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Lipocalins are carrier proteins for hydrophobic
molecules in many biological fluids. In the oral sphere
(nasal mucus, saliva, tears), they have an environmental
biosensor function and are involved in the detection of
odours and pheromones. Herein, we report the first
identification of human lipocalins involved in odorant
binding. They correspond to a gene family located on
human chromosome 9q34 produced by genomic
duplications: two new odorant-binding protein genes
(hOBPIIa and hOBPIIb), the previously described tear
lipocalin LCN1 gene and two new LCN1 pseudogenes.
Although 95% similar in sequence, the two hOBPII genes
were differentially expressed in secretory structures.
hOBPIIa was strongly expressed in the nasal structures,
salivary and lachrymal glands, and lung, therefore
having an oral sphere profile. hOBPIIb was more strongly
expressed in genital sphere organs such as the prostate
and mammary glands. Both were expressed in the male
deferent ducts and placenta. Surprisingly, alternatively
spliced mRNAs resulting in proteins with different C-
termini were generated from each of the two genes. The
single LCN1 gene in humans generated a putative
odorant-binding protein in nasal structures. Finally,
based on the proposed successive genomic duplication
history, we demonstrated the recruitment of exons
within intronic DNA generating diversity. This is
consistent with a positive selection pressure in
vertebrate evolution in the intron-late hypothesis.

INTRODUCTION

Olfaction involves the binding of small, hydrophobic, volatile
molecules to receptors of the nasal neuroepithelia (1). It gener-
ates a cascade of neurological events that transmit the informa-
tion to the olfactory bulbs projecting into the brain. The very
first step in this process is the solubilization of these hydro-
phobic molecules in the hydrophilic nasal mucus. Odorant-
binding proteins (OBPs) are thought to transport these
molecules within the mucus (2). These proteins belong to the
lipocalin family and so their biochemical structure is well

suited for this function. This family, initially described by
Pervaiz and Brew (3), comprises >100 small proteins secre
in various biological fluids. They contain eight consecutive�-
sheets forming a barrel-shaped hydrophobic pocket (4).

Lipocalins in the mucus of the oral sphere epithelia (upp
airway, mouth, orbital area) act as biosensor proteins for
detection of environmental signals. Odorants, which are che
ically diverse, are distinguished at the neuroepithelium lev
using combinations of hundreds of receptors (5). It is unknow
whether there are many OBPs transporting odorants within
nasal cavity with high binding specificities, or whether the
are fewer with a broader spectrum of binding (2). Determinin
the number of OBPs secreted from lateral nasal glands co
help to determine whether the OBPs have a discriminati
function (6). To date, up to three different OBP genes ha
been identified in a single species (7), but at least eight prote
have been detected in porcupine (8). The overall seque
identity for OBPs is usually described as low both within
single species (6,7,9) and between species (10). Howe
mouse OBPIa is 64% similar to mouse OBPIb and mouse OBPII
is 80% similar to rat OBPI (10). This suggests that the OBP
form a heterogeneous group of lipocalins (2,11). Anoth
lipocalin from the oral sphere, the tear lipocalin (TL-VEG
mainly secreted in humans by the lachrymal (12) and saliva
(submaxillary and von Ebner’s) (13,14) glands, and the sec
tory units of the trachaea (15), has recently been found in na
mucus (16). An additional complexity arises from the stron
sequence similarity of some OBPs (7) to pheromone carri
such as the two vomeronasal secretory proteins, VNSPI and
VNSPII, present in the mucus covering the vomeronas
sensory epithelium (17), the major urinary protein subfam
(MUP) synthesized by the liver and excreted in urine (18), a
the aphrodisin secreted by the genital tract of the fema
hamster that induces copulatory behaviour in males (1
MUPs are constitutively produced in the salivary and lac
rymal glands. Hence, the relationships between lipoca
pheromone carriers, lipocalin odorant carriers (OBPs) and t
lipocalins are unclear.

Lipocalins are also present in the genital sphere. The tear li
calin gene (LCN1-VEGP) is expressed in the prostate (20). Th
lactoglobulins are the most abundant lactation proteins
mammals (21), along with the late lactation protein (LALP) an
trichosurin in marsupials (22). They are thought to transport ret
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oids and fatty acids to neonates. Other lipocalins, including the
mouse and rat epididymal retinoic acid-binding protein (E-RABP)
(23), the three lizard epididymal secretory proteins (LESP) (24)
and human PAEP/glycodelin protein (25) secreted from the
genital tract, are involved in the maturation of spermatozoa.

The various physiological functions acquired by these
proteins in vertebrates during evolution (26) are based on a
binding capacity defined by their membership of the lipocalin
family. Evolution has generated diversity, as shown by the low
level of sequence identity (�20%), except in proteins from
orthologous or recent paralogous genes. Genomic organization
provides evidence for the evolutionary relationship of these
genes: (i) exons are similar in size, with the corresponding
introns identically spliced in phase (27); (ii) positions of
intron–exon junctions are well conserved among members
[except for retinol binding protein (RBP4) and apolipoprotein
D (APOD) genes]; and (iii) eight genes of the lipocalin family
are located on the long arm of human chromosome 9 (28,29),
whereasRBP4 and APOD genes occur on human chromo-
somes 10 and 3, respectively.

