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Abstract

A major 20-kDa protein is female-specifically expressed in exorbital lacrimal gland (LG) of hamsters and secreted in tears. Here, we
identify this female-specific LG protein (FLP) as a lipocalin, having 85% protein sequence identity with male-specific submandibular
salivary gland proteins (MSP) secreted in saliva and urine of male hamsters. MSP is also female-specifically expressed in LG and secreted in
tears but FLP was undetectable in submandibular gland (SMG). FLP and MSP have similar sex-hormonal regulation in LG, which is different
from regulation of MSP in SMG. Female-specific expression of FLP and MSP in LG is due to their incomplete repression by endogenous
estrogens and gonadectomy in both sexes and lactation in females resulted in their marked induction, which was prevented by estrogen or
androgen treatment. FLP and MSP show best sequence identity with odorant/pheromone-binding lipocalins (58 -29%). Maximum identity
(58%) is with rat odorant-binding protein (OBP) expressed in lateral nasal glands, followed by aphrodisin of hamster vaginal discharge
(39%). Cognate transcript and a cross-reacting 20-kDa protein were detected in nasal glands of rat in both sexes but not in hamsters. Results
suggest that two closely related lipocalin genes encode FLP and MSP, which are evolutionarily closer to rat OBP than to hamster aphrodisin
and these have evolved different tissue-specificity and sex-hormonal regulation. Possible functions for FLP and MSP are suggested,
considering their homology to odorant/pheromone-binding lipocalins, their presence in tears, saliva and urine as well as their sex-specific and

lactation-induced expression.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The lipocalin protein superfamily consists of abundant,
secretory, usually acidic pl carrier proteins of Mr ~20 kDa
[1-3], which usually have low sequence similarity but
whenever investigated, were found to have a conserved 3D
structure with a binding pocket for hydrophobic ligands.
Lipids, odorants, pheromones, retinoids, porphyrins, side-
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rophores, steroids are some of the ligands bound by different
lipocalins [1—6]. Odorant-binding lipocalins in nasal gland
secretions in both sexes of several mammalian species are
believed to transport hydrophobic odorants across the
aqueous nasal mucus to and from their receptors on the
olfactory epithelium [7—11]. Sex-specific pheromone-bind-
ing lipocalins in urine of male mouse and rat, vaginal
discharge of female hamster and saliva of boar are believed
to deliver pheromones to the environment and serve as
protein reservoirs for their sustained dissemination [12—17].
Lacrimal glands (LG) of human and pig, in both sexes,
secrete lipocalins in tears [4,18—22], which do not bind
odorants or pheromones. Human tear lipocalin binds a broad
array of lipid ligands in tears [4,20,23]. In vitro, it binds
retinol, microbial siderophores and harmful lipophilic
compounds and has endonuclease, cystatin-like and anti-
microbial activity [4,22,24-26]. Human tear lipocalin is
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also expressed in von Ebner’s lingual salivary gland (VEG),
trachea, prostate, pituitary and sweat [4,22,27]. Function(s)
of human tear lipocalin is unclear although it has been
proposed to act as a physiological scavenger and also help
in stabilizing the tear film by binding lipids present in the
outer layer of tears [20,22,23].

In Syrian hamster submandibular gland (SMG), we had
reported the expression, regulation and partial cDNA of an
abundant male-specific protein (MSP), expressed as N-
glycosylated (~24 kDa) and non-glycosylated (~20.5 kDa)
products of a single gene, which are secreted in saliva and
also excreted in urine of males [28,29]. Additionally, in the
exorbital LG, a major, secretory, female-specific lacrimal
protein of Mr 20 kDa (hereafter referred to as FLP) was
identified, which crossreacted with MSP antiserum [29,30].
MSP protein sequence, deduced from its partial cDNA,
showed that it is a lipocalin [29]. However, the identity of
FLP, its exact relationship with MSP, human tear lipocalin or
any other protein in hamster or rat was not known.

Here we purify from hamster LG both FLP and MSP, the
latter being found to be additionally expressed in LG. The
full-length cDNAs of FLP and MSP were cloned and their
relationship with each other and with other proteins was
established by homology studies. cDNA sequence compar-
ison and Southern analysis suggested that FLP and MSP are
most likely encoded by two non-allelic genes. Sex hormone-
regulated expression pattern of FLP and MSP in LG, tears
and SMG was compared. Expression of related proteins in
other hamster tissues and across other species was inves-
tigated. Possible functions of differentially regulated ham-
ster FLP and MSP gene products secreted in tears, saliva
and urine are discussed.

2. Materials and methods
2.1. Animal experimentation

Syrian hamsters, Wistar rats and BALB/c mice were bred
and maintained in our Institute’s animal house. All experi-
ments involving animals were approved by our Institutional
animal experimentation ethics committee and were done on
groups of animals. Representative results are reported.
Hamsters of both sexes were gonadectomized at 2 months
of age. For hormonal studies, 5 ng estradiol-17-p or 50 pg
dihydrotestosterone (both from Sigma) dissolved in 10%
ethanol/saline were daily administered for fifteen days by
subcutaneous injection to 15-day gonadectomized or normal
hamsters of both sexes. Lactating hamsters were similarly
treated from 1-day post-partum. Hamsters were sacrificed
on the day after the last injection along with appropriate
controls and tissues collected and weighed. Timed-pregnant
hamsters were sacrificed on 15th day of gestation (late-
pregnancy). Water extract of estrous vaginal discharge of
hamster was prepared as described elsewhere [14]. Diluted
tears were collected from hamsters by a simple ocular

surface washing procedure. Briefly, after anesthesia, 40 pul of
sterile saline was placed on the ocular surface of eye by a
micropipette and withdrawn after 20 s. Whole saliva was
collected as described previously [29] from oral cavity, 1
min after subcutaneous injection of 1 mg pilocarpine nitrate
to anesthetized hamsters. Urine (freshly voided) was
collected on a clean plastic sheet or from bladder upon
sacrifice. Stimulated human tears from healthy donors were
collected as previously described [20].

