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ABSTRACT: Odorant-binding proteins (OBPs) are low-molecular-weight soluble proteins highly concentrated
in the nasal mucus of vertebrates and in the sensillar lymph of insects. Their affinity toward odors and pheromones
suggests a role in olfactory perception, but their physiological function has not been clearly defined. Several
members of this class of proteins have been isolated and characterized both in insects and vertebrates; in most
species two or three types of OBPs are expressed in the nasal area. Vertebrates OBPs show significant sequence
similarity with a superfamily of soluble carrier proteins called lipocalins. They include some proteins of particular
interest that are thought to be involved in the mechanism of releasing and modulating chemical messages with
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pheromonal activity.

The data on vertebrate OBPs are here reviewed together with the most relevant information on related
proteins. Theories and models of the physiological functions of odorant-binding proteins are presented and

discussed.

KEY WORDS: oifaction, carrier proteins, pheromone-binding proteins, perireceptor events, chemical

communication,

l. INTRODUCTION

The biochemical study of olfaction had been
almost completely neglected until the early 1980s,
despite the opportunities for basic research to
provide exciting and fundamental insights. Olfac-
tion did not pique the interests of biochemists
because it could not offer any obvious applica-
tions in medicine and because the information
available on the olfactory system at the molecular
level was so scarce that it was considered too
risky to waste time and energy in an area where
the rewards of scientific research were still uncer-
tain,

Chemists, however, had been accumulating
data on structure-odor relationships (Beets, 1978),
using human subjects for defining odor qualities
and olfactory thresholds; perfumes and food fla-
vors were the main fields of interest, because of
their wide commercial applications; however, they
could cover most of the chemical structures that
exhibited an odor. Therefore, by the end of the
1970s, there was such a wealth of data in the
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literature on odor and molecular structure that
well-documented working models were accepted
on how the olfactory system would interact with
different volatile molecules and generate the cor-
responding odor sensations.

The exceptional power of discrimination of
the olfactory system required that receptor pro-
teins should be the peripheral-sensing elements.
In the meantime, Amoore had indicated through
the study of specific anosmias, which is the odor-
blindness to particular classes of volatiles, a way
to break the olfactory code. The identification of
several types of specific anosmias in the human
population and the demonstration that this phe-
nomenon is genetically inherited greatly contrib-
uted to a basis for future work in biochemistry
and molecular biology of olfaction (Amoore, 1967,
1977; Whissell-Buechy and Amoore, 1973;
Amoore and Steinle, 1991).

Strangely enough, while theories of olfaction
were still being discussed, the basic mechanisms
of bacterial chemotaxis had been characterized
and some of the proteins involved had been already
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purified (Koshland, 1981). The concept that dif-
ferent forms of chemical communication, from
neurotransmitter signaling to vertebrate olfaction
and taste, could share the same biochemical
mechanisms did not initially seem so obvious
until more experimental evidence was provided.

At the beginning two events stimulated bio-
chemical research in olfaction: (1) the identifica-
tion of odorant-binding proteins (OBPs), which
are still the only class of olfactory proteins for
which binding of odorants has been experimen-
tally demonstrated (Pelosi et al., 1982), and (2)
the discovery that odorants could produce an ac-
tivation of adenylate cyclase (Kurihara et al., 1972;
Minor and Sakina, 1973). This latter observation
led to the identification of olfactory G proteins
(Pace and Lancet, 1986; Anholt et al., 1987) and,
subsequently, to the major breakthrough in the
biochemistry of olfaction, the identification of a
new family of genes expressed in the olfactory
epithelium, coding for putative olfactory recep-
tors (Buck and Axel, 1991).

Thus, in less than 10 years, olfaction has be-
come one of the most active areas of biochemical
research and has found a prominent place in the
field of the neurosciences. It cannot be overstressed
the tremendous contribution given by the pio-
neering work of Graziadei’s laboratory on the
development of the olfactory tissue. The discov-
ery that olfactory neurons could regenerate and
the clear demonstration of neurons migrating from
the olfactory area to the brain during early devel-
opment demonstrated the olfactory system to be a
most interesting model for investigating several
aspects of the central nervous system (Graziadei
and Dehann, 1973; Graziadei and Levine, 1978;
Graziadei and Monti-Graziadei, 1980).

This review summarizes the data so far avail-
able on odorant-binding proteins, both in verte-
brates and insects, giving also a brief account of
other proteins similar to OBPs in their structure or
function. Hypotheses are also discussed on the
physiological role that OBPs might have in odor
perception and discrimination. To help the reader
understand the place and the mode of action of
OBPs, located between the odor stimuli and the
neuronal sensory membrane, two introductory
sections are presented, the first on the relation-
ships between odor and chemical structure and
the second on the biochemical mechanisms of
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olfactory transduction, from membrane receptors
to ion channels. These latter aspects of olfactory
perception have been reviewed recently by Anholt
(1993). ,

While the best effort has been taken to review
all the literature related to the central object of
this article, the odorant-binding proteins, for other
aspects of olfaction only a brief summary is given
with a few selected references.

il. CHEMICAL STRUCTURES OF
ODORANT MOLECULES

The starting point for a study of the olfactory
system is the definition and classification of the
stimuli, the odorant molecules. An odorant can be
defined as any molecule capable of stimulating
the olfactory neurons.

In air-breathing animals, virtually any chemi-
cal volatile enough to reach the olfactory epithe-
lium and made up of not more than about 20
major atoms (i.e., excluding hydrogens) can elicit
an odor sensation. There are very few exceptions
to this rule. In fact, completely odorless volatile
chemical compounds are extremely rare.

The volatility of a substance depends on the
strength of intermolecular forces; therefore, when
strong ionic or polar interactions are present, the
volatility is minimal; as a consequence, charged
compounds, such as salts and amino acids, are
odorless, and those with more than one polar
group are, in most cases, weak odorants. The
situation is completely different in aquatic ani-
mals, where amino acids are among the best odor-
ants.

The hydrophobic character seems to be posi-
tively correlated with odor strength not just through
the volatility effect; numerous examples show
that in homologous series of chemicals, such as
straight-chain alcohols or acids, medium-size
members, which are more hydrophobic but less
volatile than lower members, are also stronger
odorants.

Although we can say that nearly all small
volatile compounds have an odor, their potencies
vary across several orders of magnitude, so that
when compared with the strongest odorants at
equal concentrations a great number of chemicals
can be considered as practically odorless. This
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fact has profound implications in food science
and perfumery, both when identifying in a com-
plex mixture of volatiles those few components
that give the major contributions to the overall
odor and when trying to reproduce natural flavors
or to create new fragrances. For biochemical re-
search it is of the utmost importance to choose the
strongest odorants as probes, being very likely
those that would make strong interactions with
the olfactory receptors.

A measure of the strength of an odorant is its
olfactory threshold, the lowest concentration that
can be perceived by a statistically significant

sample of the human population. The values of
olfactory thresholds depend on the method used,
but comparison of data obtained with the same
method are satisfactorily significant. Moreover,
when comparing values of different orders of
magnitude, as is the case of olfactory thresholds,
experimental errors become negligible.

Figure 1 reports the structures of some com-
mon odorants whose thresholds span a range of
about eight orders of magnitude. A few examples
are included of extremely strong odorants, such
as 2-isobutyl-3-methoxypyrazine, that could indi-
cate a particularly tight and specific binding with

o
N
Ethanol Ethyl acetate
alcoholic ethereal
2mM 0.06 mM

Dimethylsulfide = Pentadecalactone
putrid musky
SnM 7TnM *
CA“Y“
0
2-trans-6-cis-
Geosmin Nonadienal
earthy cucumber
0.1 nM * 0.07 sM

5a~-Androst-16-en- 2,3,6-
3-one Trichloroanisole

urinous moldy

0.6 nM * 0.1 nM

0.

A L~

4-Hydroxyoctanoic

Benzaldehyde acid lactone
bitter almond coconut
0.3 pM 0.05 uM

™

2-Isobutyl-3-

B-Ionone methoxypyrazine
violet bell pepper
0.03 nM 0.01 nM

FIGURE 1. Offactory thresholds of typical odorants. The values indicate the lowest con-

centrations in water perceivable by human subjects and have been obtained using the
method of Guadagni et al., 1963, except for those marked with an asterisk. These have
been measured according to Amoore et al. (1968) and can be compared with the other
values after dividing by a factor of 6, on the average, as suggested by Amoore and Buttery
(1978).
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olfactory receptors. These molecules are there-
fore considered the best biochemical probes when
studying the corresponding receptor proteins; in
fact, the low-dissociation constants expected
would make binding experiments easier to per-
form and more accurate; moreover, the same
probes are likely to be very specific and detect
only one or a small number of receptor proteins.

The quality of an odor is far more difficult to
describe and measure than its intensity. Attempts
to classify different odors have been made since
ancient times, but no agreement has been reached
on even the number of their classes. Perhaps the
most reliable data have been obtained by screen-
ing the different types of specific anosmias
(Amoore, 1977; Amoore and Forrester, 1976;
Amoore et al., 1975, 1976, 1977; Pelosi and Viti,
1978; Pelosi and Pisanelli, 1981). Along with this
approach, a number of (about 30) “primary odors”
have been suggested; these should match an
equivalent number of olfactory receptors, much
in the same way as the color vision is based on
three primary colors. Under this hypothesis, most
of the odor sensations would be generated as a
combination of elementary signals produced by
the peripheral neurons. On the number of primary
odors there is still much debate, especially after
the recent discovery of a family of putative olfac-
tory receptors numbering several hundreds of
members. Certainly, the number of primary odors
cannot be very small, because, in this case, we
would be able to break down a complex odor into
its components, as we do with colors; on the other
hand, it seems unnecessary to have a very large
number of receptors, when considering that with
only three types of rhodopsins we are able to
distinguish hundreds or thousands of different
color shades. A number around a few dozen types
of basic odors, in agreement with the data of
specific anosmia, seems a reasonable hypothesis.

