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Structure of rat odorant-binding protein OBP1 at

1.6 A resolution

The nasal mucosa is a specialist interfacial region sandwiched
between the olfactory system and the gaseous chemical milieu.
In mammals and insects, this region is rich in odorant-binding
proteins that are thought to aid olfaction by assisting mass
transfer of the many different organoleptic compounds that
make up the olfactory landscape. However, in mammals at
least, our grasp on the exact function of odorant-binding
proteins is tentative and better insight into the role of these
proteins is warranted, not least because of their apparent
significance in the olfactory systems of insects. Here, the
crystal structure of rat odorant-binding protein 1 is reported at
1.6 A resolution. This protein is one of the best-characterized
mammalian odorant-binding proteins and only the third such
protein structure to be solved at high resolution. The protein
was crystallized in the holo form and contains an unidentifi-
able ligand that is probably an artefact from the Pichia
pastoris expression system. Comparisons are made between
this structure and a modelled OBP1 structure produced using
the crystal structure of aphrodisin as a template. Comparisons
are also made between OBP1 and the other two rat OBP
subtypes, for which crystallographic data are unavailable.
Interestingly, we also show that OBP1 is monomeric, which is
in contrast to its previous assignment.

1. Introduction

Mammalian odorant-binding proteins (OBPs) are part of the
lipocalin superfamily of proteins (Flower et al., 2000) together
with proteins such as the mouse major urinary protein
(Bocskei et al., 1992), bovine S-lactoglobulin (Kontopidis et al.,
2002) and cellular retinoic acid-binding protein (Cowan et al.,
1990). These proteins consist of an eight-stranded antiparallel
B-barrel with a C-terminal a-helix that is packed against its
exterior. The buried side chains of the lipocalin B-barrel
mostly originate from hydrophobic residues and form a central
cavity or calyx that provides a favourable site for the trans-
portation of apolar ligands in aqueous environments (Flower
et al., 2000).

Mammalian OBPs were first isolated from the olfactory
mucosa of cows and were characterized as proteins that have a
specific affinity for 2-isobutyl-3-methoxypyrazine (bell pepper
smell; Bignetti et al., 1985). Since then, these proteins have
been found in the nasal mucosa of many other mammals, such
as pigs (Dal Monte et al, 1991), rats (Briand ez al, 2000),
porcupines (Ganni et al., 1997) and humans (Briand et al.,
2002). Certain animal species have been shown to express
more than one form of OBP, with rats and porcupines being
notable examples. Interestingly, each different form of rat
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OBP has been shown to bind preferentially to ligands of a
different chemical class (Lobel et al., 2002). This is important
as it implies that OBPs could have more than just an ancillary
role in olfaction and could be involved in the earliest stages of
odour coding.

Although many different mammalian OBPs have been
isolated, crystallographic data are only available for bovine
OBP (OBPb; Bianchet et al., 1996; Tegoni et al., 1996) and
porcine OBP (OBPp; Spinelli et al., 1998). OBPb was con-
sidered to be the archetypal OBP for several years and, as
anticipated from biophysical analysis, the crystal structure of
this protein showed that it was dimeric. Surprisingly, however,
OBPb was an example of a domain-swapped dimer with the
a-domains of two monomers interchanging, a structural
feature that is unique in the lipocalin protein family. In con-
trast to its bovine counterpart, OBPp is monomeric in solu-
tion. This is thought to be the consequence of the insertion of a
single residue (Gly121) in the loop preceding the o-domain in
OBPp and also of the presence of a C-terminal disulfide bond
which is absent in OBPb (Ramoni et al., 2002, 2008).

