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The Structure of the Monomeric Porcine Odorant Binding Protein Sheds Light on
the Domain Swapping Mechanism‡
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ABSTRACT: The X-ray structure of the porcine odorant binding protein (OBPp) was determined at 2.25
Å resolution. This lipocalin is a monomer and is devoid of naturally occurring bound ligand, contrary to
what was observed in the case of bovine OBP [Tegoni, M., et al. (1996)Nat. Struct. Biol. 3, 863-867;
Bianchet, M. A., et al. (1996)Nat. Struct. Biol. 3, 934-939]. In this latter protein, a dimer without any
disulfide bridges, domain swapping was found to occur between theâ- andR-domains. A single Gly
(121) insertion was found in OBPp when it was compared to OBPb, which may prevent domain swapping
from taking place. The presence of a disulfide bridge between the OBPpâ- andR-domains (cysteines 63
and 155) may lock the resulting fold in a nonswapped monomeric conformation. Comparisons with other
OBPs indicate that the two cysteines involved in the OBPp disulfide bridge are conserved in the sequence,
suggesting that OBPp may be considered a prototypic OBP fold, and not OBPb.

Many of the events associated with olfaction are still
poorly understood at a molecular level (1). It is known
however that odorants are in general small hydrophobic
molecules and have to travel from air to olfactory receptors
in neurones (2) through the aqueous compartment of nasal
mucus (3). Several components of the nasal mucus of
vertebrates have been isolated, which are presumably in-
volved in interactions with odorant molecules and olfactory
receptors. These components include a highly abundant class
of proteins, the odorant binding proteins (OBPs), with a
binding affinity for some odorant molecules, which has been
identified and characterized. The bovine odorant binding
protein (OBPb) was the first member of this family to be
described (4-6). On the basis of amino acid sequence
comparisons, OBPb was classified as belonging to the
lipocalin family (7, 8). The intriguing structure of OBPb,
which has been solved by X-ray crystallography (9, 10),
revealed an unsuspected feature, since the fold typical of
lipocalins is complicated in this case by the swapping (11)
of theR-helical domain of the one monomer over theâ-barrel
of the second monomer. The absence of any disulfide
bridges and the presence of a salt bridge at the hinge region
(Glu125-Arg96) have been thought to provide a reasonable

explanation for the extension of theR-helix arm (9) as well
as for the monomerization reported to occur at acidic pH
(12). Other OBPs were later detected in the nasal mucosa
of frog (13), rat (14), rabbit and pig (15), mouse (16), and
porcupine (17). We have decided to investigate the OBP
from pig nasal mucosa (OBPp), taken as an example of a
functional monomer (18). OBPp is also a lipocalin, and it
has been reported to have a pattern of affinity for various
odors similar to that of OBPb. Its affinity was found in the
classical pyrazine binding assay to be higher than that of
OBPb under comparable experimental conditions [0.5 and
3.0µM (18)], and its affinity for a wide range of nutty and
green-smelling odorants has been amply documented (18,
19). Here we report on the structure of porcine OBP at 2.25
Å resolution. The presence of a single glycine insertion
(Gly121) at the interdomain hinge and that of a disulfide
bridge locking the molecule may explain why domain
swapping is not observed in OBPp. These structural features
and the sequence similarity with OBPb make OBPp a good
candidate for designing point mutations at amino acids likely
to be involved in the domain swapping mechanism observed
in OBPb (11, 20).

MATERIALS AND METHODS

Protein Purification and Amino Acid Sequence Determi-
nation. Pig OBP was purified from fresh pig nasal mucosa
by combining two procedures previously used on the porcine
(15) and bovine (5) proteins with modifications. Nasal
mucosa samples were taken from freshly slaughtered animals
(typically 30 g/animal) and immediately homogenized (War-
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ing blendor) in 2 volumes of 20 mM Tris-HCl at pH 7.8
(buffer A). The suspension, after centrifugation (40000g,
30 min), was subjected, in sequence, to the following steps:
ammonium sulfate cut (pig OBP-containing fraction from
60 to 100% saturation), acidification (to pH 4.1 by addition
of 1 M citric acid), neutralization (to pH 7.8 by addition of
1 M Tris base), and overnight dialysis (against buffer A).
The extract was filtered (0.22µm) and loaded onto a FPLC
column filled with the anion-exchange resin Baker Bond
Wide Pore PEI (NH) equilibrated in buffer A containing 0.3
M NaCl. The elution was performed with a 0.3 to 1 M NaCl
gradient, and the pig OBP-containing fractions (0.90-1.0
M NaCl) were pooled and dialyzed overnight against buffer
A. The solution was then loaded onto a Mono Q column
(Pharmacia-FPLC) equilibrated in buffer A and eluted with
a gradient of NaCl from 0 to 0.5 M. The peak eluted at
0.36 M salt exhibited in SDS-PAGE a single 28 kDa band
corresponding to pure pig OBP (15). The protein was
dialyzed again against buffer A, concentrated to 10 mg/mL
(Centricon CF 25 concentrator, Amicon), and stored at-20
°C. The degree of purification was evaluated after each step
by SDS-PAGE analysis under reducing conditions. The
average purification yield was about 0.3 mg of pig OBP per
gram of nasal mucosa.
The molecular mass of native pig OBP was determined