2.2. Purification of 20 kDa FLP and its immunorelated
proteins from LG

Purification fractions were monitored by SDS-PAGE [31]
and Western blot analysis using MSP antiserum. Absorbance
at 280 nm and the method of Lowry et al. [32] were used to
monitor protein concentration. Pooled exorbital LGs (~5 g)
from ovariectomized hamsters were homogenized (5% w/v)
in 20 mM Tris—HCI, pH 8.0 (buffer-A) and centrifuged at
105,000xg for 1 h at 4 °C. The supernatant was fractionated
with (NH4),SO,4 and proteins precipitated within 30—95%
saturation were dissolved in buffer-A containing 0.5 M NaCl
and passed through a Concanavalin A-Sepharose (Amer-
sham) column (1.6 x 10 cm). Proteins in the Con-A unbound
pool containing most of the 20- and 24-kDa crossreacting
proteins were precipitated at 45—95% (NH,4),SO, saturation,
dialyzed against buffer-A and loaded on a DE-52 (What-
man) column (1.6 x 7 cm). Bound proteins were eluted with
500 ml linear gradient of NaCl (0—300 mM) in buffer-A.
Fractions of a broad protein peak eluting between 60 and
100 mM NaCl, containing two incompletely resolved
crossreacting proteins of Mr 20.5 and 24 kDa, were pooled
to obtain pool-A. Fractions containing the 20-kDa protein
(FLP) eluting with a peak at 175 mM were pooled to obtain
pool-B. (NH4),SO4 was added to pool-A to a final
concentration of 1.5 M and loaded on a phenyl Sepharose
(Sigma) column (1.6 X9 cm) equilibrated with buffer-A
containing 1.5 M (NH,4),SO,. Elution was carried out with a
linear gradient of 1.5 to 0 M (NH4),SO,4 in buffer-A.
Fractions eluting between 1.2 and 0.5 M (NH4),SOy4
containing both 20.5- and 24-kDa proteins were pooled
(pool-A;). Pool-A; was concentrated to 1.0 ml and then
loaded on a precalibrated Sephadex G-75 superfine (Amer-
sham) column (1.6 x 95 c¢cm), eluted at 9 ml/h with buffer-A/
150 mM NaCl and 1.0 ml fractions collected. Pure 20.5- and
24-kDa proteins, eluting as separate peaks, were individu-
ally pooled. Similar concentration and gel-filtration of pool-
B (of DE-52) gave a single major peak containing pure 20
kDa FLP.

For deglycosylation experiments, pure 24-, 20.5- and 20-
kDa LG proteins were incubated with N-glycosidase F or O-
glycosidase (Boehringer) as described previously [29] and
analyzed by SDS-PAGE (10.5% gel) followed by Coomas-
sie staining.

For N-terminal sequencing, purified proteins were
resolved in SDS-PAGE and transferred onto PVDF mem-
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branes for sequencing in a 473A Applied Biosystem
automated protein sequencer.

2.3. Cloning of full-length cDNAs of FLP and MSP

2.3.1. Cloning of partial cDNAs

Total RNA was extracted from female LG and male
SMG using Trizol reagent (Gibco BRL). First strand
synthesis was done using a kit (Gibco BRL) and products
were used as templates for subsequent polymerase chain
reaction (PCR) using oligo-dT and MSP-primer (5'-
GAAGTCAGTCCCTCAGAGGTTGACG-3'), which was
designed from the SMG-MSP partial cDNA sequence [29]
and corresponded to a consensus stretch found between the
N-terminal sequences of 20 kDa FLP, 20.5-/24-kDa LG
proteins and 20.5/24 kDa MSP of SMG. PCR conditions
were 94 °C for 5 min, followed by 25 cycles of 94 °C for
30 s, 42 °C for 30 s and 72 °C for 1 min; final extension at
72 °C for 10 min. Products of duplicate PCRs for LG and
SMG were cloned in pMOS Blue (Amersham) and 8
clones from each PCR were sequenced for both strands
using Big Dye Terminator ready reaction kit (Perkin
Elmer) and ABI Prism 3700 DNA analyzer. All SMG
clones and four LG clones had sequence identical with
MSP partial cDNA [29], whereas remaining LG clones had
identical partial cDNA sequence, which was unique but
closely related (95% identity) to MSP partial cDNA.

2.3.2. 5- RACE

Gene-specific primers, GSP-1 (5 -AAAGTTGATGTGG-
GGAATATTCATG-3") and GSP-2 (5-CACTATCGTCGA-
CATTAACGTTGTG-3") were designed on consensus
regions of the 2 types of partial cDNA sequences obtained
above. 5’-RACE was carried out on total RNA of female
LG and male SMG using a kit (Gibco BRL). Briefly, first
strand cDNA syntheses were carried out using GSP-1
primer followed by dC tailing and then PCR using GSP-2
primer and oligo-dG anchor primer. PCR conditions were
94 °C for 5 min, followed by 25 cycles of 94 °C for 30 s, 56
°C for 30 s and 72 °C for 1 min; final extension at 72 °C for
10 min. Products of duplicate PCRs (for LG and SMG) were
separately cloned and a total of 16 LG and 16 SMG RACE
clones were sequenced. All SMG and ~20% of LG RACE
clones were identical and had an unique 5'-sequence stretch,
which was identified as 5'-extension of MSP ¢cDNA cloned
from SMG and LG on the basis of sequence overlaps and
encoded amino acids. Remaining LG RACE clones were
identical and encoded the unique N-terminal sequence of
FLP and were identified as 5'-extension of the unique partial
cDNA cloned from LG (see above).

2.3.3. Full-length cDNA

To amplify full-length cDNA from female LG and male
SMG RT products, duplicate PCRs were done using oligo-
dT and a degenerate FL primer (5'-AACAYSTGTCA-
GATTTTGACCT-3') designed to bind specifically the 5’

ends of both FLP and MSP type transcripts. PCR conditions
were as described above using MSP primer. PCR products
were separately cloned and 5 clones from each PCR were
sequenced. Seven clones from LG contained a unique full-
length ¢cDNA sequence, which encoded the N-terminal
sequence of FLP and were identified as FLP ¢cDNA. Three
LG clones and all SMG clones contained full-length cDNA
of MSP and encoded the N-terminal sequence of LG 20.5/
24-kDa proteins.