The number of olfactory receptors is also re-
lated to their specificities. In principle, we can
cover the wide map of molecular structures that
are perceived as an odor either with a great num-
ber of very specific receptors or with a handful of
broadly tuned receptors. Looking at other sensory
systems, both approaches can be found in nature:
the auditory system makes use of a very large
number of narrowly tuned sensors, each respond-
ing only to a particular wavelength value; color
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vision, to the contrary, utilizes just three light-
sensitive elements with very broad absorption
spectra; this poor specificity at the peripheral level,
however, does not prevent a very fine discrimina-
tion of the input signals once they have been
processed by the brain. So, as far as we know,
either solution (or both) can have been adopted in
the olfactory system, and the question of the num-
ber of primary odors still remains open.

Another major question regards the molecu-
lar parameters that can be best correlated with the
various odor qualities. The great majority of data
available in this area have indicated that stere-
ochemical aspects are more important than func-
tional groups. Thus, several examples can be pre-
sented of molecules with different functional
groups, but similar size and shape, that also ex-
hibit similar odors. On the other hand, molecules
belonging to the same chemical class (i.e., with
the same functional group but of different size or
shape) usually are also different in their odor
quality. Well-known examples of this concept are
given in Figure 2.

A more detailed treatment of the relation-
ships between chemical structure and odor is be-
yond the aim of this review; the relevant literature
has been summarized in some excellent books
(Beets, 1978; Theimer, 1982; Olhoff, 1990).

In conclusion, it is worth pointing out that
olfactory receptor proteins should be able to dis-
criminate odorant molecules on the basis of the
same parameters (size and shape) recognized by
psychophysical measurements as best related to
odor descriptions.

. BIOCHEMICAL MECHANISMS OF
OLFACTORY TRANSDUCTION

The first biochemical work in olfaction was
the discovery, about 20 years ago, of the olfactory
marker protein (OMP), a soluble protein of 19
kDa expressed uniquely in the olfactory neurons
in all the species examined, from salamander to
humans (Margolis, 1972; Danciger et al., 1989;
Rogers et al., 1987). Although this protein has
been thoroughly studied from every point of view,
its physiological function still remains unknown.

In the following years, attempts to identify
olfactory receptors were made in several labora-
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Q.. Q. Q.

Benzaldehyde
Bitter almond

Nitrobenzene Benzonitrile
Bitter almond  Bitter almond

2-Phenylethanol Menthol Bomeol
Floral Minty Camphor

FIGURE 2. Odor and molecular structure. Compounds bear-
ing different functional groups, such as benzaldehyde, ni-
trobenzene, and benzonitrile, may have similar odors, pro-
vided their oriented profiles are similar. On the other hand,
molecules belonging to the same chemical class, but differ-
ent in size or shape, such as the three alcohols reported, can

present markedly different odors.

tories by selecting proteins unique to the olfac-
tory area. This approach did not prove successful
in the search for membrane-bound receptors for
odors, but yielded several candidates, different in
their characteristics, that were not further investi-
gated or were later shown to perform other func-
tions. Several techniques and criteria have been
adopted, such as binding experiments with radio-
active odorants (Cagan and Zeiger, 1978; Rhein
and Cagan, 1980; Fesenko et al., 1979, 1983,1987,
1988; Novoselov et al., 1980; Pelosi et al., 1981,
1982; Persuad et al., 1988), affinity chromatogra-
phy on immobilized odorants (Price 1978; Price
and Willey, 1987; Goldberg et al., 1979), and
electrophoresis separation of proteins of the ol-
factory cilia (Chen and Lancet, 1984a, 1984b;
Chen et al., 1986).

However, the discovery of olfactory recep-
tors came only recently, as a consequence of a
series of studies that have brought out the main
elements of the olfactory transduction cascade.

Thus, the efforts of scientists were concen-
trated on the intracellular enzymes that were

known to be involved in transduction mechanisms
of many diverse signaling systems, because their
presence could have suggested what the nature of
olfactory receptors was likely to be.

The first element of this jigsaw puzzle to be
identified was the involvement of an adenylate
cyclase with production of the second messenger
cAMP on stimulation with odorants (Kurihara et
al., 1972; Minor and Sakina, 1973; Menevse et
al., 1977; Pace et al., 1985; Shirley et al, 1986;
Sklar et al., 1986; Lowe et al., 1989; Ludwig et
al., 1990). Experiments performed in several labo-
ratories indicated that the concentration of cyclic
AMP in olfactory tissue increased by about 50%
after stimulation with several odorants. Such an
increase, although significant, was much lower
than what had been expected. Only fast kinetic
experiments, performed later with preparations of
olfactory cilia very elegantly showed that the in-
crease was at least 3 to 4 fold, but the levels
decayed very rapidly in a fraction of a second
(Breer et al.,, 1990a). The reason for this rapid
decrease was found to be the presence of an active
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mechanism for terminating the olfactory signal:
this mechanism involves the action of protein
kinases, much in the same way as is known to
occur in the case of B-adrenergic receptors
{Boekhoff and Breer, 1992; Schleicher et al.,
1993).

By analogy with neurotransmitter receptor
systems, it was suggested that another transduc-
tion mechanism, involving production of inositol
triphosphate (IP,) could also take place in olfac-
tion, Experimental data confirmed this hypothesis
(Huque and Bruch, 1986; Kalinoski et al., 1992)
and indicated that the synthesis of cyclic AMP or
of IP, could be alternatively stimulated by differ-
ent odorants (Boekhoff et al., 1990; Breer, 1991;
Breer and Boekhoff, 1991).

These results fitted very well with the discov-
ery made in the meantime by several groups that
G proteins were involved in olfactory transduc-
tion and that a new type of G protein called G
was highy enriched in olfactory neurons (Pace
and Lancet, 1986; Anholt et al., 1987; Jones and
Reed, 1989).

This series of findings provided the basis for
a well-focused search for the olfactory receptors.
Having demonstrated the presence in the olfac-
tory neuron of the enzyme cascade known else-
where to be coupled to 8-adrenergic receptors, it
was reasonable to assume that olfactory receptors
should be related to the protein superfamily that
included B-adrenergic receptors. Thus, a search
for membrane-bound proteins unique to the olfac-
tory tissue and belonging to the seven transmem-
brane region family, known to be coupled to G
proteins, led to the discovery of a very large
multigene family, assumed to code for the long-
sought olfactory receptor proteins (Buck and Axel,
1991).

This discovery stimulated the interest of
several groups who dedicated their energies to
research programs centered around this family
of receptors. As a consequence, in a very short
time many interesting papers have been pub-
lished on the structural and functional charac-
terization of such receptors. The topographical
localization of olfactory receptor proteins in
the rat (Buck, 1993) has indicated that they are
selectively expressed in domains well distinct
from each other. On the contrary (Ngai et al.,
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1993a, 1993b), in catfish there is a complete
lack of organization: both results support what
electrophysiological measurements had indi-
cated in the past (Shepherd, 1985). Cloning the
putative olfactory receptors has also provided
the tools for a study of olfaction at the genomic
level in humans and eventually correlating bio-
chemistry with the very large number of data
on olfactory psychophysics (Lancet et al., 1993).
Expression of olfactory receptors has also been
successfully reported in heterologous systems
(Raming et al., 1993). Finally, a transcription fac-
tor, called Olf-1, has been identified and cloned
that activates the expression of several olfactory
proteins, such as OMP, specific G protein, adeny-
late cyclase, and a cyclic nucleotide gated ion
channel (Kudrycki et al., 1993; Wang and Reed,
1993).

IV. PERIRECEPTOR EVENTS

When odorants enter the nasal cavity two
types of processes occur. One is the specific inter-
action with receptor proteins on the membrane of
the olfactory cilia. But, before reaching the neu-
ronal membrane, the odorant molecules have to
cross a thick layer of mucus containing high con-
centrations of several classes of proteins that may
interact with the volatile compounds. These pro-
cesses, which occur in the proximity of the olfac-
tory receptors, have been given the name “peri-
receptor events” (Getchell et al., 1984).

The olfactory mucus, like other types of pro-
tective mucus, is very complex in its composition
and several aspects remain to be investigated.
Proteins belonging to different classes are very
abundant in the mucus and perform different func-
tions (Getchell et al., 1987, 1993, Getchell and
Getchell, 1991).

The mucins are large proteins (250 to
1000 kDa) highly glycosylated that give consis-
tency and thickness to the mucus. Apart from
these structural proteins, the mucus is rich in
antibodies, antibacterial proteins, such as lisozyme,
carrier proteins, detoxifying enzymes, and other
proteins of yet-unknown function.

While odorant-binding proteins are discussed
later in greater detail, a brief description is given
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here of some other interesting proteins secreted in
the olfactory mucus.

Olfactomedin is a very abundant protein in
the olfactory mucus of the frog. It is a glycopro-
tein of 57 kDa (Snyder et al., 1991; Bal and
Anholt, 1993; Yokoe and Anholt, 1993) and is
synthesized in sustentacular cells and Bowman’s
glands. Through disulfide bonds it forms poly-
mers that are the main structural constituents of
the mucus matrix. Its association with the olfac-
tory cilia is so tight that, like the enzyme UDP
glucuronosyl transferase, was originally thought
to be one of the ciliary membrane proteins. This
strong binding to ciliary structures could suggest
a role for olfactomedin in the mechanism of odor
perception, but no further data have been pro-
vided to support such hypothesis. It would be
desirable to have information concemning odor-
binding activity of this protein and its presence in
other animal species.

Another glycoprotein of the mucus is
vomeromodulin, identified in the rat, where it is
secreted by the lateral-nasal glands. It is a polypep-
tide of about 60 kDa that is glycosylated to pro-
duce a mature protein of 70 kDa (Khew-Goodall
et al.,, 1991). It is abundant in the mucus of the
vomeronasal organ, but not in the olfactory area.
It has been proposed that this protein, like
olfactomedin, mediates odor perception, in this
case delivering pheromonal odorants to the
vomeronasal organ; however, binding data have
not been reported so far.