We investigated whether human tear lipocalins were produced
from two active genes, as in the rat (30), and we found a new
family of paralogous genes on human chromosome 9q34, created
by recent genomic duplications. We describe two new OBP genes
related toLCN1, the alternate splicing of their mRNAs and their
expression patterns in secretory tissues involved in several func-
tions (olfaction, respiration, taste, lactation and reproduction). We
discuss the impact of these results on the classification of lipoca-
lins based on sequence comparisons and expression patterns.
Furthermore, the results show an evolutionary mechanism of
acquisition of diversity by the recruitment of exons within
previous intronic sequences. This provides evidence for positive
selection pressure for an ‘intron-late’ process in vertebrates (31).

RESULTS

LCN1-homologous genes located on human chromosome 9

We previously reported the identification of theLCN1 cDNA
coding for the human tear lipocalin (32) and its mapping to chro-
mosome 9q34 (33,34). Two genes code for the rat proteins
homologous toLCN1, the von Ebner’s gland proteins 1 and 2
(30), which raised the question as to whether additional genes
coding forLCN1 were present in the human genome. Chromo-
somein situ hybridization (33) and somatic hybrid analysis (35)
indicated that, if they existed, the additional human genes were
located in the 9q34 region. We screened the human chromosome
9-specific cosmid library generated at the Lawrence Livermore
National Laboratory (LL09NC01) with the humanLCN1cDNA
probe and identified 26 cosmid clones. They were fingerprinted
with EcoRI or PvuII and hybridized successively with theLCN1
cDNA and various oligonucleotides (Fig. 1). Cosmids were
assigned to three groups. The first group (clones P32H3, P41B5,
P63B6, P92H10, P109C6, P145H6, P195B4, P233G2, P233F2,
P265D4 and P276H8) corresponded to the previously reported
LCN1gene (GenBank accession no. L14927) consisting of seven
exons (36). Sequence data for theLCN1-homologous region of
clone P19E4 (GenBank accession no. Y10826), corresponding to
the second group (clones P19E4, P19E7, P42H9, P98H5 and
P142H8), demonstrated the presence of anLCN1bregion that was
similar toLCN1from the promoter to the sixth exon and divergent

thereafter. A third cosmid group determined from parti
sequencing of P181A9 (GenBank accession no. Y10827) (clo
P110C1, P174E4, P174E5, P181A9, P181B10, P211A7, P238
and P291E1) contained anLCN1cregion very similar toLCN1
from the promoter to exon 2. Thus,LCN1was the only gene that
possessed the seventh and final exon. In addition, the TA
boxes of theLCN1bandLCN1cpromoters were degenerate.

Genomic duplications containing lipocalin genes and
mapping to chromosome 9q34

At the time of the identification of theLCN1gene family, a large
physical mapping project produced a cosmid contig map
human chromosome 9q34 (37–39) and the corresponding clo
were sequenced by Dr Hawkins and colleagues (Whitehead In
tute of the Massachussets Institute of Technology, Boston, M
Searches of sequence databases with theLCN1, LCN1b and
LCN1c sequences revealed strong similarity to the previou
reportedLCN1 gene (GenBank accession no. L14927) and
three cosmid sequences: cosmid P161A1 (GenBank accessio
AC002098) P203H12 (AC000396) and P161G2 (AC00210
(From this point onwards, the numbers of the cosmid clones
those of the LL09NC01 library and the corresponding GenBa
accession numbers are given in parentheses.) Analysis, in pa
ular of the 3� end of theLCN1 genes, showed that theLCN1c
sequence (Y10827) corresponded to the sequences foun
cosmid P161G2 (AC002106),LCN1b (Y10826) to cosmid
P161A1 (AC002098) andLCN1 (L14927) to cosmid P203H12
(AC000396) except for a 60 bp insertion at position 12360
AC000396 relative to L14927. Furthermore, sequence similarit
were detected in a region larger than theLCN1 genes. Dot-plot
analyses (Fig. 2) showed that these three cosmids correspond
areas of genome duplication: cosmid P161A1 (AC002098) a
cosmid P203H12 (AC000396) sequences were similar over th
entire length, whereas cosmid P161G2 (AC002106) was sim
to the others only for the sequences upstream fromLCN1intron 3.

The positions of the duplicated areas on chromosome 9 w
determined. We sequenced the cosmid insert extremities
compared them with sequences in databases. The sequen
cosmid P181A9 T3-extremity (cosmid group containin
LCN1c) contained part of theSurf5gene (Fig. 3). This result,
placingLCN1cupstream from theSurfeitlocus, was confirmed
by the presence of the sequence of cosmid P161
(AC002106) in a sequence contig betweenABOand theSurfeit
locus, and was consistent with the results of Hornigoldet al.
(39) using the same LL09NC01 library. The limitations o
fingerprinting for duplicated areas probably explain the dive
gence that we observed for the P161A1 and P203H12 lo
tions. P203H12 (AC000396) contained theLCN1gene that we
previously mapped close toD9S1826 (34); using LCN1-
specific polymerase chain reaction (PCR) (based on sequen
from AC000396 and L14927) on 150 genomic DNAs w
showed that the 60 bp deletion in the previously reportedLCN1
sequence (L14927) does not exist (data not shown). Cos
P161A1 extremity sequences (AC002098) and ourLCN1b
cosmid extremity sequences were not anchored to a
sequence in the database. A new minisatellite (AJ2510
(Fig. 3) located in theLCN1bsubfamily of cosmids (located at
position 3177–3724 of AC002098) detected a rare polymo
phism (PIC = 0.05 for 20 unrelated individuals), and wa
informative in CEPH reference family 1362. Linkage analys