2.4. Southern hybridization

High molecular-mass genomic DNA was isolated from
liver of female hamster using standard protocols. Aliquots
of the genomic DNA (45 ng) were digested with different
restriction endonucleases and duplicate aliquots (20 pg) of
each digest were size fractionated in agarose gel (0.8%)
and transferred to Hybond N membrane (Amersham).
Blots were hybridized overnight at 65 °C with **P-labelled
MSP or FLP partial cDNAs (nucleotides 68—508), which
were amplified by PCR. Blots were once washed for 10
min with 0.2x SSC, 0.2% SDS at room temperature and
then twice with 0.1x SSC, 0.1% SDS at 65 °C for 10 min
each. Hybridization was detected by autoradiography.

2.5. Expression analysis

Tissues were homogenized in 20 mM Tris—HCI, pH 8.0
(2.5% w/v) and centrifuged at 30,000xg for 30 min. SDS-
PAGE was done on 10.5 or 15% polyacrylamide gels after
loading equal volumes of the soluble extracts of tissues,
ocular surface washings or saliva. The gels were stained
with Coomassie R-250 (Sigma) for protein profile compar-
isons or used for Western blotting. Blots were probed with
rabbit antiserum raised previously against purified 24 kDa
SMG-MSP [29] or against the purified 20 kDa FLP.
Crossreaction with antibody was detected using either '*°I-
labelled protein-A or alkaline-phosphatase conjugated anti-
rabbit IgG goat antibodies.

For Northern blotting, total RNA of different tissues were
electrophoresed in formaldehyde/agarose (1.2%) gels, trans-
ferred to Hybond N membranes and hybridized overnight
at 42 °C with *?P-labelled FLP full-length cDNA [33]. Blots
were twice washed for 15 min at 60 °C in 2x SSC, 0.1%
SDS (low stringency) and then twice for 30 min at 60 °C in
0.2x SSC, 0.1% SDS (high stringency) [33]. Hybridization
was detected using a phosphorimager.

3. Results

3.1. Expression pattern of major 20-kDa LG/tear protein
and MSP of SMG and their immunological similarity

LG secretion (tears) and SMG secretion (saliva) are
released on the ocular surface and in the oral cavity,



S. Srikantan et al. / Biochimica et Biophysica Acta 1729 (2005) 154—165 157

respectively. Protein profiles of exorbital LG, ocular
surface washings (diluted tears), SMG and saliva of
hamsters in different hormonal states are shown in Fig.
1A to compare expression pattern of 20-kDa LG protein
with MSP of SMG. A major 20-kDa protein is seen in LG
extracts from normal females (lane 2) but not males (lane
1). Ovariectomized (lane 4) and lactating females (lane 5),
both very low-estrogen states [29,34], show several-fold
increased levels of this LG protein. Similar levels were
induced in males after castration (lane 3). Female tears
(lane 13) have a major 20-kDa protein, which is
undetectable in male tears (lane 12). Levels of this tear
protein are elevated several folds in ovariectomized (lane
15) and lactating (lane 16) females and similar levels are
seen in castrated males (lane 14). Thus, although LG 20-
kDa protein shows female-specific expression, it is
maximally expressed in sex-hormone deficient states in
both sexes. In contrast to this female-specific expression,
male SMG (lane 6) and male saliva (lane 8) but not female
SMG (lane 7) or female saliva (not shown) express
abundant 24 and 20.5 kDa MSP, with the latter having
slightly slower mobility than LG 20-kDa. Moreover, while
MSP is induced to very high levels in female SMG after
ovariectomy (lane 9) and during the natural low-estrogen
state of lactation (lane 11), its levels are high and unaltered
in castrated males (lane 10).

Fig. 1B shows Western blots using antiserum previously
raised against the purified 24 kDa N-glycosylated MSP of
male SMG [29]. As expected, in male SMG (lane 1) the 24
kDa MSP and the 20.5 kDa nonglycosylated MSP [29]
show crossreactivity. A minor 30 kDa crossreactive band is
also seen in male SMG, which is likely to be a higher N-
glycosylated form of MSP [29,35]. Interestingly, in LG
(lane 2) and tears (lane 3) of ovariectomized females, the
major 20-kDa protein and a relatively minor 24-kDa protein
show crossreactivity with MSP antiserum. Such cross-
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reactions were also seen in LG and tears of normal or
lactating females but were undetectable in normal males
(data not shown).

3.2. Purification and partial characterization of 20-kDa
FLP and MSP fiom LG

Since an obvious difference in hormonal regulation and
a slight difference in mobility was seen between MSP in
SMG and their immunorelated 20 and 24 kDa counterparts
in LG, we purified these LG proteins to obtain their N-
terminal sequences and investigate any interrelationship
between them. Exorbital LG from ovariectomized hamsters
was used as the starting material since they had higher
levels of crossreacting 20- and 24-kDa proteins than intact
females. Fig. 2 shows a flow chart of major purification
steps (see Materials and methods for details). Coomassie
stained protein profiles of major purification fractions are
shown in Fig. 3A. In pool-A, obtained after NaCl gradient
elution of DE-52 bound proteins, the 24-kDa protein and
interestingly a 20.5-kDa crossreacting protein were reco-
vered (Fig. 3A, lane 3; see also Fig. 3B, lane 1, for its
Western blot). DE-52 fractions, containing the 20-kDa
major protein (henceforth referred to as FLP), which eluted
much later, were pooled to make pool-B (Fig. 3A, lane 4;
see also Fig. 3B, lane 2). Pool-A was bound to phenyl
Sepharose, gradient eluted and again pooled to get pool-A,
(Fig. 3A, lane 5) consisting of the 20.5-/24-kDa proteins
free from most other contaminants. Pool-A; was resolved
on gel filtration to get final purified preparations of 24- and
20.5-kDa LG proteins shown in Fig. 3A, lanes 6 and 7,
respectively. Pool-B of DE-52 was similarly resolved in
gel-filtration to obtain purified FLP (Fig. 3A, lane 8). Silver
staining (not shown) also confirmed that the final purified
preparations of the three LG proteins were homogeneous.
The estimated yield from 5 g of LG was 20 mg of FLP,
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Fig. 1. Expression pattern of a major 20-kDa LG/tear protein and 24/20.5-kDa MSP of SMG and their immunological similarity. (A) Coomassie stained SDS-
PAGE profiles of exorbital LG and SMG extracts, ocular surface washings (tears) and saliva. Lanes 1—5 are LG extracts: lane 1, male; lane 2, female; lane 3,
castrated male; lane 4, ovariectomized female; and lane 5, lactating female. Lanes 6 and 7 are male and female SMG extracts, respectively; lane 8 is male
saliva; lanes 9, 10 and 11 are SMG extracts of ovariectomized female, castrated male and lactating female, respectively. Lanes 12—16 are profiles of ocular
surface washings; lane 12, male; lane 13, female; lane 14, castrated male; lane 15, ovariectomized female; lane 16, lactating female; (B) Western blot using
MSP antiserum is shown. Lane 1, male SMG extract; lane 2, exorbital LG extract of ovariectomized female; and lane 3, diluted tears of ovariectomized female.
SDS-PAGE was carried out on 10.5% polyacrylamide gels.
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Lacrimal gland
(ovariectomized females)