Despite the fact that OBPs are expressed at high concen-
trations (up to 1 mM), no biological function has yet defini-
tively been ascribed to these proteins (Steinbrecht, 1998). A
putative role as carriers of organoleptic compounds to the
odour receptors (ORs) was initially proposed (Briand et al.,
2000). In this model, it was conceived that OBPs functioned as
a universal solvent, assisting olfaction by nonspecifically
increasing the concentration of odorants in the nasal mucosa.
However, although this carrier role is appropriate for OBPs,
given the canonical transport role of lipocalins together with
the physical locality of OBPs and the observation that they
bind a range of volatile ligands in vitro in the low micromolar
range (Briand et al., 2000, 2002; Lobel et al., 2002; Nespoulous
et al., 2004), there is no direct evidence to support it. Further-
more, the activation of ORs has been observed in the absence
of OBPs (Krautwurst et al., 1998). Thus, the specific role of
OBPs remains to be properly ascertained, although several
different models have been put forward. Matarazzo and
coworkers showed that porcine OBP (OBPp) interacts
strongly (K4 = 9.5 nM) with human OR17-210 in vitro. From
this, they postulated that OBPs have a dual role, with their
specific function being driven by the concentration of odours
in the mucous layer (Matarazzo et al., 2002). Matarazzo and
coworkers suggested that at high ligand concentrations OBPs
act as scavengers averting OR saturation, whereas at low
concentrations they act as couriers, actively delivering odor-
ants to the ORs. More recently, Vidic and coworkers also
demonstrated a specific OBP-OR interaction in vitro and put
forward a more detailed role for OBPs than that postulated by
Matarazzo and coworkers (Vidic et al., 2008). Vidic and
coworkers demonstrated that the response of OR17-40 to
helional diminished significantly at high odorant concentra-
tions in the absence of OBP1. Vidic and coworkers postulated
that ORs function as homodimers, with each monomer in the
pair possessing specific binding sites for odorants and OBP.
OR dimers are active only when bound to a single odorant.
Since each OR monomer cannot accommodate both odorant

and OBP simultaneously, Vidic and coworkers suggest that
OBPs act to preserve the active state of the OR dimer at high
odorant concentrations. Contrary to this idea, Taylor and
coworkers recently proposed that OBPs function to slow down
the kinetics of odorant release from the nasal mucosa (Taylor
et al., 2008). Prompted by the observation that ORs can
integrate odorant stimulus (Firestein et al., 1990), this idea has
OBPs functioning as odorant reservoirs, permitting the
detection of transitory stimuli which may otherwise be un-
detectable in their absence.

OBP1 is an 18 kDa protein that is one of the best char-
acterized mammalian OBPs and that has been the subject of
many ligand-binding and unbinding studies both in vitro and
in silico (Lobel et al., 2002; Nespoulous et al., 2004; Hajjar et al.,
2006; Golebiowski et al., 2007). This protein was originally
thought to be a Fisher strain variant denoted OBP1f (Briand et
al.,2000). However, subsequent genome analysis has revealed
a discrepancy in the original sequencing of OBP1 (Pevsner et
al., 1990), indicating that the two proteins are identical. OBP1
is thought to be dimeric in solution at neutral pH, having an
apparent mass of 31.2 kDa as determined by size-exclusion
chromatography (Briand et al., 2000). However, OBP1
possesses a C-terminal disulfide bond and thus in this regard is
more akin to OBPp than to the domain-swapped OBPb. Here,
we report the crystal structure of OBP1 to 1.6 A resolution
and show that the protein is monomeric both in the crystalline
form and in solution under native conditions. The structure of
OBP1 represents the third mammalian OBP structure to be
determined crystallographically.

2. Materials and methods
2.1. Protein expression and purification

Overexpression of OBP1 was performed in the methylo-
trophic yeast Pichia pastoris as described previously (Briand et
al.,, 1999, 2000). Briefly, yeast cells containing the plasmid
pA1fOBP were grown in buffered minimal glycerol media at
302 K and 250 rev min~" in baffled flasks for 2 d. After this
time, the ODyggo had reached ~50 and the cells were gently
harvested by centrifugation at 2000 rev min~" for 5 min. The
cells were then resuspended in buffered minimal methanol
media and incubated at 302 K and 250 rev min~' in baffled
flasks for 4 d. Protein overexpression was driven by the
metabolism of methanol, which was added twice daily.

