
The role of perireceptor events in vertebrate olfaction
P. Pelosi

Dipartimento di Chimica e Biotecnologie Agrarie, University of Pisa, Via S. Michele 4, 56124 Pisa (Italy), 
Fax +39 050 574235, e-mail: ppelosi@agr.unipi.it

Abstract. The perception of odours and pheromones is
mediated by small soluble carrier proteins that belong to
the family of lipocalins. Those secreted by the nasal
mucosa are called odorant-binding proteins (OBPs) for
their binding activity towards volatile compounds. Pro-
teins of similar structure, which we call pheromone-
binding proteins (PBPs), help to deliver volatile phero-
mones in the environment. They are present in high
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concentration in biological fluids, such as urine, saliva
and vaginal discharge, involved in chemical communica-
tion between conspecifics. Several subclasses of OBPs
have been identified in the same animal species, each best
related to a particular group of PBPs. Such similarities,
together with anatomical and behavioural evidence, sug-
gest that OBPs may be involved in the perception of
pheromones.

Key words. Odorant-binding protein; pheromone-binding protein; urinary proteins; salivary proteins; lipocalins; 
perireceptor events; vomeronasal organ.

Introduction

Understanding the physiological function of OBPs has
been a major problem since their discovery and charac-
terisation. Although at the beginning their role was as-
sociated with olfaction, recent data clearly indicate that
they may instead be involved in the perception of phero-
mones, acting in the vomeronasal organ.

The perireceptor space
The task of perceiving stimuli from the external world po-
ses major problems at the interface between the sensory
organs and the environment. This is particularly evident
for chemical senses, where a physical contact between
foreign molecules and receptors of the sensory neurons is
necessary in order to trigger the response. In olfaction of
air-breathing animals, an additional problem is posed by
the danger of dehydration at the air-water interface.
To prevent evaporation of water and at the same time to
protect the sensory neuron endings from the environment,
different strategies have been adopted in the course of evo-
lution. In air-breathing vertebrates, the olfactory epithe-
lium, with its layer of cilia, protruding from the sensory
neurons, is covered by a thick layer of dense mucus. Large

glycoproteins bind high quantities of water, thus reducing
evaporation; at the same time, the thick mucus matrix of-
fers physical and chemical protection against foreign
agents. In insects, a hard cuticular wall prevents evapora-
tion of the aqueous fluid filling the inner space (the sensil-
lar lymph), at the same time allowing diffusion of odorant
molecules through tiny pores present all over its surface.
This region around receptor sensory neurons is called
‘perireceptor space’, and ‘perireceptor events’ is the
name given to the chemical interactions of odours and
pheromones with the soluble macromolecules present in
this space [1].

OBPs as major components of the perireceptor space
Both the sensillar lymph of insects and the nasal mucus of
vertebrates contain large amounts of small soluble OBPs,
that specifically and reversibly bind odours and phero-
mones [2–6]. The very high concentrations of these pro-
teins in their respective fluids, as well as their rapid turn-
over, suggest functions important for the individual or for
the species.
When OBPs were first isolated [7, 8], it was hypothesised
that they could be responsible for recognizing of
olfactory stimuli, acting as ‘soluble receptors’, with a



mechanism similar to that used by bacteria to sense sugar
molecules [2, 9, 10]. Other proposed functions included
OBPs as carriers or scavengers for the hydrophobic
molecules of odorants, but definite proof for any of these
hypotheses was not provided.
Following the discovery of transmembrane olfactory
receptors in vertebrates [11] and their functional expres-
sion [12], experimental evidence indicates that olfactory
perception does not require the presence of OBPs, as
odorant molecules can directly trigger the receptors of the
neuronal membrane [13–15]. Recently, behavioural ob-
servations, together with biochemical and physiological
data, strongly suggest that in vertebrates the target organ
of OBPs is not the olfactory epithelium, but the vomero-
nasal system. Along with such view, then, OBPs would be
involved in the perception and recognition of phero-
mones, rather than of general odorants. In the next para-
graphs, experimental data supporting this view are re-
viewed and discussed.