Three more genes have been specifically iden-
tified in secretory cells of the olfactory tissue in
the rat, They are called RYA3, RY2GS5, and RYDS
and encode proteins of 473, 470, and 94 amino
acids, respectively. The first two proteins share
about 20% of their amino acids with the human
neutrophil bactericidal protein, while the third
sequence shows nearly 30% similarity with bind-
ing proteins for steroids and polychlorinated bi-
phenyls. It has been suggested that these could be
carrier proteins for odorant molecules, although
no direct evidence of binding activity has been
reported (Dear et al., 1991a).

Finally, albumin should be included in the list
of mucus proteins. Although this is not a specific
protein of the olfactory area, its well known func-
tion of carrier for hydrophobic molecules in the

serum could also be performed in the olfactory
mucus.

The chain of detoxifying enzymes is well
expressed in the olfactory area; its activity is
comparable or higher than that measured in the
liver. Cytochromes P-450 have been described
in the olfactory epithelium and specific forms
have been cloned (Dahl, 1988; Ding and Coon,
1988, 1990; Ding et al., 1991; Nef et al., 1989).
UDP glucuronosyl transferases are among the
most abundant proteins that are associated with
olfactory membranes; several isoforms have been
identified and purified (Longo et al., 1988; Lazard
etal., 1990), and their amino acid sequences
have been determined through cloning (Lazard
et al., 1991). Glutathione transferase has also
been shown to be present in the olfactory epithe-
lium and active toward odorant molecules (Rama-
Krishna et al., 1992),

The tight association of these enzymes with
olfactory membranes has suggested a role in odor
perception, in particular in the signal termination
process. This hypothesis seems not well grounded
on the basis that, like their liver forms, these
enzymes are particularly active toward aromatic
compounds and would leave a great number of
strong aliphatic odorants unaffected. A detoxify-
ing function, on the other hand, seems appropri-
ate and necessary in the proximity of functionally
important neurons that are exposed to the external
environment.

V. ODORANT-BINDING PROTEINS OF

- VERTEBRATES

A. History

The term OBPs (odorant-binding protein)
refers to a class of small soluble proteins that have
been actively studied in the past decade for their
property of binding several odorant molecules.
They were discovered at the beginning of the
1980s in the search for olfactory receptors using
radioactively labeled odorants in ligand-binding
experiments (Pelosi et al., 1981, 1982). At the
beginning they were called “pyrazine-binding
proteins” for their ability to bind 2-isobutyl-3-
methoxypyrazine and odorants of related struc-
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ture. Later, when odorants of different chemical
classes were found to be as good ligands as the
pyrazines, the more general name “odorant-bind-
ing proteins”, as suggested by Pevsner et al. (1986),
was preferred.

Although OBPs are the class of soluble olfac-
tory proteins that have been studied most exten-
sively, other proteins have been occasionally re-
ported to present odor-binding activity.

As briefly mentioned at the beginning of Sec-
tion III, several research groups, attempting to
identify olfactory receptors, have chosen the ap-
proach of ligand-binding studies, using labeled
volatile compounds that were known to be good
odorants for the species studied, or at least for
humans. Such experiments provided data that were
sometimes difficult to reproduce and generally
limited to the species used: When the binding
proteins were purified, no further characterization
followed in most cases, either in terms of struc-
ture or site of production.

The first data of this type have been obtained
in fishes, where odorants are represented by some
amino acids. The availability of radioactive amino
acids, as well as the anatomy of the olfactory
organ that allowed easy dissection have indicated
fishes as the most suitable species for such ex-
periments. Binding activity was found to be asso-
ciated with olfactory cilia, but a function of the
relative proteins in amino acid transport (Brown
and Hara, 1981), rather than olfactory recogni-
tion, could not be excluded (Cagan and Zeiger,
1978; Rhein and Cagan, 1980; Novoselov et al.,
1980; Fesenko et al., 1983).

Using the steroid Sa-androstan-3-one, closely
related to the sow sex pheromone Sa-androst-16-
en-3-one, binding activity has been described both
in porcine and sheep olfactory tissue, but the pro-
teins responsible for such activity were not iso-
lated or further characterized. The main problem
associated with this odorant was its extreme hy-
drophobicity, which accounted for a very high
background in the binding experiments and diffi-
culty in reproducibility (Persaud et al., 1988).

Using a different approach, Price managed to
purify two proteins from dog olfactory epithelium
by affinity chromatography. The affinity gels were
prepared by immobilizing p-anisic acid or
p-carboxybenzaldehyde on Sepharose and, in each
case, was reported to result in a single protein
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species from a crude extract of olfactory tissue
(Price, 1978; Price and Willey, 1987). Antibodies
raised against the anisole-binding protein could
reduce the amplitude of the electrophysiological
response to several odors (Goldberg et al., 1979),
but so could control immunoglobulins. The pro-
teins have not been further characterized, nor was
it reported that such data had been reproduced in
other laboratories.

Binding data have also been obtained with
proteins selected on the basis that they were unique
to the olfactory tissue: a protein purified from rat
olfactory epithelium was shown to bind the hy-
drophobic odorants camphor and decanal (Fesenko
et al., 1979, 1987, 1988).

Some of these proteins have been proposed as
candidates for being the membrane-bound olfac-
tory receptors, but definite proof has not been
provided for any of them.

It is interesting to note that all these data
originated from searches for the olfactory recep-
tors. The possibility that soluble odorant-binding
proteins could exist, as in the system of bacterial
chemotaxis, was not even considered.

The same idea guided the experiments that
led to the identification of the first OBP. Binding
assays were performed with a radioactive sample
of 2-isobutyl-3-methoxypyrazine, one of the most
potent odorants for humans (Figure 1). The choice
of this odorant was based on the assumption that
a low olfactory threshold could indicate a strong
binding with the specific receptor; it was also
assumed, in the absence of experimental data, that
strong odorants for humans would also be strong
in other species of mammals. Using this probe, a
binding protein was found in the nasal mucosa of
the cow and other mammals (Pelosi et al., 1981,
1982). Later, this binding protein, which was
named OBP, was purified from bovine nasal tis-
sue and chemically characterized (Bignetti et al.,
1985, 1987a, 1987b). It is a 19-kDa polypeptide
chain that is present in the native state as a
homodimer; it binds the labeled 2-isobutyl-3-
methoxypyrazine with a dissociation constant of
3 WM and is abundantly present in the nasal mu-
cus. The perfect agreement between these data
and those of an independent report published at
the same time (Pevsner et al., 1985) gave better
confidence and stimulated further research in this
field. It was later shown that the bovine OBP is

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by Mamo Hogskola on 01/07/12

For personal use only.

secreted by tubular-acinar glands underlining the
nasal respiratory epithelium, thus definitely rul-
ing out the possibility that this protein could be an
olfactory receptor (Avanzini et al., 1987; Pevsner
et al., 1986).

At present, several OBPs have been purified
from the nasal tissue of different species of verte-
brates and characterized to different extents. The
soluble nature and the relatively small size of
these proteins made structural studies compara-
tively easy. In spite of the extensive information
available for these proteins, their physiological
function is not yet clear. However, it is generally
assumed that they are in some way involved in the
process of olfactory perception.

B. Biochemical Properties

Odorant-binding proteins of vertebrates are
soluble proteins of acidic nature (pI around 4 to 5)
and small size, with subunit molecular weights
around 20 kDa. Several of them have been shown
to be present as dimers, but others seem to exist
as monomeric species. They are secreted by dif-
ferent glands of the nasal cavity and released in
the nasal mucus, where their concentration, al-
though difficult to measure, has been estimated to
be very high, possibly reaching millimolar values
(Pelosi and Maida, 1990; Pelosi and Garibotti,
1992; Pevsner and Snyder, 1990; Snyder et al.,
1988).

They reversibly bind several odorants with
dissociation constants in the micromolar range.
Their specificity toward various ligand structures
is rather poor and seems oriented toward hydro-
phobic molecules of medium size (Pelosi and
Tirindelli, 1989; Pevsner et al., 1990).

The determination of the amino acid sequence
indicated that OBPs belong to the large family of
carrier proteins called lipocalins, generally in-
volved in the transport of hydrophobic molecules
in aqueous media (Pevsner et al., 1988b). The
establishment of the three-dimensional structure
for the bovine OBP strengthened the similarity
with the above class of proteins (Monaco and
Zanotti, 1992),

Such structural similarity suggested similar
functions for the proteins of the lipocalin family;
thus, OBPs would perform a role of nonspecific

carriers of the odorant molecules to and from
the membrane receptor proteins; this nondis-
criminating function was also based on the low
specificity of binding, as well as on the fact that,
until recently, a single type of OBP was reported
to be expressed in each animal species. However,
the discovery of several classes of odorant-bind-
ing proteins may suggest new hypotheses for the
physiological function of OBPs, including a role
in odor discrimination.

C. OBPs in Different Species
of Vertebrates

The elusive function of OBPs stimulated re-
search aimed at the identification and character-
ization of these proteins in different species of
vertebrates; such information would help to better
classify odorant-binding proteins and might pro-
vide insights on their physiological role in olfac-
tion.

As soon as the amino acid sequences of the
OBPs from bovine (Cavaggioni et al., 1987,
Tirindelli et al., 1989) and from rat (Pevsner et al.,
1988b) became available, it was clear that they
represented a class of poorly conserved proteins,
sharing on the average only about 30% of their
amino acids. This fact was reflected in the lack of
immuno cross-reactivity that precluded the use of
antibodies in the search for odorant-binding pro-
teins in other animal species. The use of oligo-
nucleotides as probes for detecting similar se-
quences was also made difficult by such poor
similarity.

So far, the main criterion for the identifica-
tion of new OBPs has been the binding activity to
odorants, in particular to the bell pepper odor
2-isobutyl-3-methoxypyrazine. Sequence analy-
sis then, when available, provided further infor-
mation for correctly classifying the protein. In a
few cases similarity of amino acid sequences was
the only criterion besides the exclusive presence
in the nasal area for assigning newly identified
proteins to the class of OBPs.