by performing gel permeation on a Superdex 70 FPLC
column. Pig OBP was eluted in a single peak at 25 kDa, in
agreement with previously published data (15). Native pig
OBP behaves like a monomer but showed a molecular mass
higher than that predicted on the basis of the amino acid
sequence (19 kDa). The molecular mass of the denatured
protein was determined with two different PAGE protocols
both under reducing conditions [2.5% (v/v)â-mercaptoeth-
anol] and with different percentages of SDS (1.5 and 5.0%),
and values of 28 and 18 kDa were obtained. No significant
degree of glycosylation was detected with any of the methods
used.
Part of the amino acid sequence determination was carried

out on a purified OBP from pig after proteolytic (Arg-C and
trypsin) and chemical (CNBr) treatment. The peptide
fragments were separated by HPLC with a linear gradient
of acetonitrile from 6 to 90%. Major peaks in a first run of
chromatography frequently required a second separation.
Amino acid analyses were carried out either with a Beckman
model 6300 autoanalyzer or by high-pressure liquid chro-
matography using the Pico-Tag method. In both cases,
samples were hydrolyzed at 116°C over the course of 24 h
under vacuum by vapor of 6 N HCl. Automated Edman
degradation was performed on an Applied Biosystems model
A470 gas-phase sequencer with on-line analysis of the
phenylthiohydantoin derivatives. Approximately 300 pmol
of protein and 20-1000 pmol of peptides were applied on
Beckman protein and peptide supports, respectively.N-
Methylpiperidine was used as the coupling base for Edman
sequencing. The amino acid sequence kindly provided by
P. Pelosi et al. (S. Paolini, A. Scaloni, Marchese, Napolitano,
and P. Pelosi, submitted for publication, SwissProt number
P81245) gave us the possibility to complete regions still
lacking in our determination and to confirm those already
in our hands.
Crystallization and Data Collection. Pig OBP was

crystallized by vapor diffusion at 20°C, at a protein

concentration of 8 mg/mL in the presence of 2 M ammonium
sulfate and 5% 2-propanol. The crystals belong to the
orthorhombic space groupP212121 with the following cell
dimensions:a) 42.6 Å,b) 88.7 Å, andc) 93.2 Å. With
two molecules per asymmetric unit, the specific protein
volumeVm ) 2.3 Å3 Da-1 (46% of the solvent) (21).
Before the data collection, the crystals were soaked for a

few seconds in a reservoir solution containing 2 M am-
monium sulfate and 27% (v/v) glycerol and were then rapidly
frozen at 100 K. A set of 100° oscillation data was collected
at 2.15 Å resolution and 100 K on a MAR-Research Imaging
Plate (J. Hendricks and A. Lenfer, Hamburg, Germany)
placed on a Rigaku RU200 rotating anode using a copper
target. The data sets were integrated with the Denzo program
and merged (22). The data collection and integration
statistics are given in Table 1.
Structure Resolution and Refinement. The structure of pig

OBP was determined by performing molecular replacement
with AMoRe (23), using OBPb as the starting model. The
solution of the molecular replacement procedure for the two
molecules was the first of the list after the translation-fitting
step of AMoRe, with a correlation coefficient of 30.4% and
anR-factor of 48.9% (between 8.0 and 3.5 Å). The rotated
models were fitted and adjusted intoσ-weighted electron
density maps (24). Refinement was performed using the
XPLOR slow-cooling procedure (25), with data between 22.0
and 2.25 Å. Cycles of X-PLOR refinement were alternated
with manual refitting into aσ-weighted electron density map
with the graphic program Turbo-Frodo (Roussel & Cambil-
lau, AFMB, Marseille, France). As the low-resolution data
were employed in the refinement, a low-resolution bulk
solvent correction was applied, as implemented in the
XPLOR program version 3.843 (26). The final OBPp model
has anR-factor of 18.1% and anR-free of 24.7%, in the
25.0-2.25 Å range (Table 1). The (Fobs- Fcalc) exp(iRcalc)
maps (24) did not show any uninterpretable features. The
final model consisted of 2328 non-hydrogen protein atoms
and 197 water molecules. The final model has excellent
geometry according to the PROCHECK criteria (27) with