Human Molecular Genetics, 2000, Vol. 9, No. 2291
Figure 1. Fingerprinting analyses of ‘LCN1-type’ cosmid clones. (A) PFGE analysis of cosmid clone DNA digested withEcoRI and stained with ethidium bromide.
Coloured bands show the hybridization results presented in (B–E): yellow, oligonucleotide EL2; green, EL1; red, EL3; blue, co-detection with oligonucleotides EL1 and
EL2; bands framed in pink correspond to theLCN1cDNA probe. (B) LCN1cDNA hybridization. (C) EL2 hybridization. (D) EL1 hybridization. (E) EL3 hybridization.
The sizes indicated by coloured arrows correspond to the coloured bands of 1A.
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revealed two-point lod scores >3 at q = 0 forD9S275and
D9S1818. Haplotype reconstruction confirmed the location of
the LCN1b gene betweenD9S1811and D9S67on chromo-
some 9q34 (Fig. 3).

Identification of two new OBP genes

By comparing sequences with those in databases, we found in
sequences from cosmids P203H12 (AC000396) and P161A1
(AC002098) regions of similarity to lipocalin genes outside the
LCN1, LCN1bandLCN1cgene areas (Fig. 3). We identified a

sequence at position 2150 of cosmid P161A1 (AC002098), 20
downstream fromLCN1b, identical to a human testis expresse
sequence tag (EST AA460385) corresponding to four exons o
new lipocalin gene that was similar to rat OBPII. Similarly, a puta-
tive 50 bp exon similar to the EST sequence was also found at
extremity of cosmid P203H12 (AC000396). Owing to th
genomic duplication, we sequenced cosmid P233G2, wh
contained regions located downstream fromLCN1 (Fig. 3), with
oligonucleotides corresponding to the sequence of the EST
identified another lipocalin gene 20 kb distal toLCN1. To identify
the first exons in each of the two new genes, nested PCR
performed using cDNA clones from a testis library and oligome
corresponding to the 5� region of the EST and the vector arms
PCR products were cloned and sequenced, and we identified t
additional exons as compared with the genomic sequences (
3). A TATA box was present upstream from the first exon in bo
cases (Fig. 4a). The two mRNAs,hOBPIIa corresponding to the
gene located downstream fromLCN1andhOBPIIb located down-
stream fromLCN1b(Fig. 4), were 97.5% identical to each othe
and 63% identical toLCN1. Their intron–exon organizations were
consistent with those of seven-exon genes of the lipocalin fam

The hOBPIIa αααα and hOBPIIb αααα proteins are traditional
lipocalins

The deduced protein sequences (170 amino acids) of hOBPIIa�
and hOBPIIb� confirmed their membership of the lipocalin
family. The two proteins, hOBPIIa� (mol. wt = 17.8 kDa) and
hOBPIIb� (mol. wt = 18.0 kDa), were 89% identical. Each ha
a putative 15 amino acid signal peptide (Fig. 4c), the conserv
lipocalin motif G-X-W at positions 27–30 (40). Their amino
acid sequences were 45.5% identical to that of rat OBPII, 43%
identical to that of human tear lipocalin (TL-VEG) and muc
lower (15–25%) for other lipocalins. The calculated isoelectr
points (pIs) of hOBPIIa� and hOBPIIb� were 7.85 and 8.72,
respectively, whereas those of lipocalins are generally aci
(�4.5) except that of rat OBPII (pI = 9.01). Eight�-sheets
(possibly forming a barrel) followed by an�-helix and a final
�-sheet were predicted for the two proteins with the DS
program using lipocalin multiple alignment, consistent wit
the data for other members of this family (Fig. 4c). W
compared sequences with those of other lipocalins studied
crystallography using the automated Swiss-Model prote
modelling service.�-lactoglobulin and RBP were used a
matrices to identify a very first understanding of the thre
dimensional (3D) structures for the hOBPIIa� and hOBPIIb�
proteins (Fig. 5). We found that they consisted of eight an
parallel�-sheets (A–H) defining a barrel and a final�-helix,
consistent with the structure of other lipocalins. Their stru
tures are presumably locked by a disulfide bridge betwe
cysteines 58 and 150. In addition, previously described hyd
phobic amino acids implicated in ligand interactions (41) a
conserved in the hOBPIIa� and hOBPIIb� proteins, strongly
suggesting that these two molecules have ligand-bind
activity (Fig. 5, Phe 51, Phe 53, Ile 64, Tyr 78), like the ortho
ogous rat OBPII protein (42).