Table 1 lists the physicochemical characteris-
tics of the OBPs that have been purified from
vertebrates. With a single exception, all the verte-
brate OBPs so far described have been studied in
mammals.
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TABLE 1

Odorant-Binding Protelns Purified from the Nasal Tissue
of Vertebrates

Animal Kp M.W.

Protein species (uM) {kDa) pl Sequence Ref.
bov-OBP Bovine 30 2x19 47 Complete 14
rat-OBP-I Rat 20 2x18 cDNA 5 6
rat-OBP-li Rat 23 cDNA 7
rab-OBP-| Rabbit 08 2x19 47 Internal 8
rab-OBP-ll Rabbit 22 N-terminal 9
Ppig-OBP-| Pig 0.5 22 4.2 Internal 8
pig-OBP-II Pig 17 Internai 10
mus-OBP-I Mouse 18 + 19 49 10, 11
mus-OBP-1i Mouse 21 48 N-terminal 10, 11
mus-OBP-lll Mouse 22 4.2 N-terminal 10
hys-OBP-| Porcupine 0.1 21-248 42-46 internal 10, 12
hys-OBP-ll Porcupine 18-19® 4.3-44 internal 10, 12
deer-OBP-| Deer 18 5.1 13
deer-OBP-lI Deer 21 47 13
cat-OBP Cat 2x20 45 Internal 10
frog-BG Frog 20 cDNA 14

Note: Binding constants have been measured with tritiated 2-isobutyl-3-
methoxypyrazine. (1) Pelosi et al., 1982; (2) Bignetti et al., 1985; (3) Pevsner
et al., 1985; (4) Tirindelli et al., 1989; (5) Pevsner et al., 1986b; (6) Pevsner
et al., 1988, (7) Dear et al., 1991b; (8) Dal Monte et al., 1991; (9) unpub-
lished data; (10} Felicioli et al., 1993b; (11) Pes st al., 1882; (12} Felicioli
et al., 1993a; (13) Ganni et al., 1993; (14) Lee et al., 1987.

() Six isoforms.
(®) Two isoforms.

The diversity between the members of this
class of proteins is not limited to their amino acid
sequence but is evident in macroscopic proper-
ties, such as their molecular weight and tissue
localization. Although the subunit molecular mass
is of the same order in all OBPs, around 20 kDa,
with not more than 20% variation, in native con-
ditions OBPs have been found to be composed of
dimers and monomers. The isoelectric points also
differ significantly, although generally within the
range 4 to 5.

As for the site of production and accumula-
tion, OBPs are all synthesized within the nasal
cavity, but in different glands and areas. Infor-
mation of this type, which is still very scarce, is
fundamental for understanding the physiologi-
cal role of these soluble proteins. So far, tech-
niques of immunohistochemistry have indicated
that the bovine OBP is synthesized in the tubu-
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lar-acinar glands of the nasal respiratory tissue
(Avanzini et al., 1987; Pevsner et al., 1986),
while the rat protein is produced by the lateral-
nasal glands and postulated to be delivered
through narrow ducts at the tip of the nose
(Pevsner et al., 1988a). For most of the other
known OBPs, the highest concentration was
found in the nasal respiratory epithelium. Only
the BG protein, which is the frog olfactory pro-
tein similar to OBPs, is synthesized in the olfac-
tory epithelium by Bowman’s glands (Lee et al.,
1987). The fact that OBPs are generally synthe-
sized in a region different than the ciliated olfac-
tory epithelium does not exclude their involve-
ment in odor perception. In several systems
proteins are produced in areas different than those
where they are postulated to perform their func-
tion. An example is the above-cited vomero-
modulin, which is also synthesized in the rat by
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the lateral-nasal glands to be delivered to the
vomeronasal organ, where it is found to be highly
concentrated (Khew-Goodall et al., 1991).

Most of the OBPs reversibly bind the odor-
ant 2-isobutyl-3-methoxypyrazine with dissocia-
tion constants in the micromolar range. However,
the cat-OBP, which has been included in Table 1
on the basis of its sequence similarity with the
other OBPs (Felicioli et al., 1993b), does not bind
this odorant, while for two more proteins of Table
I (rat OBP-II and frog BG) binding experiments
have not been reported. Their identification as
odorant-binding proteins was based, also in these
cases, on sequence similarity with other members
of this family and on their exclusive occurrence in
the nasal area. However, the use of sequence
similarity as the sole criterion for assigning a
protein to the OBP family could be questioned, as
other proteins with the same degree of structural
similarity are present in other tissues and perform
different functions. This concept is discussed be-
low in more detail.

A particularly interesting result of the recent
research on odorant-binding proteins was the dis-
covery of more types of OBPs in the same animal
species. This fact opens up the possibility of new
hypotheses for the physiological function of OBPs,
including a role in the selection and discrimina-
tion of different odors at the mucus level.

The presence of a second type of OBP was
first reported in the rat, where a cDNA was dis-
covered with significant similarity to the gene
coding the synthesis of the already purified OBP.
Both OBPs are synthesized in the same glands,
but it is not known whether this second member
can bind odorants (Dear et al., 1991b).

Shortly after this latter report we isolated

more types of OBPs from several animal spe-
cies, as reported in Table 1. The criterion used
was again in all cases (except for the cat OBP)
the ability for binding 2-isobutyl-3-methoxy-
pyrazine. In the case of the porcupine (Felicioli
et al., 1993a), eight different binding proteins
have been purified, belonging, on the basis of
partial amino acid sequence, to two different
subclasses. It is not clear, at present, whether
members of each subclass differ in their primary
structure or in their postranslational modifica-
tions.

D. Odor-Binding Activity

The binding activity toward odorants should
be the main criterion for assigning a protein to the
OBP family and distinguishing it from other car-
rier proteins of similar structure belonging to the
lipocalin superfamily, such as retinol-binding pro-
teins and f-lactoglobulin. This concept, while clear
in principle, becomes rather confusing when we
try to define an odor molecule as distinct from
other ligands. In practice, any chemical of mo-
lecular weight up to about 300 and volatile enough
to reach the olfactory epithelium can be consid-
ered an odorant. On the other hand, correlations
between binding constants and olfactory proper-
ties are difficult to establish as biochemical data
can only be obtained with proteins purified from
animals, while psychophysical measurements are
best done with human subjects.

However, a distinction between OBPs and
other proteins of the same superfamily is still
feasible on the basis of ligand-binding properties.
In fact, OBPs bind a great number of molecular
structures, generally hydrophobic in nature, with
broad specificity and poor affinities (K, in the
micromolar range), while other proteins of the
lipocalin family show higher affinity and selec-
tivity. The retinol-binding protein of the serum,
for instance, is known to be very specific for
retinol and manifests a nanomolar dissociation
constant.

So far, an extensive study of binding specific-
ity has only been performed with the bovine OBP,
while some data are also available for the porcine
protein.

The bovine OBP has been tested in two inde-
pendent reports (Pelosi and Tirindelli, 1989;
Pevsner et al., 1990) with a great number of odor-
ants belonging to different chemical as well as
odor classes. In such experiments 2-isobutyl-3-
methoxypyrazine was used as the radioactive
ligand, while all the other odorants were used in
the nonlabeled form in competitive binding as-
says. Several odorants have been tested indepen-
dently in both laboratories: the good agreement
between the published data indicates their reli-
ability and reproducibility. Figure 3 lists some
representative examples of good and poor ligands
for the bovine OBP taken from the above cited
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papers. The strongest ligands present dissociation
constants between 0.1 and 1 pM, while com-
pounds that do not bind appreciably at concentra-
tions around 100 uM have been classified as
nonligands. In addition, other molecules of differ-
ent structure, such as retinol, benzyl benzoate,
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Strong ligands

2-Isobutyl-3- 4-Butyl-5-
methoxypyrazine 2-Isopentylpyrazine propylthiazole Thymol
Bell pepper Green Bell pepper Disinfectant
OH
OH OH
Menthol 3,7-Dimethyloctanol 2-Nonenal Linalool
Minty Floral Cucumber Floral

Non ligands

@ O o o,

o]
2-Methyl-3-

methoxypyrazine Benzaldehyde Quinoline p-Cresol

Nurty Almond Aniseed Disinfectant
)\/OL /kioﬂ

©/\/OH o/Y

2-Phenylethanol Cineole Isobutyl isovalerate  Isovaleric acid
Floral Eucaliptus Fruity Sweaty

FIGURE 3. Binding of odorants to bovine OBP. The compounds listed as “strong
ligands” usually bind with dissociation constants between 0.1 and 1 uM. Those listed
as “nonligands” do not show significant binding at the concentration of 100 uM. The
data are taken from Pelosi and Tirindelli (1989) and Pevsner et al. {1990).

and tricyclic musky-smelling compounds have
been reported to bind tightly to the bovine OBP.
More detailed information is found in the two
cited papers. It is worth remembering, when com-
paring data of different reports, that, unless the
actual inhibition constants have been calculated,
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often the displacement values given depend on
the conditions used in the experiments, in particu-
lar on the concentration of the protein and of the
radioactive ligand.

The results of these binding experiments al-
low some general conclusions on the specificity
of OBP for odor molecules:

s A great number of odorants, different in mo-
lecular structure and odor, show some affinity
to OBP

s None of the odorants shows very strong affin-
ity. for the protein (thymol, which is the best
ligand found so far, binds with a dissociation
constant of 0.1 uM)

¢ Compounds belonging to the same chemical
class can be good or poor ligands, depending
on their hydrophobicity; thus, an increase in
the length of the alkyl chain from one to four
carbon atoms in the methoxypyrazine deriva-
tives is enough to decrease the binding con-
stant by at least two orders of magnitude;
alcohols and phenols are also good ligands
(thymol, menthol, etc.) or nonligands (2-phe-
nylethanol, p-cresol) according to the extent
of their hydrophobic regions

+ Stereochemical parameters also seem to be
important: compounds of spherical shape, such
as cineole and other camphor odorants, although
very hydrophobic, did not show any measur-
able binding

¢ Some ligands, known to be strong odorants for
humans, as are all the compounds reported in
Figure 3, do not bind the bovine OBP, even at
the concentration of 0.1 mM.