After overexpression, the supernatant containing OBP1
was clarified by centrifugation at 10 000 rev min~' for 30 min
at 277 K followed by sterile filtration (0.22 pm, Sartorius
Ministart High-Flow). Sodium azide was then added to the
clarified supernatant to a final concentration of 0.2% (w/v) and
the supernatant was incubated at room temperature for
30 min. The supernatant was then dialysed (12-14 kDa
MWCO Spectra/pore dialysis membrane) against 10 mM
tris(hydroxymethyl)aminomethane (Tris) buffer pH 8.0 and
1 mM ethylenediaminetetraacetic acid (EDTA) for 3 d. The
dialysed supernatant was then loaded overnight onto a column
(GE Healthcare XK 16/24) containing Q-Sepharose Fast Flow
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resin at a rate of approximately 1.0 ml min~". Protein elution
was achieved with a 0-0.5 M NaCl gradient at 1.0 ml min~"
over 100 ml. The location of OBP1 in the eluate was confirmed
by SDS-PAGE. The pooled fractions containing OBP1 were
then concentrated tenfold using a 5 kDa MWCO Sartorius
Vivacell and the concentrated protein was purified further on
a column containing Superdex 75 (GE Healthcare) at a rate of
2.0 ml min~" buffered with 25 mM ammonium acetate. OBP1
eluted as a single peak and protein integrity was determined
by SDS-PAGE and mass spectrometry.

2.2. Crystallization and data collection

Gel-purified protein was dialysed (12-14 kDa MWCO
Spectra/pore dialysis membrane) against copious volumes
of >16 M2 Purite water before being concentrated using a
Vivaspin 500, 5000 MWCO spin column (Sartorius). The
concentrated protein was diluted to a final concentration of
10 mg ml™" in 10 mM Tris buffer pH 7.5. OBP1 crystals were
grown at 291 K using the sitting-drop vapour-diffusion
method, in which 200 nl drops of a 1:1 mixture of protein and
reservoir solutions were equilibrated against 100 pl reservoir
solution containing 100 mM imidazole pH 7.0, 25% poly-
ethylene glycol 5000, 100 mM NaF and 5% ethylene glycol.
For cryoprotection, crystals were briefly soaked in a series of
reservoir solutions supplemented with an increasing concen-
tration of ethylene glycol (5% steps) to a final concentration
of 20%(v/v) before being flash-frozen at 100 K. X-ray
diffraction data (Table 1) were recorded on beamline ID14-
EH?2 at the European Synchrotron Radiation Facility (ESRF)
in Grenoble, France. The data were indexed, integrated and
initially scaled using the program XDS (Kabsch, 1993); after
conversion to the mtz format using the program POINTLESS
(Evans, 2006), the data were further scaled and analysed with
SCALA (Evans, 1997).

2.3. Structure determination

The structure was solved using molecular replacement
(Phaser; McCoy et al, 2007) with an ensemble of all four
subunits of the structure of the female hamster sex pheromone
aphrodisin (PDB code 1e5p; Vincent et al., 2001) as a search
model. The resulting phases together with the OBP1 amino-
acid sequence were fed directly into the phase-improvement
and autobuilding routines of RESOLVE (Terwilliger, 2004) to
produce a bias-free starting model of 160 amino acids with
backbones and side chains plus a further 73 amino acids with
backbone only. The model was completed and refined using
Coot (Emsley & Cowtan, 2004) and phenix.refine (Afonine et
al., 2005) to give a final model comprising residues 4-157 and
1-157 in subunits A and B, respectively, 475 waters and five
molecules of ethylene glycol. Overall, the electron-density
map was of very high quality, except for amino acids 75-78 in
chain B owing to presumed mobility of the loop and lack of
crystal contacts. In chain A, the corresponding loop is involved
in several crystal contacts with a symmetry mate (—x, y + 1/2,
—2z + 1/2). The cavities in each molecule had electron density
for an extra ligand, but could not be interpreted.

Table 1

X-ray data and refinement statistics.
Values in parentheses are for the highest resolution shell.

Data-collection statistics

Unit-cell parameters (A) a=42.0,b=0621,

¢ =109.2
Space group P2,2,2,
Resolution (A) 42-1.6 (1.69-1.60)
Completeness (%) 98.4 (93.0)
Multiplicity 3.4 (2.6)
lo(I) 17.4 (4.7)

No. of observations
No. of unique observations

128811 (13633)
37976 (5148)

Rinerge 4.6 (22.0)
Refinement statistics
B factors (A?)
Average (all atoms) 153
Wilson 13.0
No. of non-H atoms 2525
No. of waters 475
R.m.s.d. bonds (A) 0.015
R.m.s.d. angles (°) 1.288
Ramachandran plot, No. of non-Gly/Pro residues
Core 258
Allowed 24
Generously allowed 1
Disallowed 0
R (%) 14.15
Rireet (%) 18.10
PDB code 3fiq

T Statistics as reported by SCALA. % 5% of reflections set aside for cross-validation.