The two paralogoushOBPII genes are expressed differently

Gene expression was investigated in 18 human tissues by R
PCR usingLCN1- or hOBPII-type sets of primers and gene
specific oligonucleotide hybridizations (Fig. 6).LCN1b and

Figure 2. Dot-plot analysis of (A) LCN1-hOBPIIalocus sequence (AC000396
+ AJ251029) versusLCN1b-hOBPIIblocus sequence (AC002098); (B) LCN1-
hOBPIIa locus sequence (AC000396 + AJ251029) versusLCN1c locus
sequence (AC002106); (C) LCN1b-hOBPIIb locus sequence (AC002098)
versusLCN1c locus sequence (AC002106). Genomic sequences were filtered
for human repetitive sequences using RepeatMasker, compared using a 25
word size with a stringency of 20, and dot-plot analysis was carried out with
the GCG package.
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LCN1c were not expressed, whereasLCN1 mRNA was
detected in the lachrymal gland, the sweat and von Ebner’s
glands, the nasal septum and turbinate epithelia, the placenta
and the mammary gland (Fig. 6a) and, at very low level, in the
prostate. In addition, thehOBPIIa and hOBPIIb genes were
expressed differently, despite their sequences being very
similar, including the 1.5 kb promotor region (Fig. 6b).
hOBPIIa was strongly expressed in the nasal septum, middle
meatus, turbinates, lung, testis and placenta, and less strongly
in lachrymal, sweat and von Ebner’s glands. In contrast,
hOBPIIb was expressed predominantly in the prostate, testis
and mammary gland, and weakly in the submaxillary gland,
nasal septum, middle meatus and lung.

Different alternatively spliced mRNAs generate diversity
in the C-terminus of the proteins

Surprisingly for OBP genes, RT–PCR analyses detected large
amounts of seven alternatively spliced mRNAs (Figs 4 and 6).
For thehOBPIIa gene, three different acceptor splice sites were
detected for exon 5 (Fig. 4a and b). An alternative acceptor
splice site for exon 5 (exon 5b) located 49 bp upstream from
the known site generated a 725 nucleotide mRNA. The
hOBPIIa� protein was 146 amino acids long, identical to
hOBPIIa� until the eight putative�-sheets, and different only
for the 16 additional amino acids. A third exon 5 acceptor
splice site located 65 bp (exon 5c) upstream from exon 5a
generated an mRNA of 741 nucleotides. The resulting 228
amino acid hOBPIIa� protein was identical to hOBPIIa� for the
first eight putative�-sheets and differed in its C-terminal
region (Fig. 4c), predicted by Predator software to give a long
coiled region with a ninth�-sheet. For thehOBPIIb gene, there
was an extra 106 bp exon (exon 3b) between exons 3 and 4
(Fig. 4a and b). The resulting mRNA (782 nucleotides) coded
for hOBPIIb�, a 165 amino acid protein which is identical to

hOBPIIb� up to the fifth putative�-sheet and different there-
after, with a predicted�-helix for the ‘ALWEALAIDTLRK’
motif downstream from the fifth�-sheet, followed by two
additional�-sheets in the long C-terminal part. None of thes
alternative splice variants were detected for the other ge
although the putative acceptor and donor splice sites w
present (Fig. 4a). In addition, low levels of alternativel
spliced mRNAs missing exon 2 but with exon 5b forhOBPIIa�,
or with exon 5 for hOBPIIb�, generated putative secrete
proteins of 147 and 85 amino acids, respectively (Fig. 4b a
c), that diverged from typical lipocalin sequences after the 24
amino acid.

Secretory epithelia of the organs from the oral and genital
spheres expresshOBPII genes

To identify the cell type in whichhOBPII transcripts were
produced, in situ hybridization was performed on tissue
sections. Sections were hybridized with digoxigenin-labell
sense or antisensehOBPII probes and mRNAs were detected i
acinar cells from the middle meatus and turbinates, and
epithelial cells from turbinates (Fig. 7), consistent with a
olfactory function for hOBPII proteins. We also detected
hOBPII mRNAs in the genital sphere, namely in glandular cel
from the prostate and breast, and epithelial secretory cells fr
the deferent duct and mammary gland. Combining these res
with those from RT–PCR, we suggest that the five ma
hOBPII proteins (hOBPIIa�, hOBPIIa�, hOBPIIa�, hOBPIIb�,
hOBPIIb�) are secreted by the epithelial cells of the male gon
ducts, the lung, the placenta and the acinar cells of the mid
meatus and turbinates with large amounts ofhOBPIIa mRNAs
in the nasal tissues. In the prostate and mammary glands
may be that only the two major hOBPIIb proteins (hOBPIIb� and
hOBPIIb�) are secreted by the epithelial cells.

Figure 3. Genomic organization of theLCN1/hOBPII duplicated loci. The top line represents the chromosome 9q34 region with anchored polymorphic loc
double arrow indicates the location interval for thehOBPIIb minisatellite (GenBank accession no. AJ251020) and the asterisk an uncertain relative position be
D9S67andD9S1826. The middle line shows the partial cosmid organization at three different loci:LCN1c, LCN1b-hOBPIIb andLCN1-hOBPIIa. Cosmid clones
(�40 kb) are represented by horizontal lines, with names and T3 or T7 vector arm indicated above the line. Arrows indicate the gene or pseudogene oions
within the cosmids and the vertical dotted lines theEcoRI sites. The cross in a circle indicates an uncertain locus orientation. The bottom line shows the in
exon structure of theLCN1andhOBPII genes: black boxes represent exons; arrows are transcription start sites, EL1, EL2, EL3, EL4 and EL5 are the oligo
tide probes used for screening andAlu the repetitive sequences.
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DISCUSSION

We detected anLCN1-type gene family generated by genomic
duplications on human chromosome 9q34, which contained in
addition toLCN1 two LCN1pseudogenes and twohOBPII genes
paralogous toLCN1. The two hOBPII genes were expressed
differently in the oral sphere (nasal epithelia, lung, von Ebner’s
glands, submaxillary glands, lachrymal glands) and in the genital
sphere (deferent duct, vaginal epithelium, prostate and mammary

glands). Three-dimensional modelling is consistent with a ligan
binding function, previously described for the orthologous r
OBPII (42). Various alternatively spliced forms were produce
from each gene, generating proteins with different C-termini.