These observations indicate the OBP as a
protein with a broad but measurable specificity
and medium to poor affinity.

The fact that some odorants are not recog-
nized by the protein while others are bound with
different degrees of strength indicates a certain
capability of discrimination of OBPs and could
be the basis for an odor codification system, when
more OBPs with different spectra of binding are
present and uniformly distributed in the same
organism.

Besides these two general reports, other bind-
ing studies have focused on selections of structur-
ally related compounds.

In a series of thiazoles fused in position 4 and
5 with substituted aliphatic ring of different size,
the relative strength of binding correlated with
olfactory properties: the green-smelling com-
pounds were found to be much better ligands for
the bovine OBP than the other derivatives of
the same series, which at the same time were
less hydrophobic and exhibited different odors
(Topazzini et al., 1985).

A similar correlation was verified with
pyrazine derivatives that present nutty-like or green
odor, depending on whether they are substituted
with short or long hydrocarbon chains, respec-
tively: the green-smelling pyrazines were found
to be good ligands for both the bovine and the
porcine OBPs, while no significant binding was
measured with the “nutty” lower homologues
(Hérent et al., 1994),

A third class of molecules examined included
floral and green odorants, all belonging to the
classes of 2-tetrahydropyranyl ethers or 2-tetra-
hydrofuranyl ethers. Most of these compounds
were found to be good ligands for both the bovine
and the porcine OBP. Interestingly, significant
differences were measured with the ligands of
these classes that could be related to minor struc-
tural variations, such as those between diastereoi-
somers or cis/trans isomers (Dal Monte et al.,
1993). These same isomers were also found to
have different odors (Anselmi et al., 1992, 1993).

On the basis of the available data, we could
try and define the molecular parameters neces-
sary for a tight binding. A certain degree of hy-
drophobicity seems to be an important requisite,
provided some stereochemical parameters are also
met. It is clear that more or less planar com-
pounds, such as thymol, pyrazines, and thiazoles,
are among the best ligands, in contrast with mol-
ecules of round shape, such as camphor-smelling
compounds, that have not shown any affinity for
the two OBPs tested. On the other hand, the flat
shape alone is not enough to make a good ligand:
more hydrophylic odorants, such as benzaldehyde,
lower pyrazine derivatives and other aromatic
compounds, do not present any affinity for either
OBP.

Among the best ligands other structures are
unrelated to those of the aromatic odorants cited
above, being open chain alcohols and aldehydes
of 9 to 14 carbon atoms. The strong binding of
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these odorants can be rationalized, assuming that,
when interacting with OBP, they are present in a
bent conformation, reproducing to some extent
the shape of the cyclic more rigid ligands. The
molecule of 3,7-dimethyloctanol, for instance, can
be easily folded in the shapes of menthol or thy-
mol.

We can summarize these results and define
the characteristics of good ligands for OBP as
molecules of medium size with one polar group,
such as hydroxy, carbonyl, or the heteroatom of
an heterocycle and an extended hydrophobic area
capable of assuming a planar or rather flat confor-
mation.

One important point that has not been ad-
equately investigated is how OBPs from different
animal species differ in their binding specificity.
Apart from some preliminary experiments per-
formed with only a few odorants (Pelosi et al.,
1982; Baldaccini et al., 1986; Pevsner et al., 1986),
the only systematic studies have been performed
with the porcine OBP (Dal Monte et al., 1993;
Hérent et al., 1994) and compared to the data
obtained with the bovine protein in the same con-
ditions. The results have so far indicated that the
same molecular parameters that define a good
ligand for the bovine OBP also apply to the pig
protein. Minor differences, up to one order of
magnitude, however, have been observed between
the two proteins.

More data are necessary before drawing any
conclusion or attempting a generalized interpreta-
tion of these results, In particular, it would be
desirable to measure the binding specificity of
different OBPs purified from the same animal
species, to test the hypothesis that some odor
discrimination could take place at the mucus level.

It would also be interesting to search for other
soluble proteins of the nasal mucus with spectra
of binding complementary to those of the known
OBPs. In such case, the probes to use should be
chosen among those odorants that have proved
ineffective towards the bovine and porcine OBPs.

E. Amino Acid Sequences

Complete sequence information is limited to
four OBPs among those listed in Table 1. For

212

other members, only a partial sequence of 30 to
40 amino acids has been determined, relative to a
region starting at or near the amino terminal. The
sequences so far available are reported in Figure
4. Amino acids conserved in at least three of the
reported sequences are in bold characters and
marked with a dot; those conserved in all the
sequences are marked with a diamond. Although
only four amino acids appear to be fully con-
served, similarity between any two members of
this class of proteins is much higher, particularly
in the region near the amino terminal. Values of
similarities, calculated as the percent of identical
amino acids for any pair of proteins, are listed in
Table 2.

It is clear that OBPs are poorly conserved
during evolution; similarity values are in the range
of about 10 to 40%, with a single exception ob-
served so far, the mouse OBP-II, that shares nearly
80% of its amino acids with the rat-OBP-I (Pes
and Pelosi, 1994). It is also interesting to observe
that different OBPs purified from the same ani-
mal species do not show higher degrees of simi-

larity than OBPs from different species. These

data confirm the presence of distinct classes of
OBPs and may indicate different functions within
the same organ. However, it is too early to at-
tempt to divide OBPs into classes on the basis of
the amino acid sequences available; data on a
greater number of proteins would be needed, pos-
sibly covering the entire sequences.

As pointed out above, all the odorant-binding
proteins so far purified from vertebrates belong to
the superfamily of carrier proteins called lipocalins.
A representative list of these proteins is reported
in Table 3 together with their ligands, where these
have been identified.

When comparing the sequences of OBPs with
those of the other members of the lipocalin fam-
ily, such as B-lactoglobulin, retinol-binding pro-
teins, or urinary proteins, we again find a simi-
larity of about 20 to 30%, comparable to the
values measured between different OBPs. This
fact makes it very difficult to distinguish OBPs
from the other members of the lipocalin family
solely on the basis of amino acid sequences.
Also, the search for conserved motifs in the se-
quences of OBPs is not very informative. In fact,
the main common motif among OBPs is also the

RIGHTS

i,



bov-OBP  ———mmwm———— AQEEEAEQNLSELSGPWRTVYIGSTNPEKIQENGP FRTYFRELVFDDEK 49

ratOBP  -——-———-———- AHHENLDISPSEVNGDWRTLYIVADNVEKVAEGGSLRAYFQHMECGDEC 49
rat-OBP-ll  ———=—————— KAQ-EAPPDDQEDFSGKWYTKATVCD-RNHTDGKRPMKVEFPMTVTALEGG 48
frog.BG =~ ———~~--- OADLPPVMKGLEENKVTGVWYGIAAASNCKQFLOMKSDNMP-APVNIYSLNN 51
mus-OBP-II —-——-—---———~ HHHESLDISPSEVNGDWRTLYIAADKVEKVKMNNGDLRAYF~~—~=—~~ 41
mus-OBP-Il -------—- EEASSERQNFNVEKINGRKWFSILGASDKREKIEEHGTMRV -~ —==m——mm= 40
hys-OBP-]  -——-—-ee——- EVVRSNNFDPSKLSGKWYSILLASDRKE-~~——~————~——m————m—e e 28
hys-OBP-Il. ----—-w————— e EHIDYSQVSGDWHSLSIAADSMDKIRENGELRMHLNHL--~--~- 38

. . s06s0t0 404000000 eses eese .

bov-OBP GTVDFYFSVKRDGKWKNVHVKATKQ-DDGTYVADYEGONVFKIVSLSRTHLVAHNINVDK 108

rat-OBP QELKIIFNVKLDSECQTHTVVGQKH-EDGRYTTDYSGRNYFHVLKKTDDI I FFHNVNVDE 108
rat-OBP-II DLEVRITFRGKGH-CHLRRITMHKTDEPGKYTT~-FKGKKTFYTKEIPVKDHYIFYIKGQR 106
Jfrog-BG GHMKSSTSFQTEKGCQQMDVEMTTV-EKGHYKWKMQQGDSETIIVATDYDAFLMEFTKIQ 110
pig-OBP-1 i bkt TSLIGTINQ-EGNEYDVNYAGNNLFVVSYAXETALIIXNINV-- 40
L] L ] L) . . 4 L] . L ] L] LI N ]
bov-OBP HGQTTELTELFVKLNVEDEDLEKFWKLTEDKGIDKKNVVNFLENEDH-PHPE 159
rat-OBP SGRRQCDLVAGKREDLNKAQKQELRKLAEEYNI PNENTQHLVPT--DTC-NQ 157
rat-OBP-II HGKSYLKGKLVGRDSKDNPEAMEEFKKFVKSK-GFREENITVPELLDECVPGSD 159
frog-BG MGAEVCVTVKLEFGRKDTLPEDKIKHFEDHIEKVGLKKEQYIRFHTKATCVPK 162
. L] L]

FIGURE 4. Amino acid sequences of vertebrate odorant-binding proteins. The complete sequence of the
bovine OBP has been determined by direct sequencing (Tirindelli et al., 1989), while those of the rat OBP
(Pevsner et al., 1988), and rat OBP-II (Dear et al., 1991b), as well as that of frog BG (Lee et al., 1987), have
been derived from those of the corresponding cDNA. Only the sequences relative to the mature proteins
have been reported. For the other OBPs only partial information has been obtained (Felicioli et al., 1993b),
either by sequencing the native protein from its amino terminal, as in the case of the two mouse OBPs (mus-
OBP-1l and mus-OBP-Ill), or by sequencing a peptide obtained after proteolytic cleavage, as in the case
of the pig OBP-| (Pisanelli, Keen, Dal Monte and Pelosi, unpublished results) and the porcupine OBPs (hys-
OBP-| and hys-OBP-I]). Alignments were made using a computer program based on the method of Higging
and Sharp (1989), with manual final adjustments. Bold characters indicate amino acids conserved in at
least three of the sequences shown; the relative positions are also marked by a dot (*); a diamond ()

Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by Mamo Hogskola on 01/07/12

For personal use only.

indicates fully conserved positions.

typical signature of the lipocalins -G-X-W-. This
motif is located at about 15 to 20 amino acids
from the amino terminal and is present in all the
sequences so far reported. Other amino acids are
conserved only in some of the members of
lipocalins and may help divide these proteins
into subclasses; however, clear rules cannot yet
be defined for this purpose.