Table 1: Data Collection and Final Refinement Statistics

Data Collection
resolution limit (Å) 30.0-2.15
data completion [I/σ(I) > I] (%) 99.4
% with I > 3σ(I) 83.8
redundancy 5
Rsym (all/last shell)a (%) 5.1/26.5

Refinement
resolution limit (Å) 25.0-2.25
number of reflections 21750
number of protein atoms 2328
number of water molecules 197
final R-factor/R-freeb (%) 18.1/24.7
B-factor (Å2)
main chains (molecules A/B) 39.2 (33.1/45.2)
side chains (molecules A/B) 39.6 (34.2/45.3)
solvent 40.1

rms deviation from ideal value
bonds (Å) 0.008
angles (deg) 1.36
improper/dihedral angles (deg) 1.10/ 26.7

a Rsym ) ∑[∑|I(h)i - 〈I(h)〉|/∑〈I(h)〉]/n, whereI(h)i is the observed
intensity of theith measurement of reflectionh and 〈I(h)〉 the mean
intensity of reflectionh. b R) ∑|Fo - Fc|/∑|Fo|, whereFo andFc are
the observed and calculated structure factor amplitudes, respectively.
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85% of the residues located in the most favorable area, 15%
in additional allowed regions, and no residues in forbidden
zones. The OBPp coordinates have been deposited with the
Brookhaven Protein Data Bank (PDB entry 1A3Y).

RESULTS AND DISCUSSION

OVerall Structure. In solution, the functional OBPp has
been described as a monomer with an apparent molecular
mass ranging from 18 to 28 kDa (ref15 and this work)
showing no sign of dimerization, contrary to what was
observed with bovine OBP (5). On the basis of protein
sequence data (P. Pelosi, personal communication), OBPp
was found to contain 157 amino acids and its sequence
identity with OBPb and rat major urinary protein (MUP) is
42.3 and 26.7%, respectively (Figure 1). Two cysteines
forming a disulfide bridge were found to occur in the amino
acid sequence at positions 63 and 155 (Figure 1). The three-

dimensional structure of OBPp was determined, using as a
starting model the structure of bovine OBPâ-barrel A and
R-domain B, to reconstitute the classical lipocalin-like fold
(9, 10). As in the classical lipocalin fold, each OBPp
monomer is composed of a nine-strandedâ-barrel comprising
residues 9-120 (strands 1-8) linked by a turn (residues
121-123) to a shortR-helical domain (residues 124-141)
followed by the ninthâ-strand (146-148) and the C-terminal
tail (residues 149-157) (Figure 2). The N-terminal segment
(residues 1-8) is not visible in the electron density map,
probably because it is flexible. Although OBPp is mono-
meric in solution, two molecules are present in the crystal
asymmetric unit, but no domain swapping has been found
to occur in this lipocalin. Molecule A and molecule B
consist of amino acids 9-157 and 12-157, respectively. The
two monomers contact each other face to back and are tilted
at an angle of roughly 90° along an axis which is perpen-

FIGURE 1: Sequence alignment of porcine OBP (this study), bovine OBP, MUP, and rat OBP1. Residue types common to three proteins
are in red, and those common to all four proteins are green. Those which are also common to OBPp and OBPb are light blue. The secondary
structure elements are indicated by continuous lines, and the residues forming the internal cavity are identified with a+.