Pheromone-binding proteins
The strongest support for such a hypothesis is the high
similarity of OBPs to structurally related proteins, syn-
thesised by different glands of the body and carrying vola-
tile pheromones. In analogy with the nomenclature em-
ployed for insect OBPs, we propose to call these proteins
PBPs (pheromone-binding proteins), while leaving the
term OBP for those expressed in the nose. Vertebrate PBPs
are highly concentrated in biological fluids, such as urine,
saliva and vaginal secretion, that are known for their role in
chemical communication between conspecifics. Their si-
milarity with OBPs of the nasal epithelium can be very
high, with more than 90% identical amino acids. 
In the following sections, the structures of OBPs and PBPs
of mammals are reviewed and compared, together with their
ligand-binding properties. Some physiological aspects re-
lated to these proteins are then examined, and a model of
action for OBPs in pheromonal perception is proposed.

OBPs and PBPs

Vertebrate OBPs were discovered at the beginning of the
eighties using a ligand-binding approach [7]. Several
members of this family were later purified from different
species of mammals [16–23]. The frog OBP is the only
one isolated in a nonmammalian vertebrate [24]. Of spe-
cial interest is the expression of three to five types of
OBPs in the same animal species. These are not to be con-
sidered as isoform, nor individual differences, but as
distinct subclasses on the basis of their structural and
functional diversity. 
Among the PBPs, rat and mouse urinary proteins have
been known for a long time [25, 26], but their role in

chemical communication had not been suspected, nor
were functional data reported. Only after the isolation of
OBPs did their structural similarity with these proteins
suggest a function of carriers for chemical messengers
and prompt functional studies on the isolated proteins
[27]. Later, similar proteins were identified in the saliva
of mouse [28, 29] and pig [30], as well as in the vaginal
discharge of hamster [31, 32]. 

Structure
OBPs and PBPs of mammals are acidic polypeptides of
17–20 kDa, present in their native state as noncovalent
dimers or monomers. Based on their amino acid sequence
and three-dimensional structure, they can be assigned to
the superfamily of lipocalins. These are small soluble
proteins, whose common function seems to be that of
carriers for hydrophobic ligands in aqueous biological
fluids, although members with different functions, in-
cluding enzymatic activity, have been reported [33, 34]. A
typical representative of this family is the serum retinol-
binding protein, which transports vitamin A across the
bloodstream [35, 36]. Lipocalins have also been reported
in insects [37] and even in bacteria [38].
All lipocalins share a short motif, -G-X-W-, not far from
the amino terminus, that is fully conserved. Residue
identity between distant members of the lipocalin family
can be very small, even below 20%. Despite such wide
variability, their tertiary structure is well conserved, with
the typical b-barrel motif consisting of eight antiparallel
b sheets [33].
Another subclass of OBPs includes sequences similar to
the so-called VEG proteins. This name derives from the
von Ebner’s glands, where they were originally dis-
covered [39, 40]. Intriguingly, the same genes are also
expressed in the lachrymal glands [39, 41] and in the
prostate [42], and similar proteins have been purified
from the nasal epithelium [43, M. Fantacci and P. Pelosi,
unpublished]. While it is conceivable that urinary, sali-
vary and vaginal proteins could be involved in chemical
communication within the species, the function of VEG
proteins is still undefined. 
Finally, two lipocalins, called VNS-1 and VNS-2, are
specifically expressed in the vomeronasal epithelium of
the mouse [44]. They bear significant sequence similarity
to OBPs and may be considered as a fourth subclass of
these proteins.
Other lipocalins, certainly to be included in the PBP
family, are secreted by sweat glands of mammals. One of
these, carrying the odorant E-3-methyl-2-hexenoic acid,
has been isolated from human armpit secretion [45]: its
amino acid sequence identified this protein as apolipo-
protein D [46]. The skin glands of the cow also produce a
lipocalin, classified as an allergen [47]; however, its
sequence homology with urinary proteins may indicate
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an additional role of pheromone transport. Another lipo-
calin, showing significant sequence similarity to urinary
proteins, has been isolated from the endometrium of the
mare [48].
The number of PBPs in mammals is probably much
larger, given the diversity of glands producing chemical
markers and messengers. The observation of behaviour
has provided and still provides the first clues for identi-
fying the glands and analysing their secretions. Very
often it has been observed that the synthesis of volatile
chemical signals is associated to the expression of their
relative binding proteins. 
All OBPs and PBPs share with the other lipocalins the
typical three-dimensional folding of the b barrel, a calyx-
shaped cavity, made up of eight antiparallel b strands; 
a short segment of a helix close to the C-terminus com-
pletes the structure [34]. So far, the structures of two
OBPs, the bovine [49, 50] and the porcine [51], and those
of two PBPs, the rat and mouse urinary proteins [52],
have been resolved by X-ray crystallography.
The bovine OBP, which is a homodimer in its native state,
presents the interesting phenomenon of domain swap-
ping: the C-terminal region of each monomeric unit
interacts with the b-barrel domain of the other. This fact
probably helps to stabilise the dimeric structure of a
protein that lacks cysteine residues. The ligand binding
site is located in the core of the b barrel, as clearly
demonstrated by the use of a selenium-containing ligand,
2-amino-4-butyl-5-propylselenazole [53].
It has also been observed that there is a gated entrance to
the ligand-binding site. Although conformational chan-
ges following the uptake of a ligand have not been direc-
tly observed, such a model could well account for the un-
usually long dissociation time (hours) measured for the
complex [54], given a thermodynamic constant of the
micromolar order. It would also explain the unsuccessful
attempts to purify OBPs by affinity chromatography on
media derivatised with analogues of odorant molecules
[P. Pelosi, unpublished].
The pig OBP is very similar in its structure [51] to the
bovine protein, apart from the obvious absence of the
domain swapping, given its monomeric nature. In this
case, the C-terminal region is folded back on the main
bulk of the protein, owing to the insertion of a glycine
residue in position 121. This structure is exceptionally
stable to thermal denaturation (up to 80 °C), particularly
in the presence of a ligand [55].
The urinary proteins of rat (a2u) and mouse (MUP), both
monomers in their native forms, share the same folding
with OBPs [52]. In addition, these proteins contain mole-
cules of specific pheromones tightly bound inside the
cavity, as described below.