As the amino acid sequence is not a sufficient
criterion for assigning a new protein to the OBP
family, the members listed in Table 1, for which
no binding data are available, can only be tenta-
tively listed as OBPs. These are the cat protein,
the second rat OBP, and the frog BG. If we in-
clude as a second criterion the site of production
of these proteins, then the rat OBP-II, which is
produced in the lateral-nasal glands and the frog
BG, secreted by the Bowman’s glands of the

olfactory epithelium, can be assigned with better
confidence to the OBP family.

Some members of the lipocalin family are
particularly interesting, being involved in chemi-
cal communication between sexes in mammals.
These are the urinary proteins of rat and mouse
and the hamster aphrodisin, which are described
with more detail in Section VII.

F. Three-Dimensional Structure

At present, only the three-dimensional struc-
ture of the bovine protein has been described
among OBPs, but for other members of the
lipocalin family the structure has been resolved to
a good degree of resolution (Monaco and Zanotti,
1992).
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TABLE 2

Percent of Identical Amino Acids between the OBP Sequences Reported

in Figure 4
bov-OBP
rat
28.7 oBP-1
rat
11.9 159 OBP-it

9.4 102 132  frog-BG
39.0 780 122 12.2
37.5 225 225 15.0
17.9 214 250 17.9
23.7 395 132 10.6

30.0 27.5 15.0 10.0

mus
OBP-Il

mus
26.3 OBP-lil
hys
28.6 429 0BP-l
hys
371 27.3 348 OBP-l
pig
— — —_ — OBP-I

Note: Values have been calculated limited to the overlapping regions of each pair of
sequences. Alignments were basically those reported in Figure 4, with minor adjust-
ments introduced where higher similarity values could be obtained.

The bovine OBP is a homodimer where the
two subunits are held together by noncovalent
bonds. The structure of the monomeric unit is
rather similar to that of other members of the
lipocalin family, such as serum retinol-binding
protein and B-lactoglobulin. As for these proteins,
the bovine OBP is folded into eight antiparallel 3-
sheets with a single a-helical region located near
the carboxy terminal.

It is known that retinol binds to monomeric
serum retinol-binding protein by fitting into a
hydrophobic pocket located within the interior of
the protein. In the urinary proteins of mouse and
rat, which are also present in solution as mono-
mers, X-ray crystallography has indicated the
presence of pheromone molecules within the in-
terior of the protein (Bocskei et al., 1992). A
similar model cannot be easily applied to the
structure of bovine OBP, as this protein is ex-
tremely compact, precluding the possibility even
for a small molecule, like an odorant, to fit inside.
On the other hand, the two subunits of OBP when
interacting leave a large hydrophobic area, where
a ligand could be easily accommodated. The sto-
ichiometry of binding of one molecule of ligand
per dimer is in agreement with such model; how-
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ever, no direct evidence for this hypothesis has
yet been provided.

V1. ODORANT-BINDING PROTEINS OF
INSECTS

Soluble binding proteins are also found in the
olfactory system of insects, although their amino
acid sequences do not show any similarity with
vertebrate OBPs. Pheromones and general odors
are perceived by insects through specialized sen-
silla of their antennae. The dendrites of individual
or pairs of sensory neurons are bathed in a lymph
that fills the space within the cuticular wall of the
sensillum. This lymph is different and physically
separated from the hemolymph. Pheromone-bind-
ing proteins (PBPs) and general odorant-binding
proteins (GOBPs) are the main constituents of the
sensillum lymph, being present in millimolar con-
centrations (Kaissling and Thorson, 1980;
Kaissling, 1986, 1987; Vogt et al., 1990).

Two anatomically distinct systems, sensilla
trichodea and sensilla basiconica, are dedicated to
the perception of pheromones and general odor-
ants, respectively. The presence of different sen-
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TABLE 3

Representative Examples of Proteins Belonging to the Lipocalin Family

Protein Animal species

Alpha-1-microglobulin Man

{protein HC)
o1-Acid glycoprotein Man
Androgen-dependent Rat

epididymal protein
Aphrodisin Hamsters
Apolipoprotein D Man
Crustacyanin Lobster
Embryo CH21 protein Chicken

Insectacyanin

Manduca sexta

B-Lactoglobulin Bovine, etc.
Major urinary proteins (MUPs) Mouse

Pregnancy-associated Man
endometrial globulin

Probasin (PB) Rat

Prostaglandin D (PGD) Rat, man
synthetase

Purpurin Chicken

Retinol-binding protein Man, etc.

Tear prealbumin Man

o2-UG Rat

VEG protein Rat, man

Tissue/secretion

Ligand/function Ref.

Serum, urine Porphyrin, 1,2
retinoids
Liver/serum, urine Progesterone/ 3
inflammatory
response

Epididymal fluid

Sperm maturation 4

Vaginal discharge Aphrodisiac 5
pheromone
Liver, etc./serum Cholesterol/carrier 6
Carapace Astaxanthin 7
Embryo skeletal tissue Quiescence 8
Hemolymph Biliverdin 9
Milk Retinol/carrier 10, 11
Salivary, lachrymal glands Pheromones 12-16
Liver/saliva, tears, urine
Placentasamniotic fluid 17
Prostate 18
Brain 19, 20
Retina Retinol, heparin 21
Liver/serum Retinol/carrier 22, 23
Lacrymal glands/tears Retinol 24
Liver/urine 25, 16
Von Ebner's gland 26, 27

Note: (1) Kaumeyer et al., 1986; (2) Mendez et al., 1986; (3) Clark et al., 1984; (4) Brooks et al., 1986; (5) Henzel
et al., 1988; (6) Drayna et al., 1986; (7) Keen et al., 1991; (8) Descalzi-Cancedda et al., 1990; (9) Riley et
al., 1984; (10) Papiz et al., 1986; (11) Monaco et al., 1987; (12) Finlayson et al., 1965; (13) Shaw et al., 1983,
(14) Shahan et al., 1987; (15) Bacchini et al., 1992; (16) Bocskei et al., 1992; (17) Julkunen et al., 1988;

(18) Spence et al., 1989

(19) Urade et al., 1989; (20) Nagata et al., 1991; (21) Berman et al., 1987;

(22) Zanotti et al., 1993; (23) Newcomer et al., 1984; (24) Red! et al., 1992; (25) Dinh et al., 1965; (26)

Schmale et al., 1990; (27) Bléker et al., 1993.

sory organs for these two classes of odorants
reflects their chemical diversity.

The sex pheromones of Lepidoptera can be
easily distinguished from other odorants, being
rather homogeneous in structure: they usually
present a linear more or less unsaturated chain of
12 to 20 carbon atoms, with a functional group
(alcohol, aldehyde, or ester) in position 1; conse-
quently, most of them are not chiral. A few excep-
tions to this rule have been described, as in the
case of Lymantria dispar, whose pheromone is an
internal epoxide that can give rise to asymmetric
forms. In any case, the stereochemistry plays an
important role and cis/trans isomerism around a

double bond or the correct configuration of asym-
metric centers are essential for the recognition of
the specific pheromone. The pheromone percep-
tion system is therefore very specific and also
extremely sensitive when compared with the ol-
factory organ of vertebrates.

General odorants belong to a very wide range
of chemical structures, as, for example, the vola-
tile compounds of plants, and do not differ from
the odorants perceived by vertebrates. It seems
that the olfactory system for general odorants in
insects is much more broadly tuned and less sen-
sitive than that for pheromones, being more simi-
lar also in this respect to olfaction in vertebrates.
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The first PBP was discovered in the sensillum
lymph of the antennae of the large moth Antheraea
polyphemus (Vogt and Riddiford, 1981), using
the specific sex pheromone for this species.

It is a small protein of about 15 kDa and low
isoelectric point (4.7), which is extremely abun-
dant in the lymph of sensilla trichodea. These
characteristics, common to all the insect odorant-
binding proteins so far described, are similar to
those of vertebrate OBPs and indicate that olfac-
tory mechanisms in insects and vertebrates might
share common features and mechanisms at the
perireceptor level.

One report on the binding constant relative to
the PBP of Antheraea polyphemus indicates a K,
of 60 nM (Hemberger and DeKramer, 1987), rather
close to the values measured with vertebrate OBPs
and general odorants (The Ky for thymol and
bovine OBP is 100 nM, as reported previously).
Unfortunately, binding experiments with insect
olfactory proteins have proven very difficult, in
contrast with vertebrate OBPs, where such mea-
surements can be obtained with good accuracy
and reliability. In particular, experiments per-
formed in solution have always given negative
results; binding with radioactive pheromones have
only been observed in particular experimental
conditions, such as during ion-exchange chroma-
tography or electrophoresis. The reason for this
lack of success is not clear; however, it has been
hypothesized (Maida et al., 1993) that at the very
high concentration measured in the sensillum
lymph (10 mM), the active binding forms of these
proteins could be associated in dimers or oligo-
mers, while at the much lower concentrations
usually employed in binding experiments (1 to
10 uM) the proteins could be dissociated into their
inactive subunit monomeric forms. In support of
this hypothesis, positive results have only been
obtained with techniques (ion-exchange chroma-
tography or electrophoresis) that involve dramatic
increases in the concentrations of the proteins
being analyzed (Vogt and Riddiford, 1981; Klein,
1987; Vogt et al., 1989; Maida et al., 1993).

The experiments performed with a photo-
affinity label analogue of the pheromone have
been more successful; this technique has been
applied in the case of Antheraea polyphemus,
whose pheromone is an acetate; the correspond-
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ing diazoacetate, prepared in its tritiated form,
was shown to bind efficiently to the relevant PBP
and to covalently label the protein after U.V.
irradiation (Vogt et al., 1988; Prestwich, 1993).
Unfortunately, this approach does not allow an
estimation of the binding constant. Moreover, the
chemistry involved in the preparation of a radio-
active photoaffinity label is rather complex and
prevents wide applications of this technique.

