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Abstract

patients with advanced renal disease.

Human odorant binding proteins (OBPs) are lipocalins proposed to function by carrying small molecules through
aqueous environments to olfactory receptors. In contrast to previous reports, results from fluorescence assays
herein show that ligands bind to OBP-2a with two affinities, one with a micromolar and one with a nanomolar
equilibrium dissociation constant. Computational modeling of the protein reveals these states could be associated
with two binding sites for hydrophobic and/or aromatic molecules, and is not dependent on functional groups such
as aldehyde moieties. Small-molecule hydrophobic uremic toxins like p-cresol were found to effectively compete for
binding to OBP-2a nearly as well as traditional odorants like vanillin. The results support a possible molecular
mechanism for interference of uremic toxins that could result in the impaired olfactory sensitivity described for
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Introduction

Human olfaction is characterized by the ability to detect and
discriminate between thousands of distinct odors; however, the
specific molecular mechanism by which much of the pathway occurs is
not elucidated. Sensory perception is triggered by binding of an
odorant ligand to G-protein coupled olfactory receptors on the surface
of neurons within the nasal epithelium. This interaction initiates a
signal transduction cascade with well-known downstream molecular
components that convert the chemical stimulus to an electrical signal
and neuronal response interpreted by the brain [1]. Within the
olfactory epithelium, olfactory receptor neurons are embedded in a
dense layer of mucus that presents a barrier to vapors of volatile
odorants in reaching the G-coupled receptor. Odorants are slowed in
diffusion across the mucus and can become trapped or degraded if
they interact with soluble macromolecules there [2]. Accordingly, a
volatile odorant with low water solubility or relatively high
hydrophobicity is expected to have a very low diffusion constant in the
nasal mucosa.

Binding of ligand to receptor may occur directly or via ligand
interaction with odorant binding proteins (OBPs), small non-specific
carrier proteins localized in the nasal mucosa. These proteins perform
an intermediate step of reversibly binding small hydrophobic odorants
to shuttle them across the aqueous mucus layer to the olfactory
epithelium and deliver them to the olfactory receptors [2]. Because the
entropic cost of diffusion for hydrophobic odorants across aqueous
mucus is presumably high, OBPs must act as a catalyst to provide a
mechanism for shuttling of ligand to receptor. Ultimately, OBPs
function by controlling the concentration of odorants available to
embedded receptors in the olfactory epithelium. Direct interaction of
OBPs with the G-coupled receptor has not been conclusively

established; however, binding of OBPs to specific hydrophobic
odorants has been shown [3,4]. In addition to their role in shuttling
odorants across aqueous layers to receptors, OBPs may control
odorant availability by post-signal transduction sequestration events to
allow for desensitization of receptors.

OBPs have been identified in a variety of species [5]. In vertebrates,
they are low molecular weight proteins (~20 kDa) that have previously
been reported to bind odorants with dissociation constants in the
micromolar range [3,4]. Vertebrate OBPs are structurally classified as
lipocalins; members of this superfamily display low sequence identity
but share a three-dimensional protein structure consisting of an eight-
stranded beta-barrel with a hydrophobic cavity flanked by a short
alpha-helix at the C-terminus of the protein [6]. In humans, three
putative odorant binding proteins have been identified [3]. The
mRNA encoding these proteins is expressed in brain, heart, kidney,
liver, genital, and lung tissues, in addition to expected localization in
the oral sphere [7,8]. To date, only OBP-2a and tear lipocalin have
been characterized on a protein level. OBP-2a is a soluble carrier
protein that is 45% homologous to rat OBP-2, has been isolated from
human nasal mucosa, and has been demonstrated to bind odorants of
different chemical classes, the strongest affinity being demonstrated
for long-chain aldehydes and fatty acids [3,4]. While it has been noted
that the binding cavity in the beta-barrel structure is large enough to
accommodate multiple ligands [9], only one affinity state has been
reported for OBP-2a [3,4].