Ligand binding
Odorant-binding proteins were first discovered using
ligand-binding assays with 2-isobutyl-3-methoxypyrazine
[7], a very powerful green-smelling component of bell
peppers that binds to most OBPs with dissociation con-
stants of the micromolar order.
A wide study of binding specificity has been performed
only with bovine OBP and pig OBP-I, which could be
easily purified in relatively large amounts. The two
proteins, which can be assigned to the same subclass on
the basis of sequence similarity, also show similar spectra
of binding [54, 56–58].
Of all the odorant molecules tested, no one proved to be a
particularly strong ligand, with dissociation constants on
the order of 0.1–1 mM for the best ligands. A comparison
between the chemical structures of good ligands and those
of nonligands indicates the former as molecules of medium
size, hydrophobic and of planar, rather flat shape, whereas
the latter include more hydrophylic compounds and those
of round shape. Examples of good ligands are thymol,
menthol, 3,7-dimethyloctanol and linear aldehydes of
6–10 carbon atoms. Odorants not exhibiting any appreci-
able affinity include hydrophilic aromatic compounds, such
as 2-phenylethanol and 2-methoxy-3-methylpyrazine,
round-shaped compounds, such as camphor and cineol,
and charged odorants, such as fatty acids.
Such a broad specificity, together with the rather high dis-
sociation constant measured with general odorants, pro-
bably suggests that the physiological ligand for these
proteins has not yet been identified. The idea that OBPs
could act in the vomeronasal organ supports this idea and
indicates the molecules of pheromones as the best puta-
tive ligands. Information in this field is still poor and
fragmentary. 
Binding experiments have also been performed with
urinary proteins of rat and mouse [27]. Despite their
relatively low sequence similarity with bovine OBP and
pig OBP-I, these proteins bind 2-isobutyl-3-methoxypy-
razine and several other odorants with similar affinities
and specificities. Moreover, MUP, purified from urine as
a mixture of isoforms, has been shown to contain at least
three tightly bound volatile compounds, 2-sec-butylthia-
zoline, 2-dehydrobrevicomine and 4-ethylphenol [59,
60], all reported to present pheromonal activity in the
mouse. Incidentally, we observe that the first molecule is
an analogue of 4-butyl-5-propylthiazole, a derivative that
shares with 2-isobutyl-3-methoxypyrazine a strong green
odour and a good affinity to OBPs. 
The boar lipocalin SAL, sex specifically expressed in the
submaxillary glands, is related in its N-terminal sequence
to urinary proteins. After purification it retains, as do the
MUPs, compounds that are known sex pheromones for
the pig, 5a-androst-16-en-3-one and 5a-androst-16-en-
3-ol. Moreover, it reversibly binds 2-isobutyl-3-methoxy-
pyrazine with micromolar affinity [30]. The role of saliva
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in chemical communication between sexes has been well
established, as has that of urine in the mouse.
Although the porcine sex pheromone, 5a-androst-16-en-
3-one, showed poor affinity to OBP-I, another protein,
OBP-II, also expressed in the nasal tissue, binds the
steroid more specifically, whereas it does not bind 2-
isobutyl-3-methoxypyrazine. Thus, a complementarity of
binding is emerging, while evidence is accumulating on
the complexity of pheromones, including, in addition to
the sex-related ones, other molecules mediating re-
lationships between mother and young or competing
males, as well as stress-releasing pheromones and ter-
ritorial markers.
Another example is provided by the rat OBPs, where
again a microdiversity of these proteins seems to be
related to different binding specificities: OBP-I, struc-
turally related to bovine OBP and pig OBP-I, binds 2-
isobutyl-3-methoxypyrazine, but not fatty acids, whereas
the reverse is true of OBP-II, which belongs to the VEG-
like subclass of OBPs [61].

