridge (Cys61-Cys152 in
OBP-IIs and Cys68-Cys160 in OBP-IIIs) conserved in

the other lipocalins prevent any possible molecular rear-
rangement associated with domain swapping pheno-
mena.

Discussion

This study reports the isolation of two distinct protein fa-
milies from the pig nasal mucosa of individuals of both
sexes, with structures very closely related to VEG and
SAL proteins, previously reported in secretory glands of
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the same species. Given their affinity for odorants and
pheromones and their expression in the nasal area, these
proteins have been classified as OBPs. These findings
provide additional evidence that the same proteins are
used in different regions of the body delivering and for
capturing chemical messengers.

The role played by saliva in chemical communication is
less well known and documented than is the case for
urine; however, its fuction has been definitely established
in at least some species, such as mouse [49] and pig [50].
The boar sex pheromones (5a-androst-16-en-3-one and
Sa-androst-16-en-3-ol) were among the first mammalian
pheromonal molecules to be identified and the saliva was
early recognised as their carrier [51]. The SAL proteins
are the major components secreted by the boar’s sub-
maxillary glands, while they are completely absent in
the sow. This sex-specific expression and their ability to
bind boar pheromones as endogenous ligands clearly
defines the physiological function of these proteins in de-
livering the chemical messengers in the environment
[35].

The similar amino acid sequence, oxidation state and
binding properties of OBP-IIIs and SALs indicates that
the nasal proteins could perform a similar function in
collecting steroid pheromones from the environment and
carrying them to the sensory neurones of the vomerona-
sal organ. Nevertheless, while the binding cavity of SALs
purified from submaxillary glands contains pheromone
molecules [34], its nasal counterpart (OBP-IIIs) is devoid
of any ligand. Moreover, unlike SALs, OBP-IIIs are ex-
pressed in both sexes. Therefore, only males can use
SALs and their endogenous ligands to mark the territory;
in contrast, both males and females can detect the close-
ness of male individuals using OBP-IIs to perceive their
sexual messengers.

A further similarity between the salivary lipocalins and
the nasal OBP-IIIs is the expression in both tissues of at
least two genes, whose products differ by three amino
acid substitutions. All these substitutions occur inside the
ligand-binding cavity. It is tempting to speculate that the
two forms of OBP-III and SAL are specific for two
pheromone components. Concerning the role played by
the glycan part of the proteins, we cannot suggest hypo-
theses on the basis of the available data. Both SALs and
OBP-IIIs are N-glycosylated only at Asn53, but the OBP-
IIIs glycan moiety is much larger and more complex.
These results could be related to the differential expres-
sion of enzymes involved in the biosynthetic pathway of
the glycoproteins in the distinct tissues from which the
proteins have been purified.

The identity of a physiological ligand for OBP-IIs is far
from resolved. For the VEG proteins (identical to OBP-
IIs), the data reported in the literature are not in full
agreement. We used retinol in fluorescence assays, based
on the report that this molecule was a good ligand for the
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human protein [52]. However, our data, although indicat-
ing the presence of a measurable binding activity, show-
ed poor reproducibility and could not be used to build a
reliable saturation curve. Therefore, while the role of
SALs/OBP-IIIs as pheromone carriers is beyond doubt,
the physiological function of VEGs/OBP-IIs is still un-
certain. In humans and in the pig, the same protein is ex-
pressed by nasal glands and von Ebner’s glands, while in
the rat, the nasal protein is only 45% identical with the
VEG protein. The VEG protein, moreover, is also expres-
sed in lachrymal glands [52] (where it is named tear lipo-
calin), in the prostate [53] and in the pituitary glands. Its
proteinase-inhibiting activity [54] as well as its affinity
for retinol and fatty acids suggested that VEG proteins
could perform a function in protecting mucosal tissues.
However all the organs where the VEG protein has been
described so far are in some way related to sexual func-
tion and chemical communication, although this might
just be a coincidence and certainly no hypothesis for the
role of these proteins can be based in these observations.
Investigating the presence of endogenous ligands for pro-
teins of the VEG family when secreted by different glands
could certainly provide interesting information for under-
standing their physiological function.
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