We found that thehOBPII-LCN1 family was produced by
successive duplication events. The first was a tandem dupl
tion of a seven-exon lipocalin ancestor with an exon 5a and
exon 3b (Fig. 8). This hypothesis is also supported by phy



Human Molecular Genetics, 2000, Vol. 9, No. 2295

are
d on

ith
s in

n
has

c-
es,
nal
aci-
ns
the
ch
A
d

s
le

ll
for

ay
na-

An
ical

ion
o-

uct.
lso
idi-
the
1
2).

eces-
tory
ca-

nal

bo

7 are

t
UP

e ele
genetic analyses (22, and unpublished data), indicating that the
LCN1-VEGPand OBPII genes correspond to a subfamily of
lipocalin genes and probably have a common ancestor.LCN1
exon 5 is 102 bp long, like exon 5a (101 bp). Exon 5a is present
in the mRNAs generating the hOBPIIa� and hOBPIIb� proteins,
the twohOBPII variants most closely related toLCN1. No exon
3b was detected forLCN1. This organization is consistent with
that of the other seven-exon lipocalins (27). It suggests that the
hOBPII proteins evolved by integrating additional surrounding
intronic DNA into mRNAs via an upstream acceptor splice site
for hOBPIIa exon 5 and the recruitment of an extra exon (exon
3b) forhOBPIIb. The secondary events were the three complete
or partial duplications of this 50 kb region on human chromo-
some 9q34. TwoVEGPgenes are expressed in rat, indicating
that LCN1bwas inactivated after the second duplication. The
insertion of numerous Alu sequences downstream fromLCN1b
exon 6 may be the primary inactivation event. Clusters of
lipocalin genes have been reported forMUP, with a 45 kb
motif (43), and forORM (44). We can wonder whether these
genomic areas are paralogous.MUP genes are divergently
oriented within and between two consecutive motifs, which
was not the case here. In theORM cluster there are three
consecutive genes, whereas there were two here. Thus, these
clusters are probably not paralogous, but instead correspond to
independent duplication events in different ancestral genes.
This is probably not the case for the milk proteins of marsu-
pials (45), the sequences of which appear to be related to that
of LCN1 in phylogenetic analysis (22). Preliminary results
suggest that the late lactation protein and trichosurin genes of
Trichosurus vulpeculaare <20 kb apart (22), and that the late
lactation protein and�-lactoglobulin in the tammar wallaby are
closely linked (42). These data suggest that the duplication
events described here occurred before the emergence of
mammals. These milk proteins are thought to transport retinol
or fatty acids from the mother to the young, and could partici-
pate in the discrimination between early- and late-lactating
mammary glands. They may therefore represent a physiolo-
gical and phylogenetic link between the traditional function of
�-lactoglobulins and hOBPIIb proteins as retinol or fatty acid
carriers in the mammary gland and smell or taste functions for
the nasal OBP proteins (hOBPIIa).

The evolution of the lipocalin gene family involved numerous
tandem duplications, suggesting that such duplication may result in
the acquisition of a new function or the production of a large amount
of protein. Fattoriet al.(16) counted the number of OBPs in a single
species to investigate whether OBPs discriminate between different
ligands. In humans,hOBPIIb was more highly expressed in the oral

sphere than washOBPIIa, but both were present.LCN1 was
expressed in nasal structures and lachrymal glands, which
connected to the nasal cavity via the lachrymo-nasal duct. Base
the predicted barrel structure (Fig. 5) of hOBPIIa� and hOBPIIb�
containing amino acids previously described as interacting w
hydrophobic ligands (41) and the presence of these two protein
the nasal mucus, we conclude that hOBPIIa�, hOBPIIb� and TL-VEG
proteins are OBPs. In addition, rat OBPII, which is orthologous to
the hOBPIIa� and hOBPIIb� proteins (data not shown), has bee
found to bind some odorants (46), and ligand-binding capacity
been demonstrated for TL-VEG (47). The hOBPIIa� and hOBPIIa�
proteins from alternatively spliced mRNAs have a lipocalin stru
ture with eight�-sheets and possible cysteines for disulfide bridg
suggesting OBP function. The main differences in the C-termi
parts of the molecules may be due to differences in binding cap
ties to particular odorants. However, 3D ribbon-view predictio
indicated that these C-terminal parts correspond to one side of
molecule and may be involved in protein–protein interactions su
as dimerization (7,41) or interaction with specific receptors (48).
major difference from the traditional lipocalin structure is foun
with the hOBPIIb� protein, which retained only the first five�-sheets
followed by an�-helix and additional�-sheets. The question arise
as to whether the�-sheets located at the C-terminus of the molecu
may replace the three missing�-sheets in the barrel. Such sma
variations around the traditional structure have been described
triabin (49). Conversely, the hOBPIIa� and hOBPIIb� proteins,
produced from mRNAs lacking exon 2, are not lipocalins and m
have resulted from the transcription background. However, alter
tively spliced forms ofPAEPmRNAs lacking exon 2 have been
described, leading to a markedly different protein structure (25).
immunosuppressive function that may not require the class
barrel has also been demonstrated (50).