Physiological aspects

Site of production and temporal expression of OBPs
While the structures of OBPs and PBPs have been well
characterised, the physiological effects of these proteins
are poorly understood. Tissue specificity and regulation
of their expression may be suggestive of their function at
physiological and ethological levels.
Concerning PBPs, their sex specificity is a clear indi-
cation of their role in chemical communication between
sexes. In fact, in rat and mouse, urinary proteins are pro-
duced only by the male and are under hormonal control
[62, 63]. The salivary proteins of the boar are totally
absent in the female, as well as in the immature male [30].
Moreover, as reported above, both urinary and salivary
proteins carry the specific volatile pheromones as endo-
genous ligands. Salivary proteins may be involved in
sexual communication also in the mouse, as indicated by
behavioural data [64]. The role of hamster aphrodisin,
given its specific site of production, does not need further
comment. 
OBPs of the nose are synthesised by several glands
located in the respiratory region of the nasal tissue, such
as the lateral nasal glands and the glands of the septum
[21, 65–70]. The OBP-related lipocalins, VNSP-1 and
VNSP-2, previously reported, are synthesised by glands
of the vomeronasal organ [44]. Given the anatomy of the
VNO, often a narrow cavity, open only at one end, it is
reasonable to assume that these proteins perform their
function in the same organ. In fact, the mucus covering
the epithelium of the VNO is not easily translocated to
another sensory tissue, but directly discarded through the
mouth. Given the highly significant similarity between

VNSPs and OBPs, it is reasonable to put both these types
of proteins in the same class and assume that they also
share a common role. OBPs in fact may easily reach the
vomeronasal cavity, carried in the natural downward flow
of nasal mucus towards the opening of the nares, where
the entrance of the VNO is usually located. From this
point the mucus is pumped inside the vomeronasal organ
by the typical behaviour called ‘flemen’, a sort of rythmic
contraction of the tip of the nose.
There are not many systematic studies on the temporal ex-
pression of OBPs; generally, OBPs are synthesised soon
after birth and reach their maximum levels within 2–3
days [68]. This is in contrast with olfactory receptors,
whose expression starts during fetal life. During the course
of life, however, OBPs are not produced at a constant rate,
but only in certain periods and under certain physiological
conditions. Particularly interesting is the observation that
one of the two vomeronasal OBPs of the mouse, VNSP1,
is only expressed in the first weeks of life and at the onset
of puberty. The presence of this protein in these periods has
been related to the role of olfaction in recognising the mo-
ther and finding a partner, respectively [44].