FIGURE 2: Three-dimensional structure of porcine OBP. (a, left) Theâ-barrel is indigo, and the helix is red; the letter H indicates the hinge
segment. (b, right) Structure from part a turned at an angle of roughly 90°.
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dicular to the axis of theâ-barrel. The surface area of the
dimer interface was found to account for only 2.6% of the
total area of the dimer (400 Å2 out of a total area of 14 500
Å2), a value which is far below the limit generally thought
to apply to dimers of biological significance (28). In OBPb,
where domain swapping was observed (Figure 3), the dimer
interface area was found to be 2500 Å2 (out of a total area
of 15 000 Å2). When monomer A was superimposed on
monomer B, an rms deviation of 0.47 Å was obtained with
145 CR atoms. This value is quite low, considering the large
number of CR atoms taken into account in the comparison.
The largest deviations were detected in the loop regions of
residues 24-35 (0.6-1.5 Å), 59-62 (0.8-1.2 Å), 73-77
(0.6-0.8 Å), 93-97 (0.8 Å), 106-110 (0.6-0.7 Å), 122-
125 (0.7-1.2 Å), and 138-145 (0.9-1.1 Å). TheB-factor
values were much higher (average value) 45.3 Å2) in
molecule B than in molecule A (average value) 33.6 Å2).
The cysteine residues (63 and 155) form a disulfide bridge
between the C terminus and the loop joining strands 3 and
4 of theâ-barrel, comparable to that observed in MUP (29)
and S-RBP (30) (residues 68-161 in MUP and 70-174 in
S-RBP). This disulfide bridge is conserved in all the
lipocalin sequences identified so far, from bacteria to
mammals (31), with one exception, that of bovine OBP. The
rms deviation observed between OBPp and the other lipoca-
lins after superimposition is also quite low: 0.60 Å with
OBPb (with 90 CR atoms included in the comparison) and
0.60 Å with MUP (84 CR atoms).
Why Does Domain Swapping Not Occur in Porcine OBP?

An explanation for the absence of domain swapping in OBPp
can be found upon examining the stretch of residues which
separates its two domains (residues 117-126); in OBPp, the
separating turn is located within the sequence L117LGKG121-
TDIED126, where Gly121 is a major component of the turn
(Figure 1). The corresponding sequence in OBPb is L118-
FVK-LNVED126, in which the residues at the extremities
have high sequence identities, but where the essential glycine
is absent (Figure 1). It has been previously reported that
domain swapping may occur or be induced when the length
of the segment joining the swappable domains is reduced
(11). Upon examination of the superimposed linkers in the
three-dimensional structures of OBPb-A, OBPb-B, and OBPp
(Figure 4), it can be seen that the structural data are in full
agreement with what was suggested by the sequence align-

ment. Glycine 121 is located exactly at a position where
domain swapping occurs in OBPb, and in addition, it induces
a shift in the alignment of the structural elements of the three
protein chains included in the comparison (Figure 4). OBPb
domain swapping might therefore occur because the linker
segment is shorter and less flexible than in OBPp. In other
OBPs, the lack of strong sequence homologies in this
segment prevents any conclusions from being drawn. Fur-
thermore, the absence of cysteines in OBPb may prevent
any nonswapped forms from stabilizing, which is not the
case for other OBPs, which all have cysteines in a good
position for forming a disulfide bridge.
In MUP, the linker segment has the same length as that

present in OBPp and contains a proline at a residue position
following that of Gly121 in OBPp. In rat OBPs, the situation

FIGURE 3: Comparison between porcine and bovine OBPs. (a, left) Porcine OBP (pink) superimposed on the bovine OBP dimer (green and
yellow). (b, right) Comparison between the OBPb extended monomer (green) superimposed on that of OBPp (pink).

FIGURE4: Closeup of the hinge region of OBPb (yellow, A; green,
B) superimposed on that of OBPp (red), showing the insertion of
Gly121 into OBPp as compared with OBPb.
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is very different. Rat OBP1 has a linker length identical to
that of OBPb, but since the degree of sequence identity is
very remote, valid comparisons cannot be made in this case.
A similar situation was found to occur in rat OBP2, where
the sequence identity was even lower and where a large
deletion occurs after this segment. The presence of the
conserved disulfide bridge in both rat OBPs might however
favor the structure being the nonswapped kind.
The â-Barrel Internal CaVity. Upon calculation of the