2.4. Analytical ultracentrifugation

Sedimentation-velocity experiments were performed using
a Beckman Coulter XL-A analytical ultracentrifuge. Samples
contained 1.27 mg ml~' OBPI1 in PBS with or without a two-
fold stoichiometric amount of linalool. Samples were loaded
into two channel centrepieces and data were acquired at
280 nm in 5 min intervals at 40 000 rev min~' and 293 K. Data
were analysed using SEDFIT (Schuck et al.,, 2002) with the
c¢(M) and c(S) models, assuming a frictional ratio of 1.2. The
partial specific volume of OBP1 was calculated using SEDN-
TERP (Lebowitz et al.,2002). The density and viscosity of PBS
were determined experimentally using an Anton Paar DMA
5000 densitometer. To determine the mass, the resulting c¢(M)
distribution tables were fitted to a single Gaussian distribution
using SigmaPlot v. 8.0 (SPSS Inc., Chicago, Illinois USA).

3. Results
3.1. Protein production, purification and crystallization

OBP1 was overexpressed in the methylotrophic yeast
P. pastoris as previously described (Briand et al., 2000). Mass
spectrometry of the purified protein gave a molecular mass of
18 131.06 £ 0.21 Da and was also used to gauge the purity of
the starting material.

3.2. The overall structure of OBP1

The three-dimensional structure of OBP1 was solved by
molecular replacement using aphrodisin (PDB code 1e5p;
Vincent et al., 2001) as the starting structure. The structure of
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OBP1 has a fold typical of the lipocalin family, formed by eight
antiparallel B-sheets with a contiguous topology and a
C-terminal o-helix that is packed against the exteriors of
B-strands A, G and H (Fig. 1). Each protein contains two
disulfide bonds (Cys44—Cys48 and Cys64-Cys155) as assigned
previously (Briand et al., 2000). Although two subunits are
present in the crystallographic asymmetric unit, no evidence of
dimerization was observed. Furthermore, the interfacial
regions of monomers A and B have solvent-accessible areas of
approximately 75 and 60 A?, respectively, of a total combined
solvent-accessible area of approximately 15 800 A? this value
of about 0.5% is far below that considered to be acceptable for
solution dimers (Jones & Thornton, 1995).

The N-terminal three residues of subunit A are not visible in

the electron density, probably owing to flexibility. Upon
alignment of both monomers, the average root-mean-square
deviation (r.m.s.d.) is 0.48 A between 147 C* pairs, including
Asnd-Lys58 and GIn64-Vall50 (Fig. 2a). The rm.s.d. is

Figure 1

Ribbon diagram of the OBP1 monomer. The protein has been rotated through 180° to view both
sides. The structure is coloured from blue to red along the chain. The eight S-strands are labelled A—
H. Disulfide bonds are shown as sticks. This figure was created using UCSF Chimera (Pettersen et

al., 2004).

C-terminus

Figure 2
Alignments of OBP1 monomers A and B and of OBP1 with the OBP1 model. (a) An alignment of
the two OBP1 monomers in the crystallographic asymmetric unit. (b) An alignment of OBP1 chain
B and a model of OBP1 made using the structure of aphrodisin (1e5p chain A) as a template with
SWISS-MODEL (Guex & Peitsch, 1997). OBP1 monomers A and B and the modelled structure are
coloured pink, green and blue, respectively.

highest in the C/D loop and the C-terminus, probably owing to
mobility. Since several different modelled structures of OBP1
have been reported in the literature (Nespoulous et al., 2004;
Hajjar et al., 2006; Goleblowski et al., 2006), it was of interest
to compare these with the crystal structure of OBP1 reported
here. Accordingly, a model of the structure of OBP1 was
prepared with the SWISS-MODEL server (Guex & Peitsch,
1997) using the structure of aphrodisin (1e5p monomer A) as a
template, as prepared by Nespoulous et al. (2004). As can be
seen the agreement is very high, with an r.m.s.d. of only 0.72 A
between 134 residue pairs of the OBP1 model and monomer B
of the crystal structure reported here (Fig. 2b).