Receptors for PBPs in the vomeronasal organ
The general idea suggested above that OBPs may have
their target in the vomeronasal organ finds its stronger
support in the evidence, provided in the last few years,
that membrane receptors for PBPs are active in the VNO.
Such evidence comes from contributions of ethology,
physiology, molecular biology and biochemistry, which
provided complementary experimental data.
The observation that female mice are attracted by the
urine of males first suggested the presence of phero-
mones in this liquid. In fact, a great number of volatiles
were identified with more or less clear pheromonal
activity [71, 72]. The presence of binding proteins for
these molecules in the same fluid was first related to a
function of solubilising these hydrophobic compounds
and at the same time providing a system for a gradual
release of the same molecules in the environment. The
role of the urine, however, is not limited to carrying vola-
tile pheromones. In fact, female mice are also interested
in its nonvolatile components, as indicated by their
licking behaviour: in this way, female mice send this fluid
in the nasal cavity, including the VNO. 
Such observations prompted a more detailed investiga-
tion of the effect of male urine on female physiology and
development [73]. Thus, it was demonstrated that when
injected into the nose of young female mice, the urine of
their conspecific males accelerates the onset of puberty.
The weight of the uterus, taken as a measure of the effect,
was on the average twice that of control individuals. The
same result was obtained by the use of purified urinary
proteins, both when complexed with their pheromonal
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ligands and after removal of these small components. The
volatile pheromones alone were ineffective, whereas a
synthetic peptide, reproducing the first six residues of the
urinary protein, was found to produce a result similar to
that of the entire protein [73]. These experiments clearly
indicate the presence of receptors for PBPs, such as the
urinary proteins, in the nasal cavity.
Molecular biology provided another piece of infor-
mation, however, not directly related to the physiological
effect described above. The vomeronasal epithelium
expresses two classes of receptors, both belonging to the
family of G-protein-coupled seven-transmembrane re-
ceptors, but drastically different in their extracellular
domain. Whereas receptors of the first class, called V1R,
are structurally similar to the previously discovered
olfactory receptors [74], those of the second class (V2R)
contain a large extracellular domain of about 600 re-
sidues at their N-terminus [75–77]. It has been suggested
that such a domain could bind polypeptide ligands.
A link between the physiological data and those of mole-
cular biology was recently provided by classical bio-
chemical experiments [78]. Volatile pheromones and
urinary proteins were shown both to be active on mem-
branes of the VNO. However, the first ligands stimulated
the activity of adenylate cyclase, through a Go protein,
with production of the second-messenger cyclic AMP
(cAMP), whereas the proteins had the effect of increasing
the concentration of intracellular IP3 through the activa-
tion of a Gi protein and the enzyme phospholipase C.
Although these experiments do not demonstrate binding
between urinary proteins and receptors of the second
class, they strongly support such a hypothesis.

Conclusions

Understanding the physiological function of OBPs has
been a major problem since their discovery and characte-
risation. Although at the beginning their role was as-
sociated with olfaction, recent data clearly indicate that
they may instead be involved in the perception of phero-
mones, acting in the VNO. The elements of evidence
towards this view have been reported above and can be
summarised here:

– olfactory receptors functionally expressed in cells not
synthesising OBPs are still able to respond to odours;

– OBPs are structurally similar to pheromone-binding
proteins of urine, saliva and vaginal discharge;

– OBPs are secreted by glands of the respiratory region
of the nasal epithelium; from this area they are trans-
located to the VNO, but not to the olfactory mucosa;
some OBPs are also synthesised in the VNO.

If we assume that OBPs perform their role in the perire-
ceptor space of the VNO, the second unanswered question

regards the specific molecular mechanisms where they are
involved. The presence of several subclasses of OBPs, as
reported in most animal species, suggests a discrimination
role of these proteins. This is further supported by the pro-
found structural differences between the sequences of
OBPs of the same species, in contrast with the high simi-
larity of each OBP with a member of the PBP family.
Thus, pairs of OBP/PBP could have evolved towards the
common function of binding a specific ligand. In fact,
complementary binding specificities have been measured
with OBPs of the same species, as discussed above.
Thus, OBPs could selectively carry different volatile
pheromones to the membrane receptors of the VNO. The
complex OBP/pheromone could then convey the chemi-
cal message to the receptor proteins along with different
models:

– the receptor could recognise the complex, but not the
ligand alone;

– the ligand could be transferred to the receptor only if
assisted by the OBP;

– the ligand could spontaneously dissociate from the
complex and bind to the receptor.

Certainly, volatile pheromones are able to activate the
enzymatic cascade in the VNO leading to production of
cAMP: this observation would exclude the involvement
of OBPs, at least for one of the two transduction mecha-
nisms active in the neurons of the VNO.
On the other hand, PBPs certainly interact with mem-
brane receptors, most likely those of class V2R: OBPs of
similar structure may well follow the same path and act
through the same mechanism; the function of volatile
pheromones in this protein/protein interaction, however,
is not yet understood.
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