The notion that different functions, such as immunosuppress
or contraception, may be acquired by structurally divergent lip
calins is supported by our finding that the hOBPII proteins are
produced by cells of the genital sphere. ThehOBPIIb gene is
expressed mainly in the prostate and deferent duct, whereashOBPIIa
gene expression in the genital sphere is limited to the deferent d
The human glycodelin-S (25), the mouse and rat E-RABP (a
called epididymal secretory protein 18.5 kDa) and the lizard ep
dymal secretory proteins are also lipocalins secreted into
seminal fluid (24,51). Other proteins from the CRISP and HE
families are secreted by the epithelial cells of the genital glands (5
These secretions are known to coat spermatozoa and to be n
sary for their maturation. Spermatozoa also express some olfac
receptors (53,54), and are probably the target cells for these lipo
lins. The molecular function of the lipocalins present in the semi

Figure 4. Genomic organization of thehOBPII genes, the corresponding mRNAs and sequence alignment of lipocalins. (A) Nucleotide sequences of thehOBPII
genes. Upper lines representhOBPIIa sequence (lines starting with a), lower lines indicate the nucleotides that differ inhOBPIIb and – indicates no corresponding
sequence. Shaded capital letters are exon sequences and lower case letters intron sequences. Sizes indicated on the left are in base pairs. The TATAx is shown
in bold and the polyadenylation signal is underlined. Boxes indicate acceptor splice sites for exons 5, 5b and 5c. (B) Schematic representation of the twohOBPII
genes and their corresponding mRNA. The horizontal shows the exon–intron organization with sizes in base pairs. Solid shaded boxes numbered from 1 to
the coding sequences of the main transcripts, b and c refer to additional exons. The various organizations of mRNA generated by alternative splicing are represented
by the assembled boxes.� indicates a frameshift resulting from the insertion or deletion of an exon and an asterisk a stop codon. a represents the�-helix and b the
�-sheets predicted with DSC. Letters in italics are predictions made with Predator. (C) Sequence alignment of the human hOBPIIa and hOBPIIb proteins
(a�:OBP2aaHOMSA, b�:OBP2baHOMSA, b�:OBP2bbHOMSA, a�:OBP2agHOMSA, a�:OBP2abHOMSA) with human tear lipocalin (LCN1_HOMSA), ra
OBPII (OBP2_RATNO), bovine BLG (LACB_BOSTA), mouse MUP (MUP6_MUSMU), human RBP (RBP_HOMSA), bovine OBP (OBP_BOSTA), rat M
(MUP_RATNO) and porcine OBP (OBP_SUSSC). Residues in dark grey boxes are identical and those in light grey boxes are similar. Secondary structurments
predicted with the DSC program are underlined and amino acid residues are in italics.�-sheets and�-helices are numbered for hOBPIIa and hOBPIIb. The predicted
cleavage site of the signal peptide is indicated by an arrow (AAA�LS) at position 15. Unaligned sequences of divergenthOBPII gene spliced forms,hOBPIIa�
(OBP2adHOMSA) andhOBPIIb� (OBP2bgHOMSA), are at the bottom.
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fluid is unknown, but they are probably involved in reproductive
processes. Furthermore, the production of hOBPIIb proteins by the
tubulo-acinar secretory cells of the mammary glands demonstrates
the recruitment of the corresponding gene for lactation. To date, this
is the only lipocalin described to be involved in lactation in humans,
whereas�-lactoglobulin is known to transport retinoids and fatty
acids to the newborn in many mammals.

The results presented illustrate that the biochemical characteris-
tics of lipocalins have been applied to various physiological func-
tions, mainly via new genes, but possibly also via the recruitment of
previous genes acquiring new functions in different organs (26).
This may result in confusion in terms of nomenclature: the hOBPII
proteins could equally have been called tear lipocalins, odorant-
binding proteins, lactation proteins and deferent duct secretory
proteins, illustrating their pleiotropic capacity. This also indicates
that many different lipocalins may be involved in a particular func-
tion. It is not known whether lipocalins bind the same ligand to fulfil
different physiological functions. However, their genes have been
duplicated frequently during evolution to generate proteins with
different binding capacities, and their promoters have evolved for
recruitment in different physiological functions. Furthermore, we
found additional exons 5b and 5c within intron 4 of thehOBPIIa
gene, resulting in protein diversity. This intron was not present in
APOD, the vertebrate lipocalin most similar to invertebrate lipoca-
lins (55). This would support the intron-late hypothesis in verte-
brates as a means of generating diversity.

MATERIALS AND METHODS

Genomic cloning

We used a copy of the chromosome 9-specific cosmid library
LL09NC01 constructed by Dr J. Allmeman (Biochemical
Sciences Division, Lawrence Livermore National Laboratory,

Livermore, CA) under the auspices of the National Ge
Library Project sponsored by the US Department of Energ

Figure 5. The Swiss-Model-deduced tertiary structure of (A) hOBPIIa� and (B) hOBPIIb�. Ribbon-form view of the two predicted 3D structures of human hOBPII
proteins.�-sheets are indicated in blue,�-helices in orange, predicted disulfide bridge in yellow, C-termini below the�-helices in green, and the loops between�-
sheets predicted to contain acidic amino acids are in yellow. The eight�-sheets are labelled from A to H. Conserved hydrophobic amino acids contained in
pocket and previously described as interacting with the ligands are indicated (Phe51, Phe53, Ile64, Tyr78). The two hOBPII proteins were modelled separately by
the Swiss-Model software. No crystallographic data were available for the orthologous protein or TL-VEG. The software therefore used the mosar
sequences: RBP and�-lactoglobulin were used for matrices for hOBPIIa� and hOBPIIb�, respectively. The 30% similarity threshold necessary for modelling w
attained, so the models presented give a reasonable representation of reality, especially for a well conserved family such as that of the lipocalins.However, the
differences in the models produced (e.g. difference in opening of the barrel, difference in disulfide bridge prediction) for two proteins 97.5% identical illustrate
that this is only the first step towards understanding the real 3D structure of the proteins.