3.3. The internal binding cavity of OBP1

Surface analysis of the structure of OBP1 using DeepView
(Guex & Peitsch, 1997) with a probe size of 1.4 A revealed the
presence of a large internal cavity within each of the two
monomers. This is in accordance with
other lipocalins such as OBPp, aphro-
disin and the mouse major urinary
protein (MUP; Bocskei et al, 1992;
Spinelli et al., 1998; Vincent et al., 2001).
The computed cavity volumes for the A
and B monomers of OBP1 are 326 and
328 A?, respectively, compared with 438
and 417 A® for the A and B monomers
of OBPp and volumes ranging from 238
to 345 A® for the four monomers of
aphrodisin that are found in the crys-
tallographic asymmetric unit of this
protein. Thus, the volume of the OBP1
calyx is approximately the same size of
that of OBPp and of aphrodisin. How-
ever, it is prudent to mention that
studies performed in silico have revealed
that OBP cavity volumes can vary con-
siderably (Hajjar et al, 2006; Gole-
blowski et al., 2006).

Electron density was found in the
cavities of both of the OBP1 monomers
(Fig. 3). However, after an exhaustive
search loading monomers of every
known component of the various
reagents used during protein over-
expression, purification and crystal-
lization wusing the program Coot
(Emsley & Cowtan, 2004), nothing
could be assigned to this density. This
suggests that the binding pocket could
be occupied by a pigment or a combi-
nation of different pigments that were
produced by the yeast during protein
overexpression. Native protein nano-
spray ionization mass spectrometry was
used to try to determine the mass of the
exogenous ligand, but no change in
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mass was observed for OBP1 in native
and denaturing conditions (data not
shown). This could suggest that the
protein-ligand complex is unstable
during ionization, a phenomenon that is
commonly observed for hydrophobic
interactions (Chung et al., 1998).

As in many other lipocalins (bovine
B-lactoglobin being a notable excep-
tion), the internal cavity of OBP1 does
not communicate directly with external
solvent water. Thus, some form of re-
arrangement of the protein is thought to
occur during ligand binding and un-
binding. Experiments performed in
silico with homology-modelled OBP1
have implied that Tyr82 plays a critical
role in driving protein dynamics that
permit access to the binding cavity
(Hajjar et al., 2006; Goleblowski et al.,
2006). Interestingly, upon analysis of the
solvent-accessible surface area of the 15
residues that line the binding pocket of
OBP1, Tyr82 was found to be signifi-
cantly more solvent-exposed than any
other residue. In accordance with this,
direct solvent access to the binding
cavity can most easily be achieved upon
Figure 3 movement of Tyr82 (Fig. 4). As pre-

Unassigned density in the binding pockets of OBP1 monomer A (orange) and OBP1 monomer B viously proposed, the conservation of
(blue). Both the F, — F_ and the 2F, — F, maps were normalized so that the r.m.s. noise was scaled an aromatic residue at position 82 (Tyr
to 1.00. The contour level of both maps is 2 and they were generated without surface smoothing
using the program UCSF Chimera (Pettersen et al., 2004). Only the residues that contact the binding . ; . .
pocket are shown and those closest to the viewer have been clipped in order to better visualize the underlies the importance of this residue
unassigned density. in bridging the external and internal

~

or Phe) in practically all lipocalins

®)

0.0 12.5 25.0

Figure 4
Sliced view of OBP1 revealing the binding cavity. (a) The internal binding cavity of OBP1 is exposed on removal of Tyr82. (b) Rotation of 90° around the
x axis reveals the depth of the OBP1 calyx. The protein surface is coloured as distance from the protein core. The scale bar is in A.
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environments. This residue could also govern suboptimal
hydration of lipocalin-binding pockets, a process that has been
implicated in imposing enthalpically driven ligand binding in
MUP (Malham et al., 2005; Barratt et al., 2005).

3.4. The oligomeric state of OBP1

Previously, OBP1 had been assigned as being dimeric in
solution based on size-exclusion chromatography, which gave
an apparent weight of 31.2 kDa, a value almost twice that of
the monomeric protein (Briand et al., 2000). This assignment
was also supported by stoichiometries determined by iso-
thermal titration calorimetry that were closer to equivalence
when fitted to one binding site per protein dimer (Nespoulous
et al., 2004). Velocity analytical ultracentrifugation (AUC) was
performed in order to establish the oligomeric state of OBP1
(see §2). The c¢(M) distributions of OBP1 with and without a
twofold molar excess of linalool (provided in excess owing to
the low binding stoichiometry reported for this ligand;

3.0

2.5 1

2.0 A

1.5 A

cM) x 10

1.0

0.5

0.0 -

15 20 25 30 35
Molecular weight (kDa)

Figure 5

Sedimentation-velocity analytical ultracentrifugation of OBP1. ¢(M)

distributions of OBP1 with (closed circles) and without (open circles) the

presence of a twofold molar excess of linalool are shown. The dashed line

indicates the calculated mass of the apoprotein. Data were acquired using

a Beckman-Coulter XL-A analytical ultracentrifuge. The protein con-

centration was 1.27 mg ml~" in PBS.