Therefore, binding experiments with insect
PBPs have been reported for only three species
(A. polyphemus, L. dispar, and B. mori), and no
data are available for the class of GOBPs. The
identification of newly purified proteins from the
antennae of other Lepidoptera species as phero-
mone-binding proteins or general odorant-bind-
ing proteins was based on sequence similarity
rather than on functional activity. This approach
was simplified by the availability of the recent
techniques of microsequencing and the powerful
tools of molecular biology that can be applied to
the minute quantities of protein obtainable from
insect antennae.

Odorant-binding proteins have been isolated
and studied in Antheraea polyphemus (Vogt and
Riddiford, 1981; Kaissling et al., 1985; Klein,
1987; Raming et al., 1989), Antheraea pernyi
(Breer et al., 1990b; Raming et al., 1990; Krieger
et al., 1991), Bombyx mori (Vogt et al., 1991a;
Maida et al., 1993), Manduca sexta (Vogt et al.,
1991a, 1991b; Gyorgyi et al., 1988), Lymantria
dispar (Vogt et al., 1989, 1991a), Heliothis
virescens (Krieger et al., 1993), Hyalophora
cecropia (Vogt et al., 1991a), and Orgyia pseudo-
tsugata (Vogt et al., 1991a).

In most of these species three distinct classes
of odorant-binding proteins have been described,
either one PBP and two GOBPs or two PBPs and
one GOBP, as in the cases of A. pernyi and
L. dispar. The assignment of a newly identified
protein to one or another of these classes can be
correctly performed on the basis of sequence simi-
larities; in fact, differences between classes are
usually much greater that between members of
the same class.

For some of these proteins, only N-terminal
sequences have been determined, limited to about
30 amino acids, by direct microsequencing (insect
OBPs are not blocked at their amino terminal,
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unlike most of the vertebrate OBPs). In most
cases the protein samples used for sequencing
were purified by electroelution from SDS-PAGE
gels. The choice of the electrophoretic band to be
analyzed was based on a low molecular weight
(15 to 16 kDa in denaturing conditions) and, for
the PBP candidates, the exclusive presence or a
higher abundance (as in the cases of Bombyx mori
and Manduca sexta) in male antennae. The cor-
rect choice was then confirmed by a significant
sequence similarity with other proteins of the same
class. In other cases, PBPs have been identified
using techniques of molecular biology, which
yielded the complete amino acid sequence.

Molecular weights in denaturing conditions
(15 to 16 kDa) are on the average slightly smaller
than those of vertebrate OBPs. In native condi-
tions the PBP of A. polyphemus is a dimer
(DeKramer and Hemberger, 1987), while that of
B. mori seems to be present as a monomer (Maida
et al., 1993). However, the concentration of the
protein used in both cases was at least three orders
of magnitude lower than that estimated in the
sensillum lymph (10 mM), where association of
higher orders may well take place. Isoelectric
points are also rather similar to those of vertebrate
OBPs.

The amino acid sequences of PBPs and
GOBPs indicate that they are well conserved, at
least among most species of Lepidoptera. Several
sequences of PBPs are 90% or more similar to
one another, while similarity between members
of vertebrate OBPs is generally around 30 to 40%.
Only the PBPs of L. dispar are rather different,
sharing only about 30% of their amino acids with
the PBPs of other Lepidoptera species.

Such greater similarity between the amino
acid sequences of PBPs in contrast to those of
vertebrate OBPs could be related to the fact that
the corresponding ligands, the specific sex phero-
mones, are very similar in their chemical struc-
tures. The case of Lymantria dispar, whose phero-
mone is markedly different from the other
pheromones of Lepidoptera, is consistent with
this hypothesis (Vogt et al., 1991a). It is also true
that phylogenetic distances between Lepidoptera
species are much smaller than those between the
species of mammals where OBPs have been stud-
ied. It would be useful, in this respect, to have

access to the three-dimensional structure of PBPs,
with particular reference to the pheromone-bind-
ing site. Data of this type should soon be avail-
able, because the PBP of Antheraea polyphemus
has been produced recently in the large amounts
needed for structural studies by recombinant tech-
niques and shown to present pheromone-binding
activity as the native protein (Prestwich, 1993).

Based on sequence similarities, general odor-
ant-binding proteins of Lepidoptera have been
divided in two classes, GOBP-I and GOBP-II.
Proteins belonging to the same class are very
similar in their sequences (more than 90% iden-
tity), while lower similarity (around 50% iden-
tity) is observed between the two classes of GOBPs
and even lower (about 20 to 50%) with members
of the PBP class (Vogt et al., 1991b).

Although GOBPs are believed to mediate the
perception of general odors, no binding data have
been reported for these proteins that could justify
their name; the hypothesis that they could be the
equivalent of PBPs for odors other than phero-
mones was based on their similarity with PBPs
(molecular weight, isoelectric point, abundance,
amino acid sequence) and their presence in the
antennal sensilla of both sexes.

PBPs and GOBPs are not significantly simi-
lar to any other known proteins. Based on some
chemical characteristics that they share with ver-
tebrate OBPs, we would expect a certain similar-
ity between odorant-binding proteins in insects
and vertebrates. In particular GOBPs, although
odor-binding experiments have not yet been re-
ported, are supposed to bind general odorants
such as terpenoids and other volatile compounds
produced by the host plants; these odorants, in
fact, can elicit electrophysiological response from
the sensilla basiconica, where GOBPs are very
likely contained. The same compounds are also
strong odorants for vertebrates; consequently, we
could expect binding proteins for these chemicals
of similar structure in insects and vertebrates;
however, it is not excluded that proteins as differ-
ent in amino acid sequence as the OBPs of insects
and those of vertebrates could fold into similar
three-dimensional structures. It is also puzzling,
on the other hand, the presence in insect
hemolymph of a binding protein (insecticyanin of
Manduca sexta), which is a member of the
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lipocalin family and shows significant sequence
similarity with vertebrate OBPs (Riley et al,,
1984).

If there is no similarity in the amino acid
sequence between odorant-binding proteins in
insects and vertebrates, we could still expect to
find common motifs in their three-dimensional
structure, as a case of evolutionary convergence
where different precursors have evolved toward a
common binding function. Crystals have so far
been obtained only with vertebrate OBPs, be-
cause of their great abundance; however, the re-
cent availability of recombinant PBP of Antheraea
polyphemus (Prestwich, 1993) has opened the way
to structural studies (X-ray and NMR) that could
soon disclose the three-dimensional structure of
insect odorant-binding proteins and their binding
domains.

VIl. PROTEINS SIMILAR TO OBPS IN
CHEMICAL COMMUNICATION

The proteins examined so far occur in the
olfactory organs and are believed to mediate
the perception of odors. However, proteins ca-
pable of binding potential odorants are also
found in other parts of the body and may be
involved in releasing and modulating olfactory
messages.

As in the case of olfactory proteins, their odor
binding activity does not univocally identify these
proteins due to the poor definition of what an
“odorant” is, as discussed in Section II. In fact,
this term is related to the function of such mol-
ecules rather than to their chemical structures.
Again, we have to include tissue localization of
the binding proteins as one of the discrimination
criteria.

Proteins with binding activity to odorants have
been discovered in three types of body fluids that
are known to have pheromonal activity: urine,
vaginal secretion, and saliva. Most of these pro-
teins belong to the lipocalin family and present
significant sequence similarity with vertebrate
OBPs.

The urinary proteins of mouse and rat had
been discovered long before OBPs, but their func-
tion remained unknown for many years. Their
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sequence similarity with OBPs stimulated further
research to better characterize these proteins both
in terms of structure and function. Their great
abundance in the urine of these two species of
rodents (up to several milligrams per milliliter)
has allowed the purification of the relatively large
amounts needed for binding studies and for grow-
ing crystals. These proteins, called MUPs (major
urinary proteins) in the mouse (Finlayson et al.,
1965) and o2-u in the rat (Dinh et al., 1965), are
produced in several isoforms by the liver and
excreted in the urine. The apparent waste of large
quantities of protein in the urine first suggested
the idea that they could be involved in some
important physiological function; their unique
presence in the urine of males was an indication
that they could be involved in pheromonal com-
munication,

It has been demonstrated that the urinary
proteins of both mouse and rat bind the same
odorants recognized by the olfactory OBPs with
dissociation constants of the same order of mag-
nitude (Cavaggioni et al., 1990). Later it was
reported that the MUPs, when purified from
mouse urine, still contain at least two volatile
ligands, 2,3-dehydro-exo-brevicomin and 2-sec-
butylthiazoline, that are known to have phero-
monal activity in the mouse (Bacchini et al.,
1992).

Purified isoforms of MUP and o2-u have
been crystalized and their three-dimensional struc-
ture has been resolved (Bocskei et al., 1992). The
folding of these proteins follows a pattern com-
mon to those members of the lipocalin family,
such as retinol-binding protein, P-lactoglobulin,
and OBP, for which the three-dimensional struc-
ture has been elucidated. The X-ray diffraction
pattern also indicated the presence of the natural
ligand, that had been copurified with the protein
bound inside a hydrophobic pocket in the bulk of
the structure.

Data on the presence of urinary proteins in
other animal species are very scarce. It seems that
this phenomenon of excreting such large quanti-
ties of proteins in the urine is typical of rodent but
certainly has not been observed in all the rodents
examined.

Another protein certainly involved in chemi-
cal communication between sexes was purified
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from the vaginal discharge of the hamster (Henzel
et al., 1988; Singer and Macrides, 1990; Singer,
1991). It is called aphrodisin and bears strong
similarity to OBPs in molecular weight, isoelec-
tric point, and amino acid sequence. The phero-
monal activity of aphrodisin has been clearly dem-
onstrated; binding experiments have not been
reported, but recently evidence has been provided
that the pheromonal activity is due to low-mo-
lecular-weight compounds associated in vivo with
this protein (Singer and Macrides, 1993). This
observation fits well with a carrier role for
aphrodisin, common to most members of the
lipocalin family. It would be interesting to inves-
tigate the presence of aphrodisin-like proteins in
other animal species and verify whether this is
part of a general mechanism for sexual communi-
cation or limited to certain species.