Human thresholds toward a particular odorant are typically normal
distributions, with one extreme representing enhanced sensitivity, and
the other, specific anosmia toward the odor. The range of anecdotal
discrepancies in non-diseased humans could be a result of single
nucleotide polymorphisms in G-coupled olfactory receptors [10].
Regulation of the perceived signal may also be achieved through
spatial coding within the olfactory epithelium or olfactory bulb of the
brain, or by the timing of action potentials [11,12]. Space coding and
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ligand-receptor combinatorial mechanisms, in particular, could be
enhanced by the inclusion of OBPs into the presentation mechanism.

Anosmia has been investigated as a symptom of some human
diseases including neurodegenerative disorders (Alzheimer's and
Parkinson's disease [13]) and chronic conditions (Chronic Kidney
Disease, CKD, and End-stage Renal Disease, ESRD) [14]. In
neurodegenerative diseases, impaired cognitive function and defects
appear to correlate with loss of olfaction and the ability to discriminate
between odors. This pathology is likely related to changes in the
olfactory bulb of the brain. In ESRD patients, it is unlikely that
impaired olfaction is related to cognitive decline. Patients do not
experience an increase in odor perception ability after undergoing
haemodialysis, but fully regain olfactory function after renal
transplantation. This finding has been suggested to indicate that
reduced olfaction is due to buildup of uremic toxins not cleared by
current dialysis techniques [14]. Most uremic toxins are small
metabolic degradation products, many of which (e.g. phenols, indoles,
pyrimidines, and nucleotide bases) have hydrophobic character. In
addition to these degradation products, toxic accumulation of some
low-molecular weight proteins occurs. Notably, retinol binding
protein is one of these [15], a lipocalin closely structurally related to
OBPs. We propose herein that in CKD and ESRD patients,
hydrophobic uremic toxins may bind to OBPs and related lipocalins,
thus saturating the olfactory signaling pathway at this level and
inhibiting OBPs from participating in normal transport and delivery
functions for other odorants to olfactory receptors.

Materials and Methods

Materials

Unless otherwise noted below, all reagents used in protein
production and fluorescence studies were purchased from Sigma-
Aldrich or Fischer Scientific, and were certified ACS reagent grade or
better.

Protein expression and purification

The ¢cDNA clone for human OBP-2a was purchased from OriGene
(Rockville, MD) and subcloned into the pSV278 bacterial expression
vector (kindly provided by Vanderbilt University). Use of this
expression vector allows for creation of recombinant OBP-2a that
contains N-terminal maltose-binding protein (MBP) and His6 tags
used to facilitate protein purification. Sequencing of the construct
(Vanderbilt University core facility) verified accuracy of the expression
plasmid.

The vector was transfected into BL21 or pLys-S strains of
Escherichia coli and grown in LB rich broth media at 37°C. All
cultures were supplemented with 50 pg/mL kanamycin for selection of
stably transfected bacteria. Cultures reaching an optical density at 600
nm of about 1.0 were cooled on ice water, then induced with 1.0 mM
isopropyl-B-D-thiogalactopyranoside and grown for 5 hours at 25°C.
Cells were collected by centrifugation and lysed by sonication for 2-3
minutes in 20 second bursts. Bacterial cell lysates with fusion protein
were applied to an amylose resin column (which binds MBP), washed
with 20 mM tris-hydroxymethyl-aminomethane (Tris-HCI), 200 mM
NaCl, and 1 mM EDTA column buffer, and eluted in column buffer
supplemented with 10 mM maltose. Protein that was eluted from the
amylose resin was further purified by incubation with Ni-NTA resin
(which binds the fusion protein His6-tag sequences) in the presence of

20 mM imidizole for one hour followed by a wash with 50 mM
imidizole to remove non-specific interactions. Elution from the Ni-
NTA affinity column was done with column buffer containing 250
mM imidizole. Subsequent sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and Western blotting using an anti-His6 tag as the
primary antibody revealed relatively pure samples (>90%) of the MBP-
OBP-2a fusion protein. To account for non-specific binding
interactions in fluorescence binding studies that resulted only from
interaction with the MBP portion of the fusion protein, we expressed
the N-terminal region of the fusion protein (containing the MBP and
His6 tag sequences but excluding the OBP-2a sequence) from the
pSV278 vector and purified the MBP protein using an identical
protocol to that described above.