Nespoulous et al., 2004) are monodisperse and have calculated
molecular weights of 19 068 and 19 248 Da for the samples in
the absence and presence of linalool, respectively, values
which are close to that of the monomeric protein (Fig. 5). In
accordance with this, no evidence of protein dimerization was
observed in the crystal structure of OBP1.

3.5. Comparison of rat OBP subtypes

The three different rat OBPs represent the only complete
intraspecies OBP family for which comparisons have been
made (Lobel et al., 2002). Interestingly, these proteins have
been shown to possess different binding properties and
specificities, providing the first evidence for OBP-dependent
odour coding. It was thus considered of interest to make
comparisons between the known binding-pocket residues of
OBP1, reported here, with those of rat OBP2 and OBP3.
Analysis of the crystal structure of OBP1 reveals that 15
different residues contact the binding pocket of this protein.
Fig. 6 shows a sequence alignment of the three different rat
OBP subtypes and demonstrates the apparent lack of
homology in the binding pocket, providing insight into the
origins of the different odorant specificities of these proteins.

4. Discussion

Interest in OBP1 is at least twofold. From a biological
perspective the protein has significance because of its
supposed role in olfaction, an area of research that has gained
considerable momentum in a very short time (Firestein, 2001;
Gilbert & Firestein, 2002; Axel, 2005). It is hard to imagine
that OBPs are not involved in olfaction in some way, given
their physical location and the range of different volatile
ligands that they bind. However, their place in olfactory
processes is still based largely on assumptions gleaned
primarily from thermodynamic binding information that has
been gathered over the last ten years or so. Furthermore, we
need to remind ourselves that the question of whether or not
OBPs affect olfaction in some way is simply a precursor to the
more interesting and important question of what they actually
do. Thus, in this regard, there is still much work to be
performed.

OBPs in general also present useful

models to investigate fundamental
OBP1 ---HHENLDISPSEVNGDWRTLYIVADNVEKVAEGGSLRAYFQHMECGDECQELKIIFNV 57 bl h hvdrophobicall
OBP2 ----QEAPPDDQEDFSGKWYTKATVCDR-NHTDGKRPMKVEFPMTVTALEG-GDLEVRITE 54 problems such —as  hydrophobically
OBP3 EEASFERGNLDVDKLNGDWFSIVVASDKREKIEENGSMRVEVQHIDVLEN--SLGFTFRI 58 driven ligand-protein interactions and
* SRR b edter @ w0 WF s protein dynamics. To this end, OBP1 is a
0BP1 KLDSECOTHTVVGQKHE-DGRYTTDYSGRNYFHVLKKT-DDI I FEHNVNVDESGKETNVI 115 useful conduit to help explore relatively
OBP2 RGKGHCHLRRITMHKTDEPGKYTT-FKGKKTFYTKEIPVKDHY IFYIKGOR-HGKSYLKG 112 new areas such as entropy—entropy
OBP3 KENGVCTEFSLVADKTAKDGEYFVEYDGENTFTILKTDYDNYVMFHLVNVN-NGETFQLM 117 compensation and binding-site hydra-
. * . * | ] - * . * . . ok . * o
’ ’ ’ tion, both of which will have dramatic,
OBP1 LVAGKREDLNKAQKQELRKLAEEYNIPNENTQHLVPTDTCNQ--- 157 albeit less apparent, consequences
OBP2 KLVGRDSKDNPEAMEEFKKFVKSKGFREENITVPELLDECVPGSD 157 for novel drug-discovery programs
OBP3 ELYGRTKDLSSDIKEKFAKLCVAHGITRDNIIDLTKTDRCLOA-- 160 .
ke s ke o * * (Bingham et al., 2004; Homans, 2007).
. From the three-dimensional distribu-
Figure 6