Figure 6. RT–PCR analysis. (A) LCN1, LCN1bandLCN1cor (B) hOBPIIa and
hOBPIIb RT–PCR products were detected with their respective specific olig
nucleotide probes. (C) RNA quality was checked by detection ofGAPDRT–
PCR products (G3PDH probe). Sizes are indicated in base pairs. Note tha
autoradiographs presented correspond to exposures optimized for tissues
high levels of expression. As stated in the text, lower levels of tissue express
can be identified after a much longer exposure:LCN1 in prostate andhOBPIIa
in lachrymal, sweat and von Ebner’s glands.
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Figure 7. Tissue sectionin situ detection ofhOBPII mRNAs. Middle meatus (A andB), turbinates (C andD), prostate (E andF), deferent duct (G andH) and
mammary gland (I andJ) sections were hybridized with digoxigenin-11-UTP-labelledhOBPII riboprobes. No signal was obtained with the sensehOBPIIriboprobe
(B, D, F, H and J). Note the specific signal for antisense riboprobe (A, C, E, G and I). Arrowheads indicate the various structures: AC, acinar cells; EC,epithelial
cells; GC, glandular cells; SD, secretory duct; L, lumen; TA, tubuloacinar cells (�100).
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Screening and clone analyses were performed as described
previously (34).

Cloning and sequencing analysis

Thirty PCR cycles (94�C for 45 s, 54�C for 45 s, 72�C for
1 min 30 s) with 107 p.f.u. of a Clontech (Montigny-le-Breton-
neux, France)�gt11 human testis cDNA library were
performed with oliEST58 CCTGCAGGTACATGAGCTTCC
and 5� or 3� insert screening amplimers (Clontech) located on
�gt11 vector arms. Nested PCR was performed with oliEST26
CGCTGTATTTGCCAGGCTCC and vector arm oligonucleo-
tides. PCR products were ligated into the pGEM-T vector,
giving the 5� part of the hOBPII cDNAs. The products of
sequencing reactions with standard pGEM-T oligonucleotide
and dye terminator cycle sequencing ready reaction mix
(Applied Biosystems, Courtabœuf, France) were subjected to
electrophoresis on an ABI PRISM 377 automatic sequencer
(Perkin Elmer, Courtabœuf, France), and analysed with the
Sequence Navigator 1.0.1 software (Perkin Elmer). Full-length
cDNA clones (hOBPIIa�, hOBPIIa�, hOBPIIa�, hOBPIIa�, and
hOBPIIb�, hOBPIIb�, hOBPIIb�) were obtained by RT–PCR
(described below) by purification of the bands of interest with
a gel extraction kit according to the manufacturer’s protocol
(Qiagen, Courtabœuf, France) or by subcloning nested PCR
products for weakly expressed alternative forms, and ligation
into pGEM-T vector.

RT–PCR analysis

Tissue samples were collected from 45- to 55-year-old Caucasian
individuals in accordance with French law. Total RNA was
extracted by the single-step method using the RNA NOW mixture
according to the manufacturer’s protocol (Biogentex, Montigny-
le-Bretonneux, France). Total RNA (5�g) was reverse tran-
scribed in a final volume of 20�l containing 0.5 �g of
oligonucleotide GACTCGAGTCGACATCGATTTTTTTTTTT-
TTTTT with the Superscript pre-amplification system (Gibco
BRL, Gaithersburg, MD). The products of this reaction (3�l)
were used for subsequent PCR. Specific mRNAs were determined
by PCR using primers: TL, CCTCTCCCAGCCCCAGCAAG,
and AP, GACTCGAGTCGACATCG, forLCN1-type genes
(LCN1, LCN1B, LCN1C), and DE, CGCCCAGTGACCT-
GCCGAGGTC, and FI, CTTTATTTGGAGTCAGGT-
GGGTG, forhOBPII-type genes. As controls, we used primers:
G3PDH1, CTCTGCCCCCTCTGCTGATG, and G3PDH2,
CCTGCTTCACCACCTTCTTG, specific for the G3PDH
gene, which is considered to be expressed constitutively in all
cell types. Thirty-two PCR cycles (94�C for 45 s, 54�C for 45
s, 72�C for 2 min 30 s) were performed and the amplification
products were separated by electrophoresis in a 1% agarose
gel. DNA was transferred to a Hybond N+ membrane.