It is worth pointing out that urinary proteins
are produced by males and aphrodisin by females.
The two mechanisms are therefore complemen-
tary and could act alternatively, according to the
species, or be present in the same species in a
two-way communication system.

The saliva is another recognized medium for
chemical communication in some animals. This
behavior has been mostly studied in the boar,
whose saliva contains steroid molecules with
strong pheromonal activity for the sow, So-
androst-16-en-3-one and related compounds. A
protein of 17 kDa has been purified from the
saliva of the boar that shows binding activity to
the steroid pheromones (Booth and White, 1988).
Two isoforms have been separated, whose ratio
appears to be related to the pig race. Data on their
amino acid sequence, when available, will show
if these proteins also belong to the large lipocalin
family.

Salivary proteins, on the other hand, simi-
lar in their sequences to OBPs and to urinary
proteins, are present in the saliva of the mouse
and are secreted by several glands of the oral
cavity. They have been named “urinary” solely
on the basis of their similarity with the proteins
of urine. Whether these proteins perform any
pheromonal function or act as pheromone car-
riers has not yet been demonstrated (Shaw et al.,
1983; Shahan et al., 1987a, 1987b; Shi etal.,
1989a, 1989b).

Viill. THE PHYSIOLOGICAL FUNCTION
OF ODORANT-BINDING PROTEINS

The central problem with odorant-binding
proteins is the definition of their physiological
role. Although a great deal of information has
been accumulated during the last few years on the
structure of several members of this family, their
function is still unknown.

The first question to ask is whether OBPs
are involved at all in the process of olfactory
perception. Their property of binding odorants is
not sufficient in supporting a role in olfactory
transduction. In fact, the concept of “odorant” is
not related to any particular class of chemicals,
but rather to the possibility of stimulating olfac-
tory neurons; several compounds that present an
odor are bound by proteins in different tissues
that have nothing in common with olfaction. The
site of synthesis and translocation of OBPs can
give insights in this respect. As far as we know,
they are all produced by glands present in the
nasal cavity, but only one of them, the frog-BG,
which is, incidentally, the only member purified
from a nonmammalian species, is known to be
secreted by glands of the olfactory epithelium
(Lee et al., 1987). For other OBPs the site of
production is rather the respiratory part of the
nasal epithelium, being the tubular-acinar glands
in the cow (Pevsner et al., 1986; Avanzini et al.,
1987) and the lateral nasal glands in the rat
(Pevsner et al., 1988a). In all the species studied
the OBPs are then found in high concentration in
the nasal mucus, both in the respiratory and the
olfactory areas, but the mechanism of diffusion
of these proteins in the mucus layer has not been
investigated. On the basis of these data it is not
possible to prove that OBPs are involved in the
perception of odors, although such hypothesis
seems quite reasonable. Better evidence can be
found in insects, where the antennal sensilla are
very specialized organs whose only function is
the detection of odors. In the sensillar lymph
PBPs and GOBPs are extremely concentrated,
as reported above, and their only function seems
very likely to be related to pheromone and odor

perception. OBPs share several characteristics
with insect odorant-binding proteins and repre-
sent their equivalent in vertebrates. On the basis
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of this comparison, we can strongly anticipate a
role of OBPs in olfaction.

The next problem to be addressed is the func-
tional position of OBPs in the process of olfactory
transduction; this question can be broken down
into several components:

» Are OBPs essential for odor perception?

» How is the odor quality and intensity of a
substance affected by the presence of such large
concentrations of OBPs?

+ Are odorants complexed by OBPs before or
after their interaction with the neuronal mem-
brane?

¢+ Is there any discrimination and codification of
odors connected with their interaction with
OBPs?

Unfortunately, the available information does
not provide any definite answer to these ques-
tions. However, hypotheses have been formulated
to focus and guide research in this field. Figure 5
shows schematically three models that have been
proposed to explain the role of OBPs in olfaction.

It has been proposed that OBPs could carry
odorant molecules to the membrane receptors,
thus helping hydrophobic compounds to cross the
aqueous barrier of the mucus (Pevsner and Snyder,

FIGURE 5. Three hypotheses for the physiological functions of OBP. Buffer: because of the relatively high values
of the dissociation constants, OBP could trap odorants more efficiently at high concentrations, thus narrowing the
wide range of stimulii intensities. Carrier: OBP could bind odorants and carry them to the membrane of the olfactory
neurons, thus helping hydrophobic compounds to cross the aqueous mucus layer; alternatively, OBP could remove
odorants from the receptors, contributing to their fast reactivating. Transducer: OBPs could selectively bind
odorants and then interact, as a complex, with the membrane-bound receptors; according to this model, borrowed
from bacterial chemotaxis, OBPs could be involved in the discrimination of different odors.
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1990). Alternatively, the OBPs could act after
the olfactory receptors have been stimulated
and remove the odorant molecules from the
receptors’ area. Both models rely on the fact
that odorants are generally hydrophobic mol-
ecules and therefore poorly soluble in the aque-
ous mucus; the presence of high concentrations
of OBPs would thus increase their solubility
and favor their partition into the mucus layer,
thus representing the first step in the amplifica-
tion of the olfactory signal. This is certainly
true for insect PBPs and their correspond-
ing pheromones: the sex pheromones of Lepi-
doptera, being generally long hydrocarbon
chains with a single functional group have very
low solubilities in water, of the micromolar
order of magnitude or lower; on the other hand,
the concentration of PBP has been estimated to
be in the sensillar lymph of Antheraea poly-
phemus around 10 mM, four orders of magni-
tude higher.

For vertebrate olfaction, the situation is dif-
ferent: the concentration of the OBPs in the mu-
cus, although difficult to measure, is certainly
jower than 1 mM; on the other hand, most odor-
ants can be dissolved in water at concentrations
above 10 mM; even an increase of the mucus/air
partition coefficient, determined by the presence
of OBPs, would not produce dramatic differences
in the final concentration of odorants in the olfac-
tory area: in fact, water/air partition coefficients
are for most odorants of the order of 100 or higher
and only in few cases their values are less than 10.
On the basis of these data, therefore, a concentra-
tion effect by OBPs seems questionable, at least
if we consider values averaged over the entire
mucus layer. Recent findings that proteins in the
mucus are not uniformly distributed but are present
in distinct patches (Menco and Farbman, 1992;
Getchell et al., 1993) could still support a role of
OBPs in concentrating odorants in particular ar-
eas of the mucus.

The hypothesis that OBPs could function as
active “carriers” to the receptors or away from the
receptors is rather difficult to prove. In fact, to
provide data in favor of or against each alterna-
tive of this model, we need to know kinetic pa-
rameters, measured in vivo, relative to the interac-
tions between odorants and OBPs. On the contrary,
our data are based on in vifro experiments per-

formed at the equilibrium and therefore can only
measure thermodynamic parameters.

A second hypothesis assigns the OBPs a role
of filtering and buffering agents. This assumption

_ is further supported by the poor affinity of OBPs

to odorants, much lower than the values generally
assumed for olfactory receptors. Therefore, OBPs
would be more efficient when high concentra-
tions of odorants enter the nose to trap most of the
molecules that would otherwise inactivate the
olfactory receptors for a long period. The action
of OBPs would be much weaker at low concen-
tration of odorants, with a resulting buffering ef-
fect. This model is certainly in agreement with a
logarithmic response of ‘the olfactory systems to
increasing concentrations of odorants. However,
experiments performed with insect antennal sen-
silla seem to point in the opposite direction. When
the sensillum lymph in A. polyphemus was re-
placed with Ringer solution, the electrophysiologi-
cal response to the specific sex pheromones was
greatly reduced; normal sensitivity was then re-
stored by the specific purified PBP, but also by
bovine serum albumin (Van den Berg and
Ziegelgerber, 1991). These results could indicate
that the function of PBP is to concentrate the
pheromone in a nonspecific way and consequently
increase the sensitivity.

A third model can be borrowed from the study
of bacterial chemotaxis. It has been known for a
long time that bacteria perceive sugars with the
help of soluble proteins that specifically bind these
attractants. The complex sugar/protein is then
recognized by membrane-bound receptors that in
turn activate an enzyme cascade, eventually lead-
ing to the chemotactic response (Koshland, 1981;
Stewart and Dahlquist, 1987). In a similar fash-
ion, OBPs could specifically bind odorants and
convey the relative information (but not the odor-
ants) to the membrane-bound receptors. This
model has no better experimental evidence to
support it than the others. In any case, it requires
that more types of OBPs be present in the same
animal species, with different spectra of binding
or that heterodimers can form with different speci-
ficities.

Until a single type of OBP was known to be
present in each animal species, a discriminating
role could not be taken into consideration. This
is obvious when considering the complexity of
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olfactory stimuli in vertebrates, but is also true
in the pheromone perception systems of insects.
In fact, pheromones are often constituted by two
or more chemical substances whose relative con-
centrations the insect is able to perceive and cor-
rectly identify as the species’ pheromone.

The discovery of a second class of PBPs as
well as of GOBPs in insects, followed by reports
of two or more classes of OBPs in vertebrates,
provided an expanded basis for theories on the
function of odorant-binding proteins. With two or
three types of binding proteins it becomes pos-
sible to discriminate different ligands; therefore,
odor recognition could also occur at the level of
soluble binding proteins. The small number of
OBPs with broad ligand binding specificity could
well codify for a great number of odors, similarly
to the color vision, that is based on only three
broad spectrum photoreceptors. Moreover, OBPs
could be involved in a system for perceiving only
certain classes of odors, while other odorants could
directly stimulate membrane receptors of olfac-
tory neurons. The presence of two such mecha-
nisms has certainly been demonstrated in bacteria
that sense amino acids with membrane receptors
and sugars through soluble binding proteins
(Mowbray and Cole, 1992).
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