Fluorescence binding experiments

Binding assays to measure dissociation constants were performed
similarly to those by Tcatchoff et al. [4]. For saturation binding
experiments, a 2 uM solution of MBP-OBP-2a fusion protein was
made in 50 mM Tris buffer, pH 7.4. N-phenyl-1-naphthylamine
(NPN) was successively titrated into the protein solution and binding
was allowed to reach equilibrium by incubation for 5 minutes at room
temperature before data acquisition. Less than 5% of the total volume
of analyzed sample was from the NPN stock (made in methanol) at
any concentration. Fluorescence excitation and emission scans were
acquired with a Cary Eclipse fluorescence spectrometer for NPN in the
presence or absence of MBP-OBP-2a and for the protein alone in
order to identify wavelengths for excitation and emission of the
fluorophore that reflected changes upon interaction with protein.
Consistent with the previous findings of Tcatchoff et al. [4], maximum
changes in the fluorescence spectra resulting from binding occurred
when exciting the NPN fluorophore at 337 nm and monitoring its
emission at 410 nm. Identical experiments using the MBP fusion
protein were performed side-by-side with the MBP-OBP-2a
experiments in order to determine non-specific binding interactions
occurring as a result of the fusion sequence used. Background-
subtracted data were analyzed with SigmaPlot 12 (Systat Software)
using one-site saturation binding model of the form: y=(ymax'x)/(x
+KD), or the equivalent two-site saturation binding model, where KD
is the equilibrium dissociation constant for NPN binding to OBP-2a,
fluorescence is plotted on the abscissa, and the concentration of NPN
is the ordinate.

For competition binding experiments, NPN was allowed to
equilibrate with 2 uM protein (either MBP-OBP-2a or the MBP
control). Competition of octanal and vanillin was performed against
either 20 or 65 puM NPN; competition of all other ligands was
performed against 20 uM NPN. In the experiments, increasing
concentrations of competitor ligands were successively titrated into
the sample; the volume of sample increased by less than 5%
throughout the experiment. At each concentration, a measurement of
the fluorescence emission of NPN was taken. Data were plotted as
fluorescence intensity vs. concentration of competitor, and fit to one-
or two-site competition binding models to determine the IC50, from
which the Ki was calculated. The following equations and models were
used: y=ymin+[(ymax-ymin)/(1+10log (x) -log (IC50))] (where ymax
is the total fluorescence and ymin is the fluorescence due to non-
specific binding), and Ki = IC50/[1+([NPN]/KD of NPN)].
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Computational modeling

Molecular models of the tertiary structure of wild-type OBP-2a
were made with the Swiss-model server [16] by alignment of the
sequence with the solved structures of human tear lipocalin (PDB ID:
1XKI and 3EYC) [9,17]. Ligands were built and docked into the
structures using Scigress Explorer (Fujitsu), where the active site was
defined as all residues whose side-chains were interior to the beta-
barrel. Energies of binding were calculated with Scigress and force
fields analyzed with Swiss-PDB viewer.

Results and Discussion

Protein production

The protein construct employed in binding studies contained a
sequence identical to the wild-type sequence of human OBP-2a. In
contrast, previous reports were based on a construct of OBP-2a
containing Cys114 to Ser and Thr163 to Ala (numbered according to
the full-length sequence) that was made to prevent heterogeneity of
the product due to post-translational alkylation or O-linked
glycosylation when expressed in Pichia pastoris [4]. By further analysis
of lysine mutants, Tcatchoff et al. [4] reported that Lys127 was the
major determinant of binding to aldehyde moieties. Notably, models
of the three-dimensional structure of OBP-2a (herein and in other
studies [3,4,18]) show that Cys114 is proximal to residues within the
binding pocket for aldehyde groups (~6.6 A from the Cys sulfhydryl
group to the side-chain amino group of Lys127 that reportedly forms a
Schiff base in binding interactions with aldehyde odorants [18]). The
protein construct used in studies herein was derived from a protein
expression method developed for bacterial cells that allows for
purification from cell lysates by a chimeric fusion with maltose-
binding protein (MBP) and a His6 tag sequence. We also generated a
MBP fusion sequence protein that lacked the OBP-2a sequence for use
as a control in fluorescence experiments reported below.