Soluble crude extract
30-95% (NH,),SO, pellet
Con A Sepharose column

Unbound proteins

DE-52 column
NaCl gradient
elution
POOL-A POOL-B
Phenyl Seph-  G-75 column
arose column
(NHA!ZSOJ X 20-kDa
gradient elution protein
POOL-A, (FLP)

G-75 column

24-kDa 20.5-kDa
protein protein

Fig. 2. Flow chart showing sequence of major steps involved in purification
of FLP and its immunorelated 20.5- and 24-kDa proteins from hamster LG.
See Materials and methods for details.

2 mg of 20.5 kDa and 5 mg of 24 kDa proteins. In gel
filtration, the estimated native Mr of both purified FLP and
20.5-kDa LG protein was ~17 kDa while that of 24-kDa
LG protein was ~23.4 kDa, indicating that they are
monomers.

Fig. 3B shows that antiserum raised against purified FLP
crossreacts with FLP (lane 5), 20.5-kDa (lane 4) and 24-kDa
(lane 3) purified proteins and show crossreactions at ~Mr
20 and 24 kDa in crude LG cytosol (lane 6). Fig. 3C shows
that N-glycosidase F treatment had no effect on 20.5-kDa
protein (lane 4) but it deglycosylated most of the 24-kDa
protein (lane 2) to a shorter species with mobility matching
that of 20.5 kDa (lanes 3 and 4) but not of FLP (lane 5).
Similar N-glycosidase F treatment of FLP and O-glyco-
sidase treatment of three LG proteins had no effect on their
mobility in SDS-PAGE (not shown). Moreover, FLP and
20.5-kDa LG protein did not stain for glycoprotein and also
failed to bind different lectins (not shown). A unique N-
terminal sequence HYQNLEVSPSEVDG (14 residues) was
obtained for FLP, while both LG 20.5- and 24-kDa proteins
had N-terminal sequence AQHQNLEVSPSEVDG (15
residues), which is identical to that of 20.5/24 kDa MSP
expressed in male hamster SMG [29]. Notably, the above
two sequences had considerable consensus but differed in

their initial 2/3 residues. Results of Western blots, glyco-
sidase treatments and N-terminal sequencing indicated that
FLP is a non-glycosylated protein, which is similar but
distinct from 20.5- to 24-kDa LG proteins and the latter two
proteins are non-glycosylated and N-glycosylated forms of
MSP, which are additionally expressed in LG.

3.3. ¢cDNA cloning of FLP and MSP and sequence analysis

Using RT-PCR strategy, full-length cDNA of FLP was
cloned from female exorbital LG (Fig. 4). Additionally,
identical full-length cDNAs of MSP were also cloned from
female LG and male SMG (Fig. 4). MSP cDNA cloned from
LG must represent the cDNA for LG 20.5- and 24-kDa
proteins, which are LG counterparts of MSP. FLP and MSP
cDNAs are 789 bp each with 95% sequence identity and
encode precursor proteins of 172 amino acids having 85%
sequence identity. Both ¢cDNAs have a 52 bp 5-UTR
preceding the translation start codon (ATG), which is
surrounded by a consensus Kozak sequence (ACCATGG)
(Fig. 4) typical of highly translated eukaryotic mRNAs [36].
The deduced 16 residue signal peptide of FLP is one residue
(Alanine) longer at its C-terminus, but otherwise identical
with that of MSP (Fig. 4). Thus, the difference in cleavage of
the signal peptide from precursor proteins of FLP and MSP
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Fig. 3. Purification of FLP and MSP from LG. (A) Coomassie stained SDS-
PAGE profiles of purification fractions (see text for details): Lane 1, crude
soluble extract of exorbital LG of ovariectomized hamster; lane 2, Con A-
Sepharose unbound pool; lanes 3 and 4 are pool-A and pool-B, respectively
of DE-52 eluted proteins; lane 5, pool-A; of phenyl-Sepharose eluted
proteins; lanes 6, 7 and 8 show final purified preparations of 24-kDa LG
protein, 20.5-kDa LG protein and 20 kDa FLP, respectively, which were
obtained after gel-filtration; lane 9, previously purified N-glycosylated MSP
from SMG [29] and lane 10, crude soluble extract of male hamster SMG.
(B) Western blot of purification fractions using antiserum raised against
purified FLP: lane 1 is pool-A of DE-52 containing 20.5- and 24-kDa LG
proteins and lane 2 is pool-B of DE-52 containing 20 kDa FLP; lanes 3, 4
and 5 are final purified pools of 24-kDa LG protein, 20.5-kDa LG protein
and FLP, respectively, obtained after gel-filtration; lane 6, crude exorbital
LG extract of ovariectomized hamster. (C) N-glycosidase F treatment of
purified 24- and 20.5-kDa LG proteins. Lane 1, 24-kDa LG protein after
control incubation; lane 2, 24-kDa LG protein after incubation with N-
glycosidase F; lane 3, 20.5-kDa LG protein after control incubation; lane 4,
is 20.5 kDa LG protein after incubation with N-glycosidase F; lane 5 is
purified FLP. Samples were run on 10.5% SDS-PAGE after incubation.
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MSP v A
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FLP tttccacattgtagagaagtcagatgacaccatgacctttcacaacgttaatgtcgacga 420
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GSP-1
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MSP