We detected the expression of the various genes using
several specific oligonucleotides:
olLCN1, GACTCAGACTCCGGAGATGA,
olLCN1b, AACTCAGACACCAGAGATGA,
olLCN1c, GACTCAGATCCCGGAGATGA, and
EL5, CCAGGAGGGACCACTACA, specific for thehOBPIIb gene,
EL4, CCGGGACGGACGACTACG, specific for thehOBPIIa gene, and
G3PDH3, CTCATGACCACAGTCCATGC.
Hybridization with oligonucleotides phosphorylated with [�-
32P]ATP using T4 kinase (Applied Biosystems) was performed
at 42�C using Hybond N+ conditions and washing with

increasing stringency, with a final wash in 0.1	 SSC–0.1%
SDS at 48�C for 20 min. The specificity of oligonucleotide
binding was checked with samples of digested cosmid DN
(P233G2 for LCN1 and hOBPIIa, P19E7 for LCN1b and
hOBPIIb, P181A9 forLCN1c) loaded onto the gel with RT–
PCR products.

Genotyping study and linkage analysis

Genotyping was performed by PCR with 100 ng of genom
DNA from the eight reference CEPH families using oligo
nucleotides oli9, TGTTCGGGAACGCAGCTT, and oli10bis
TGCCGCTGTCCCCACGTCGG. Thermocycling paramete
were as follows: an initial cycle at 94�C for 10 min followed by
30 cycles at 94�C for 30 s, 55�C for 30 s and 70�C for 45 s.
There was a final elongation step of 10 min at 70�C. PCR prod-
ucts were analysed by electrophoresis in a 3% agarose
Genotypes for the chromosome 9 markers were obtained fr
the chromosome 9 homepage organized by Prof. S. Povey
Dr J. Attwood (http://galton.ucl.ac.uk ) and analyses we
performed with the linkage package as described previously
Lacazetteet al. (34). Haplotypes were reconstructed manual
according to the previously described recombination events
family 1362 (56).

Protein structure predictions

Multiple alignment of lipocalin protein sequences for whic
crystallographic structures have been described (57) and
hOBPIIa and hOBPIIb proteins was achieved with ClustalW
software (ftp://ftp.infobiogen.fr ). This was used to determin
putative secondary structures with the DSC program (discrim-
ination of protein secondary structure class) developed by Drs
R.D. King and M.J.E. Sternberg (http://bioweb.pasteur.
seqanal/interfaces/dsc-simple.html ). The secondary structu
of proteins corresponding to alternatively spliced forms we
assumed to be identical to the classical forms before
frameshift and, after, prediction with single sequences w
performed with Predator software (http://pbil.ibcp.fr/cgi-bin )

The tertiary structures of hOBPIIa� and hOBPIIIIb� were obtained
using the automated Swiss-Model protein modelling service (htt
www.expasy.ch/swissmod/SWISS-MODEL.html ), after multip
alignment with the sequences of lipocalins of known 3D structu
RBP and�-lactoglobulin (Brookhaven Protein Data Bank acce
sion nos 11BSO, 11B0O, 11BSQ, 11BEB and 11EPA) were u
as matrices for hOBPIIa� and hOBPIIIIb�, respectively. Protein
models were viewed with Swiss pdb viewer software.

In situ hybridization

Serial cryostat sections (8�m thick) were collected on Super-
Frost Plus slides (Menzel Glazer, Nemours, France) and sto
at –80�C. Antisense and sense RNA probes were transcrib
by standard T7 or SP6 polymerase reactions using DIG-1
UTP (Boehringer Mannheim, Meylan, France) after restrictio
digestion (NcoI or PstI) of the phOBPIIaP2 cDNA clone (probe
length �150 nucleotides).PstI-digested matrices transcribed
with T7 RNA polymerase corresponded to the antisense pro
andNcoI-digested matrices transcribed with SP6 probe corr
sponded to the sense probe.

Tissue sections were fixed in 4% paraformaldehyde for
min and rinsed for 5 min in cold 2	 phosphate-buffered saline
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Tissue sections were acetylated [twice for 5 min each with
triethanolamine buffer pH 8.0, containing 0.25% (v/v) acetic
anhydride] and incubated at 60�C for 15 min in 1	 SSC/50%
formamide. Labelled probes were applied to each section in 50
�l of hybridization buffer (50% formamide, 1	 Denhardt’s
solution, 500�g/ml total tRNA, 10% dextran sulfate, 10 mM
dithiothreitol). Sections were covered and incubated in humid-
ified chambers at 50�C overnight. After hybridization, the
slides were immersed in washing buffer (50% formamide, 1	
SSC) at 55�C for 2 h. They were rinsed twice for 5 min each in
2	 SSC at room temperature, treated for 30 min with 10 mg/ml
RNase A at 37�C, and immersed for 2 h at 55�C in washing
solution (50% formamide, 2	 SSC). The slides were then incu-
bated for 15 min in 0.1	 SSC at 55�C.

Immunological detection was performed with a sheep anti-
DIG–alkaline phosphatase (Fab fragments) antibody according
to the Boehringer Mannheim protocol. Sections were exam-
ined at various magnifications with an Axiophot (Zeiss, Lyon,
France) microscope.

Accession numbers

The following EMBL accession numbers have been attributed
to the newly described sequences: AJ251029 for thehOPBIIa
gene, AJ251021 for hOBPIIa�, AJ251022 for hOBPIIa�,
AJ251024 for hOBPIIa�, AJ251023 for hOBPIIa�, AJ251025 for
the hOBPIIb gene, AJ251026 for hOBPIIb�, AJ251027 for
hOBPIIb�, AJ251028 for hOBPIIb� and AJ251020 for the
hOBPIIb gene minisatellite.
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