water accessible surface of OBPp, a single cavity was
observed inside theâ-barrel, as previously described in OBPb
(9, 10) and MUP (29). Contrary to what occurs in these
two lipocalins, where naturally occurring ligands were
detected in the cavity, no significant electron density was
observed in the OBPp internal cavity, indicative of the
absence of bound ligand. A faint density patch was observed
at the center of the cavity, far from its walls, which was
modeled by a water molecule. Alternatively, this patch of
density may have resulted from the central parts of ligands
being bound in a disordered way and giving rise to partial
occupancy. The dimensions of the cavity are equivalent to
those of OBPb; its surface area is 510 Å2, compared with
520 Å2 in the case of OBPb. As previously noted with MUP
(29) and OBPb (9, 10), the cavity does not communicate
directly with the external solvent, since a few amino acid
side chains block the channel leading to the outside, and will
no doubt be required to move for the binding between the
protein and odors to be possible. As was to be expected,
the residues forming the cavity of theâ-barrel (Figure 5)
are mainly hydrophobic (Ile21, Val37, Met39, Leu53, Leu68,
Gly70, Val80, Ile100, Met114, Gly116, and Leu118) and
aromatic (Phe35, Phe55, Tyr82, and Phe88), while only a
few of them are polar-uncharged (Thr37, Asn86, Asn102,
and Thr115). These residues are mostly located within the
â-strands of the barrel or adjacent to them (Figure 1). Some
side chain substitutions have occurred as can be seen when
this sequence is compared with the OBPb cavity. Thr37 has
been replaced by Val, Phe39 by Met, Phe53 by Leu, Val68
by Leu, Ala70 by Gly, Ala80 by Val, Ala100 by Ile, Leu114
by Met, and Phe118 by Leu (Figures 1 and 5). These
substitutions do not however significantly affect the hydro-

phobic and aromatic character of the cavity compared with
that of OBPb, as was to be expected from the binding data
in solution (18, 19). Only four of the 18 residues forming
the cavity are conserved in the four OBP and MUP sequences
(Figure 1); five are found in three sequences, and the
remaining nine occur only once or twice. Side chain polarity
inversion was detected in only four places. The naturally
occurring ligand modeled in OBPb would be able to fit into
the OBPp cavity without any major constraints, except in
two places; it would clash with residues Val80 (Ala in OBPb)
and Phe88 (conserved, Phe89 in OBPb). Phenylalanine 89
has been found to have a flexible side chain (ref10 and
unpublished work of M. Tegoni et al.) in OBPb. When
bound to 2-amino-4-butyl-5-propylselenazole, carvone, or
pyrazine (M. Tegoni et al., unpublished), the Phe89 side
chain undergoes a 120° rotation around itsø1 angle to prevent
a clash from occurring with these cyclic compounds, despite
the fact that they do not occupy the whole cavity. The
naturally occurring ligand in OBPb has been thought on the
contrary to be a noncyclic molecule, which is compatible
with Phe88 being in another position. In OBPp, where the
cavity was found to be empty, the position of Phe88 side
chain corresponds to that observed in OBPb complexes with
the cyclic compound, resulting from a side chain rotation
from the position observed in the naturally occurring
complex.
Significance of the Structure. Bovine OBP was for a long

time viewed as the prototypic OBP and was extensively
studied by performing binding assays. The occurrence of
domain swapping and the fact that OBPb is functional only
as a dimer seem to make this unusual protein rather difficult
to understand, however. Contradictory results and interpre-
tations have been published due to the fact that one ligand
odor was apparently bound per OBP dimer in solution (5,
12). It was suggested that binding might occur inside the
lipocalin barrel as well as in a pocket formed at the dimer
interface by the swapped domain structure (9), the existence
of which may explain the stoichiometry of one odor per
dimer observed in solution (5, 12). Alternatively, it was
hypothesized that binding might occur at both of the lipocalin
sites in solution, but with very different affinities (32). The

FIGURE 5: Stereoview of the residues forming the hydrophobic cavity in theâ-barrel (bovine OBP is green, porcine OBP is pink; numbering
corresponds to that of porcine OBP, except for bovine OBP Phe89).
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high-affinity ligand would be almost impossible to remove;
therefore, only the low-affinity site would be accessible for
ligand substitution in a micromolar concentration range.
When the structure of OBPb was solved, the question was
partly answered. Bianchet et al. (10) established that, in the
crystal, two odor molecules (one per monomer) could replace
the naturally occurring ligand found in theâ-barrel cavity.
We identified an open cavity however between the swapped
domains of the OBPb dimer and proposed that this cavity
might be used for odor transport, or alternatively, to house
another ligand (9). Our data on OBPp suggest that the most
plausible OBP odor binding site is located inside theâ-barrel,
since this may generally be the only possibility in OBPs,
with the exception of OBPb. The intriguing fact that OBPb
exhibits domain swapping and possesses a third interdimer
open cavity suggests that this protein may have some other
function. OBPs have been found so far to possess the
cysteine residues which form the disulfide bridge in OBPp.
All the members of the OBP family probably exhibit a
classical lipocalin fold and an odor binding site located in
the closedâ-barrel cavity. Protein engineering experiments
on the two closely related bovine and porcine OBPs would
make it possible to explain the role of the shorter linker and
the absence of a disulfide bridge in the OBPb domain
swapping mechanism.
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