FLP taattcaccatttttcttttttccttctaatcttacaaatgaagtcagaatatctgctte 719
MSP

FLP atggattttcttcctatcctcctactatattactgactattctgttggttaaataaattg 779
MSP a

FLP atttctcat 789
MSP

Fig. 4. Full-length cDNAs and deduced amino acid sequences of FLP and MSP. cDNA sequences are shown in lower case. Full-length cDNA sequence of FLP
(789 bp) and only differences in MSP ¢cDNA (789 bp) are shown. The consensus Kozak sequence (bold italics) and polyadenylation signal (in bold), identical in
both the cDNAs are indicated in FLP sequence. Arrows shown above sequences indicate different primers used for PCRs (see Materials and methods for details).
The deduced amino acid sequence for FLP precursor (172 residues) and only the differences in MSP are shown in upper case using single letter code. Asterisk
indicates stop codon. Cleavage site for putative signal peptide of FLP (16 residue long) and that of MSP (15 residue long) are shown by arrowheads, which point
up and down, respectively. These cleavages results in mature FLP (156 residues) and MSP (157 residues) having experimentally confirmed N-terminal sequences
(see text). The putative N-glycosylation site in MSP (absent in FLP) is boxed. Note: The novel nucleotide sequence of full-length FLP cDNA and the extended
full-length cDNA sequence of MSP, reported here, are submitted to GenBank with accession numbers AF345648 and AF183407, respectively.

must be influenced by the differences in their 17th and 18th masses of 17737 and 17815 kDa and calculated pl of 4.3 and
residues [37]. This difference in cleavage results in mature 5.8, respectively, which is consistent with the slight differ-
FLP and MSP of 156 and 157 residues with calculated ence in their mobility and considerable difference in their
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elution from DE-52 anion-exchanger. As expected, the
deduced amino acid sequence of MSP and not that of FLP
has a putative N-glycosylation site. Interestingly, out of the
36 base mismatches between the FLP and MSP ¢cDNAs, 31
are spread out in the coding region, out of which 27 are
located in the 24 codons, which show amino acid changes
(12 non-conserved) and these changes are all in the mature
protein. Thus, the number of non-synonymous base sub-
stitutions in FLP and MSP is greater than synonymous
substitutions. Similar observations are reported for genes
involved in molecular recognition, on which positive
selection is believed to operate [38—40]. Remarkably, the
221 bp 3'-UTRs of FLP and MSP were the most conserved
stretches with only two mismatches (Fig. 4). Such closely
similar 3’-UTRs in some paralogous genes is reported
[38,39] and possible involvement of 3'-UTR in affecting
stability of transcripts has also been suggested [41].

Our extensive search of cDNA clones amplified from
female exorbital LG using MSP/FLP consensus primers
always showed a relative abundance of FLP clones over
that of MSP (see Materials and methods). This indicated
that the level of FLP expression is higher than MSP in LG.
This is consistent with the observation that purification
from LG gave much higher yield of FLP than MSP
proteins. On the other hand, search for cDNA clones
amplified from male SMG (see Materials and methods)
revealed clones encoding only MSP and not FLP. Addi-
tionally, FLP cDNA-specific primers FLP-F and FLP-R
(Fig. 4), when used in RT-PCR gave no product with male
SMG mRNA, while a 115-bp product was obtained with
female LG mRNA confirming lack of FLP expression in
SMG (results not shown).

FLP and MSP cDNAs have significant identity only with
cDNAs of odorant-binding protein (OBP; GenBank J03093)

hamFLP HYQNLEVSPSEVD[G
hamMSP AQHQNLEVSPSEVD[G

(78%) expressed in rat lateral nasal glands in both sexes
[7,10,11] and an OBP expressed in mouse head (GenBank
AKO017258) (76%), which are both lipocalins. Deduced
amino acid sequence of FLP showed that it is a new member
of the lipocalin protein superfamily with maximum identity
(Fig. 5) with aforementioned rat and mouse OBPs (58—
57%) followed by aphrodisin (39%), a pheromone/odorant-
binding lipocalin of hamster vaginal discharge [5,13—
16,42], which, however, had no significant cDNA match.
Other lipocalins having significant amino acid sequence
identity (39-29%) with FLP and MSP were OBPs of nasal
glands of mouse, bovine and pig; putative pheromone-
binding lipocalin of bovine sweat glands (Bos d2);
pheromone-binding lipocalin of boar saliva (SAL1) and
probasins of unknown function in rat and mouse prostate
secretions [5,6,8,9]. Pheromone-binding urinary lipocalins,
which are expressed in LG and SMG of rat and mouse in
both sexes but male-specifically in their liver [12,13] and
tear/VEG lipocalins of human and pig expressed in both
sexes [4,21,22] had a more distant relationship with FLP
and MSP (15-20% identity). As is characteristic of all
lipocalins [1-3], FLP and MSP have a GXW motif near
their N-terminal end (Fig. 5). Cysteines 63 and 154 of
mature FLP and MSP (Fig. 5) are likely to be disulfide
linked since they are conserved and disulfide linked in
almost all known lipocalins [1—3]. The two other cysteines
(residue 44 and 48), which constitute a CXXXC motif (Fig.
5), present only in a subset of odorant/pheromone-binding
lipocalins (which includes rat/mouse OBPs and aphrodisin),
are also likely to be disulfide linked as reported for
aphrodisin [5]. 3D structure analysis of aphrodisin has
identified 14 amino acids lining its ligand-binding pocket
[5]. Interestingly, 12 of these residues are identical or
conserved in FLP and MSP (Fig. 5).