An alignment of the sequences of the three different rat OBP subtypes: OBP1, OBP2 and OBP3.
Residues coloured red in the sequence of OBP1 are those that contact the binding pocket.

tion of highly conserved residues, it is
apparent that most are found at the
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opposite face of the protein to that of the GxW motif (Fig. 7).
In fact, 11 of the 19 highly conserved residues (Glu27, Lys28,
Val29, Glu31, Gly33, Arg36, Tyr78, Gly84, Asn86 and Phe88)
are located in or around the A/B and E/F loops. In light of this,
it may be instructive to note that the A/B and the E/F loops
are widely regarded as being involved in the control of ligand
binding and release (Golebiowski et al., 2007; Skerra, 2007).
The alignment uncovers five invariant residues (Lys28, Tyr78,
Gly84, Asn86 and Asnl145); of these, Tyr78 has been shown to
have a variable side chain pK, in the ligated and unligated
protein (Nespoulous ef al., 2004). At least two tyrosyl residues
are thought to be involved in OR binding in vitro (Matarazzo
et al., 2002). Asn86 is the only invariant residue that lines the
binding pocket. In silico, Asn86 has been shown to act as a
hydrogen-bond acceptor for ligands during unbinding simu-

HHENLDISPSEVNGDWRTLYIVADNVEKVAEGGSLRAYFQHMECGDECQELK
1 10 20 30 40 50

IIFNVKLDSECQTHTVVGQKHEDGRY TTDYSGRNYFHVLKKTDDIIFFHNVNYV
60 70 80 90 100

—_— e

DESGKETNVILVAGKREDLNKAQKQELRKLAEEYNIPNENTQHLVPTDTCNQ

110 120 130 140 150
e —— I —
100% 80-89% 70-79% 100% (all lipocalins)

Figure 7

Sequence alignment of OBP1, aphrodisin, bovine lipocalin allergen
(BLA), mouse major urinary protein (MUP), porcine OBP (OBPp),
bovine OBP (OBPb) and major horse allergen (MHA) superimposed
onto the structure of OBPI1. In the ribbon diagram of OBP1 positions
coloured orange, blue and green represent very highly conserved, highly
conserved and moderately conserved residues, respectively (see key).
Side chains of residues that are very highly conserved are shown, as are
the residues of the GxW motif. Conserved residues are also coloured onto
the sequence of OBP1 with units of secondary structure also shown.
Residues shown in bold and underlined make contact with the binding
cavity. Met42 and GIn130 are italicized; these residues are not conserved
in OBP1.

lations (Hajjar et al., 2006). The determination of the role of
the five invariant residues in OBP1 should be a route towards
significant enlightenment with respect to the structure—func-
tion relationship of this protein.

Tegoni and coworkers suggested that the shortened length
of the loop preceding the ow-domain in OBPb places con-
straints on this domain that prevent it from packing against
the parent monomer, thus driving dimerization (Spinelli et al.,
1998; Ramoni et al., 2002). Akin to OBPp, OBP1 has a six-
residue loop preceding the a-domain. It therefore seems that
the length of this loop (as suggested by Tegoni and coworkers)
may be critical in driving self-association. Furthermore, unlike
OBPb but akin to OBPp, OBP1 possesses a C-terminal disul-
fide bond that may also hinder dimer formation by tethering
the o-domain to the parent barrel. Previous attempts to
determine the oligomeric state of OBP1 using size-exclusion
chromatography were proven to be incorrect. Whilst this has
no bearing on olfactory processes since the biological role of
this protein has not been established, the new monomeric
assignment does have dramatic effects for the reported
binding stoichiometries of OBP1. However, recent efforts in
our laboratory to remove exogenous ligands after purification
have resulted in binding stoichiometries close to one site per
protein monomer (data not shown).

The crystal structure of OBP1 is consistent with those of all
other monomeric lipocalins. Exhaustive interrogation of the
high-resolution structure of OBP1 presented here will be
extremely valuable and a good starting point for many future
investigations.

We thank Jane Laughton and Dr Susan Liddell for help with
the overexpression of OBP1 and mass spectrometry, respec-
tively. We also thank Professor Jerome Golebiowski, Professor
Arthur Rowe and Dr Thomas Gallagher for useful discussions.
We are grateful to ESRF for travel and access to synchrotron
facilities.
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