vy ¢ o vy

SLYIAADNKEKVSEGGPLRAYIKNVECIDECOTLKITFYTKV 59
SLYIAADNKSKVSEGGPLRVYVEKHLECSDECOTFTIKFYTKV

rOBP1lf AHHENLDISPSEVNGDWRTLYIVADNVEKVAEGGSLRAYFOHMECGDECOELKIIFNVKL
mOBP HHESLDISPSEVNGDWRTLYIAADKVEKVKMNGDLRAYFEHMECNDDCGTLKIKFHVQOM

hamAPHR QDFAELQE

o v vy

TIVIAADNLEKIEEGGPLRFYFRHIDCYKNCSEMEITFYVIT

vy

hamFLP EGVCQEHTIVGRKGEDGKYITDFSGONYFHIVEKSDDTMTFHNVNVDDSGK.TNVILVVG 118
hamMSP ENVCQEHRVVGRKGKDGKYITDFSGQONYFHVVEKADDTMTFHNVNVDDSGK . TNVILVVG
rOBP1lf DSECQTHTVVGQKHEDGRYTTDYSGRNYFHVLKKTDDIIFFHNVNVDESGR.RQCDLVAG
mOBP NGKCQTHTVVGEKQEDGRYTTDYSGRNYFEVVMKEDGALFFHNVNVDESGQETNVILVAG
hamAPHR NNQCSKTTVIGYLKGNGTYQTQFEGNNIFQPLYITSDKIFFTNKNMDRAGQETNMIVVAG

hamFLP RGESSSIEQKQRFEKTAEEYDIPKENIEDLVPTDNCDQ 156
hamMSP KGESSSIEQKQRFEKTAEKYDIPKENIEHLVTTDTCNQ 157 85%
rOBP1lf KREDLNKAQKQELRKLAEEYNIPNENTQHLVPTDTCNQ 157 58%
mOBP KGETLSKAQKQELGKLVKEYNIPKENIQHLAPTDTCNQ 157 57%
hamAPHR KGNALTPEENEILVQFAHEKKIPVENILNILATDTCPE 151 39%

Fig. 5. Multiple alignment of deduced amino acid sequence of hamster FLP and MSP with closely related lipocalins, rat OBP1f, mouse OBP and hamster
aphrodisin. Mature protein sequences are aligned. Amino acids, which are identical or conserved in all sequences, are in bold. Cysteines are indicated by dots.
The conserved lipocalin motif GXW and the CXXXC motif conserved in all the aligned sequences are boxed. The arrowheads indicate the 14 residues lining
the odorant-binding pocket of aphrodisin [5]. The putative N-glycosylation site in MSP is underlined. Number of residues in each mature protein and

percentage identity with FLP are indicated.
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Fig. 6. Southern blot hybridization on hamster genomic DNA digested with
restriction endonucleases. The blots were probed with *?P-labelled FLP
(panel-A) or MSP (panel-B) partial cDNAs (nucleotides 68 —508) amplified
by PCR. The restriction endonucleases used for digestion are indicated
above each lane.

3.4. Southern hybridization

Fig. 6 shows the results of Southern hybridization of
hamster genomic DNA using partial cDNAs of FLP (panel
A) and MSP (panel B) as probes. BamHI digested genomic
DNA showed similar hybridization patterns with both the
probes. However, for Ndel, HindIll and Spel digests,
differences in the relative intensity and pattern of hybrid-
izing bands are seen depending on whether FLP or MSP
probe is used. The 4.5 kb and 10 kb bands in Ndel digest are
most likely to represent MSP and FLP gene fragments,
respectively. In HindIIl digest, the 7.7 kb band should
represent FLP while the 2.6 kb (visible only in panel B) and
4 kb bands most likely represent MSP gene fragments.
Similarly, Spel digests also results in differential hybrid-
ization. The results indicate the presence of at least two
distinct genomic fragments encoding FLP- and MSP-like
cDNAs.

3.5. Expression analysis of FLP and MSP

To study the sex hormonal regulation of FLP and MSP
transcripts in hamster exorbital LG, Northern analysis was

done using full-length FLP ¢cDNA as a probe. Moreover,
presence of similar transcripts in other hamster and rat
tissues was also investigated. Fig. 7A shows that exorbital
LG of females (lane 2) but not males (lane 1) have an
apparently single band of hybridizing transcript, the levels
of which increased in ovariectomized females (lane 4) and
was markedly induced in castrated males (lane 3). A
complete obliteration of this transcript was observed after
estradiol treatment of normal and ovariectomized females
(not shown) and also castrated males (lane 5). Similar
disappearance was also seen after dihydrotestosterone
treatment of ovariectomized females (lane 6) and castrated
males (not shown). Fig. 7B shows that the hamster
infraorbital LG, an accessory lacrimal gland [43], shows
hybridizing transcript in females (lane 2) but not in males
(lane 1). Fig. 7C shows that in hamster SMG, a hybridizing
transcript of same size as the LG transcript was seen in
normal males (lane 1) but was absent in females (lane 2).
The hybridization seen in hamster LGs should be due to
both FLP and MSP transcripts since their cDNAs have 95%
identity and are of same size. However, the hybridization in
SMG must be due to only MSP mRNA since FLP
expression was not detected in SMG. Fig. 7D shows that
lateral nasal glands of rat in both sexes (lanes 3 and 4) have
a hybridizing transcript of same size as LG transcript. This
hybridization, detected after low stringency washing, but
barely detectable after high stringency washing (not shown),
very likely represents rat OBP whose cDNA has ~78%
match and is expressed in both sexes [7]. Interestingly, no
hybridization was seen for lateral nasal glands of male or
female hamsters (lanes 1 and 2). Moreover, LG and SMG of
rat and mouse of both sexes showed no hybridization (not
shown).

A B C D
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Fig. 7. Northern blots of exorbital LG (ELG), infraorbital LG (ILG) and
SMG of hamster and lateral nasal gland (LNG) of hamster and rat. All blots
were probed with *?P-labelled FLP cDNA. (A) Total RNA from hamster
ELG was loaded. Lane 1, male; lane 2, female; lane 3, castrated male; lane
4, ovariectomized female; lane 5, estradiol treated castrated male; and lane
6, dihydrotestosterone treated ovariectomized female. (B) Total RNA from
male and female hamster ILG was loaded in lane 1 and lane 2, respectively.
(C) Total RNA from male and female hamster SMG was loaded in lane 1
and lane 2, respectively. (D) Total RNA from LNG was loaded. Lane 1,
male hamster; lane 2, female hamster; lanes 3, male rat and lane 4, female
rat. Arrowhead indicates the position of 18S ribosomal RNA. Bottom
panels show the ethidium bromide stained profiles of 28S and 18S
ribosomal RNA.

ELG
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Western blots were done using FLP antiserum to confirm
whether FLP (LG 20-kDa) and MSP (LG 20.5-/24-kDa
proteins) have similar sex hormonal regulation in exorbital
LG. LG extracts from hamsters in different hormonal states
and treatments were electrophoresed in 15% SDS-PAGE to
resolve FLP from 20.5 kDa LG MSP. Fig. 8 A shows that no
crossreaction was found in LG of males (lane 1) while LG
(lane 2) and tears (lane 9) of females had a major 20 kDa
FLP and a minor 20.5 kDa MSP crossreactive bands.
Additionally, the 24 kDa MSP was visible as a diffuse
crossreaction. FLP and both forms of MSP were markedly
induced in LG of castrated males (lane 3) and they were also
induced in LG of ovariectomized (lane 4) and lactating
females (lane 8) to levels higher than normal females. Such
crossreactions were almost undetectable in LG of late-
pregnant females (lane 7), which are known to have a high-
estrogen state [29,34,44]. Treatment of ovariectomized
females with either estradiol (lane 5) or dihydrotestosterone
(lane 6) markedly reduced both FLP and MSP in LG and
similar results were seen when normal and lactating females
or castrated males were similarly treated (not shown). Like
exorbital LG, the infraorbital LG of hamster also had 20,
20.5 and 24 kDa crossreacting proteins in females (lane 11)
but not in males (lane 10). The expression pattern of FLP
and MSP in infraorbital LG in different hormonal states and
treatments (data not shown) was identical to that of exorbital
LG. However, hamster Harderian gland (a large retro-orbital
accessory LG), which is well known for its sexual
dimorphism [45—48], had no crossreacting proteins in either
sex (not shown). While FLP antiserum did not show any
crossreaction with female SMG (lane 13), it crossreacted
with major 24/20.5 kDa MSPs and a minor ~30 kDa protein
in male SMG (lane 12) and male saliva (not shown).
However, no crossreaction at 20 kDa was found, again
confirming the absence of FLP expression in SMG.

Fig. 8B shows that while extracts of lateral nasal glands
of hamsters of both sexes (lanes 1 and 2) do not show any
cross-reaction with FLP antiserum, lateral nasal glands of rat
from both sexes (lane 3 and 4) showed a single crossreaction
at 20 kDa which very likely represents rat OBP which has
58% protein sequence identity with FLP and MSP. Hamster
vaginal discharge, an abundant source of aphrodisin [14],
however, showed no crossreaction with FLP antiserum (lane

kDa A
30 —

24 — - -
W= -l
20

1 2 345 67 8

5). Extracts of LG, SMG, VEG and urine of rat and mouse
from both sexes (not shown) showed no crossreaction
indicating lack of any FLP/MSP-like proteins. A variety of
other hamster tissues from both sexes, e.g., parotid and
sublingual salivary gland, pituitary, liver, kidney, lungs,
brain, spleen and intestine and male-specific tissues like
prostate, seminal vesicles showed no crossreaction with FLP
antiserum. Moreover, human tears from both sexes also
showed no crossreaction (not shown).

4. Discussion

Our results clearly demonstrate that FLP and MSP are
two different but very similar tear lipocalins, which are co-
expressed female-specifically, and have similar sex hormo-
nal regulation in both exorbital and infraorbital LG of
hamster. While FLP is non-glycosylated and lacks any
consensus glycosylation site, MSP has a single N-glyco-
sylation site and exists both as N-glycosylated and non-
glycosylated forms with the latter having only a slightly
higher mass than FLP and almost co-migrating with it. Such
two forms of MSP, which are products of MSP gene [29],
are expressed male-specifically in hamster SMG where we
could not detect any expression of FLP. Notably, the
expression level of MSP in LG was considerably lower
than that of MSP in SMG or FLP in LG.

Expression analysis shows that androgens and estrogens
display a relatively rare mode of sex-hormonal gene
regulation in LG of both sexes wherein both hormones
repress expression of FLP and MSP. The female expression
of FLP and MSP in LGs is due to their incomplete
repression by endogenous estrogens while their absence in
male LG is due to complete repression by endogenous
androgens. Thus, ovariectomy and also the natural, very
low-estrogen state that prevails during lactation [29,34]
results in their enhanced expression in female LG and
castration results in massive induction in male LG and these
inductions are prevented by exogenous administration of
estrogen or androgen. However, this regulation of MSP (and
FLP) in LG differs markedly from that of MSP in SMG,
where MSP displays abundant, androgen-insensitive expres-
sion in male SMG, while it is undetectable in female SMG

B kDa
P _—— 20
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Fig. 8. Western blots of hamster and rat tissue extracts using FLP antiserum. (A) All lanes contained hamster tissue extracts. Lanes 1—8 are exorbital LG
extracts of hamsters in different hormonal states: lane 1, normal male; lane 2, normal female; lane 3, castrated male; lane 4, ovariectomized female; lane 5,
estradiol-treated ovariectomized female; lane 6, dihydrotestosterone-treated ovariectomized female; lane 7, late-pregnant female and lane 8, lactating female.
Lane 9, is normal female tears; lanes 10 and 11 are male and female ILG extracts; and lanes 12 and 13 are male and female SMG extracts. (B) Western blots of
nasal glands and hamster vaginal discharge using FLP antiserum. Lanes 1 and 2 are lateral nasal glands of female and male hamsters; lanes 3 and 4 are lateral
nasal glands of female and male rat; and lane 5 contained extract of hamster vaginal discharge. All samples were run on 15% SDS-PAGE.
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due to its complete repression by endogenous estrogens
[28,29]. Like the repression of MSP in SMG of normal
female, FLP and MSP in female LG are also completely
repressed by endogenous estrogens during late-pregnancy
when estrogen levels are extremely elevated [34,44]. After
ovariectomy and also during the post-partum period when
the lactating dam is acyclic [34] and nursing her litter, MSP
in SMG [29] (and FLP/MSP in LG) are massively induced
and copiously secreted. The lactational induction of MSP in
SMG is, however, temporary and MSP is again undetectable
post-weaning [29] when estrus cycle resumes [34] while in
LG, FLP and MSP expression continues, although reduced
to normal female levels.

Inspection of mismatches between full-length cDNAs of
FLP and MSP shows that they are spread throughout the
coding region and also the UTRs. Thus, it is quite unlikely
that their transcripts arise due to alternate splicing from a
common precursor mMRNA. The differential hybridization of
genomic DNA fragments with FLP and MSP cDNA probes
also suggests that FLP and MSP are transcribed from 2
distinct genomic fragments. Moreover, we could amplify
from hamster genomic DNA, using a pair of FLP/MSP-
consensus primers, 2 distinct genomic fragments, which
after sequencing could be identified, based on their matches
with cDNA sequences, as fragments of FLP and MSP genes
containing their two putative introns (data not shown).

Are FLP and MSP two closely related genes or are they
alleles of the same gene? FLP and MSP are most likely non-
allelic for the following reasons: (1) In our extensive protein
profile studies of LG and SMG, done on a very large
population of hamsters (of our colony) and spanning many
generations, we found all hamsters could express both
proteins, FLP (in LG) and MSP (in SMG and LG) if their
hormonal state was permissive (i.e., all gonadectomized or
lactating hamsters) indicating lack of any segregation
between FLP and MSP. (2) FLP and MSP have 5% and
15% differences between their ¢cDNA and amino acid
sequences which is unusually high for alleles. (3) They
display different tissue- and sex-specific expression, unusual
for alleles. (4) More than one copy of rat OBP gene and its
mouse counterpart (the closest orthologues of FLP/MSP; see
below) are located on rat and mouse X-chromosomes. Since
similar gene arrangements have been seen in X-chromo-
somes of many eutherian mammals [49], and this is likely to
be true for hamster, the expression of both FLP and MSP
found in male hamster (which carries a single X-chromo-
some) after gonadectomy should rule out any possibility of
these genes being allelic.

Lipocalins display considerable sequence divergence and
are expressed in a variety of different tissues and can have
different functions. Comparison with protein sequences in
the database shows that mammalian lipocalins believed to
bind odorants or pheromones with demonstrated or putative
roles in chemical communication have maximum similarity
with FLP and MSP. Although FLP is secreted in tears and
MSP is secreted in tears, saliva and is also excreted in urine,

other known tear, salivary or urinary lipocalins are not
among the ones having the best protein sequence match
with FLP and MSP. Moreover, human tear/VEG lipocalin
and its known counterpart in rat VEG and the urinary
lipocalins of rat and mouse did not crossreact with FLP
antiserum. Finally, except for OBPs of rat lateral nasal
glands and their OBP counterpart in mouse, which had the
best protein matches with FLP and MSP, all other lipocalins
had no significant cDNA match with FLP and MSP. This
also included hamster aphrodisin, which had the next best
protein sequence match with FLP and MSP but did not
crossreact with FLP antiserum. All of the above, when
considered together with our results of Northern and
Western analysis of rat lateral nasal glands strongly indicate
that rat OBPs, expressed in lateral nasal glands of both sexes
are closest orthologues of hamster FLP and MSP. Interest-
ingly, rat-OBP (or FLP/MSP)-like crossreacting proteins/
transcripts were undetectable in LG/SMG of rat and mouse
and also in hamster lateral nasal gland. The close relation-
ship shared by FLP, MSP and rat OBPs suggest that they
must have diverged from an ancestral gene and acquired
different tissue-specificities and sex hormonal regulation.
Since, all lipocalins are believed to have diverged from a
common ancestral gene [1-3], the aphrodisin gene must
have diverged earlier and FLP and MSP genes could have
resulted from a relatively recent gene duplication.

Hamster aphrodisin is the lipocalin closest to FLP and
MSP whose 3D crystal structure is known [5]. Protein
sequence comparison with aphrodisin suggests presence of a
hydrophobic ligand-binding pocket in FLP and MSP.
Moreover, in vitro studies have shown that both aphrodisin
and rat-OBP can bind different odorant molecules [11,15]
and recently, a putative pheromone was detected bound to
natural aphrodisin [16]. Thus, considering the above and the
sex-specific and lactation-enhanced expression of FLP and
MSP and their presence in tears, saliva and urine suggests
the possibility that they may also bind odorants and/or
pheromones and have a role in chemical communication
similar to OBPs and/or aphrodisin. Whether FLP and
different forms of MSP bind odorants/pheromone, and if
so, whether they display any differences in ligand-specific-
ity between themselves and with aphrodisin, needs to be
investigated, since specialized functions for these three
hamster lipocalins are possible.

Human tear lipocalin, expressed abundantly in both
sexes, is the only tear lipocalin whose function and crystal
structure has been studied [4,20,22-27]. It has been
suggested to have a role in stabilizing the outer lipid layer
of tears and to also act as a physiological scavenger
[20,22,23,26]. Similar protective roles for FLP and MSP
in hamster tears cannot be ruled out but needs to be
reconciled with their female-specific and lactation-enhanced
expression. Striking sexual dimorphism in hamster tear
composition is known, wherein only females have massive
levels of free protoporphyrin IX [46,47] and some distinctly
different lipids [45]. This is due to their abundant, female-



164 S. Srikantan et al. / Biochimica et Biophysica Acta 1729 (2005) 154—165

specific synthesis in Harderian gland and secretion into tears
[46—48]. Free protoporphyrin IX is well known to cause
photo-oxidative damage [46] and requires to be scavenged
from the ocular surface. On the other hand, Harderian lipids
have been suspected to have pheromonal functions [48].
Since certain lipocalins are known to bind protoporphyrin
IX, heme and heme degradation products [1,50] and human
tear lipocalin can bind a wide array of lipids [20], it needs to
be investigated whether FLP and MSP of female hamster
tears can bind such potential ligands.
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