Fluorescence binding studies

The study of binding interactions between OBP-2a and ligands
described herein uses fluorescence spectroscopy as the primary tool.
Previous reports showed N-phenyl-1-napththylamine (NPN) binds to
OBP-2a and can be used to assess ligand affinity by competition
binding experiments [4]. NPN is a fluorescent dye whose quantum
yield dramatically increases in hydrophobic environments; thus, it
fluoresces when bound to the hydrophobic cavity in OBP-2a, but
emission intensity is minimal when NPN is free in aqueous solution.
As shown in Figure 1, when NPN was incubated with the MBP-
OBP-2a protein construct, an excitation and emission peak appeared
in the spectra with maxima around 340 nm and 415 nm, respectively,
consistent with binding of the fluorophore to a hydrophobic pocket in
the protein.

Saturation binding experiments for NPN were performed to show
consistency of the protein construct used in our studies with those
previously reported [4]. In these experiments, fluorescence emission
intensities were collected for the chimeric MBP-OBP-2a protein with
successive titrations of NPN into the sample over a concentration
range of 5 nM to 40 uM. Analogous experiments were performed for
NPN with the MBP fusion sequence to account for effects of non-
specific interactions with that portion of the chimeric protein. The
background subtracted data (Figure 2) were fit to saturation binding

models to determine an equilibrium dissociation constant (Kp) for the
interaction between NPN and OBP-2a.
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Figure 1: Fluorescence emission and excitation scans for NPN in
the presence and absence of OBP-2a. Excitation spectra for 4 uM
NPN in the presence of 2 uM MBP-OBP-2a (solid line) or 2 uM
MBP portion of the protein construct (dashed line) were collected.
For excitation scans, emission was monitored at 410 nm. For
emission scans, the sample was excited with 337 nm light. Notably,
upon binding to a hydrophobic cavity in MBP-OBP-2a, a dramatic
blue-shift in the peak emission wavelength and an increase in
fluorescence intensity occur.

The fluorescence intensity curve over the full range of tested NPN
concentrations revealed the presence of two plateaus; thus, data were
fit to both a one-site and two-site saturation models to distinguish
between possible different modes of binding. For a one-site fit, the
analysis yielded a KD of 14 + 2 uM (P<0.0001, R2=0.9900). A two-site
saturation binding model for the full data set did not provide a
statistically-significant fit for interaction of NPN with a second, lower-
affinity OBP-2a binding site due to low data density in the
concentration range that would define this site. It is possible that the
presence of a lower-affinity binding site reflects binding of the probe
to small hydrophobic areas on the surface of OBP-2a at these higher
concentrations. NPN/OBP-2a equilibrium binding studies in previous
reports [3,4] did not describe data generated using NPN
concentrations greater than 30 uM; however, they did show by
mutational analysis that NPN served as a probe for the interior
hydrophobic binding cavity in OBP-2a. Therefore, collected data for
MBP-OBP-2a and the MBP portion of the fusion construct were re-
analyzed to include only the concentrations of NPN that described
binding affinities or interactions with the interior hydrophobic cavity
that were previously reported (less than 30 pM). The new analysis was
again only statistically significant for the one-site fit (Figure 2),
yielding a Kp of 7.9 + 0.8 uM (P<0.0001, R2=0.9985). Comparison of
this dissociation constant to the previously-reported single-site fit Kp
of 3 + 2 uM [4] shows good agreement and indicates that the structural
integrity and folding of the OBP-2a portion of the protein construct
was not compromised by inclusion of the fusion sequences. The
slightly higher affinity reported by Tcatchoff et al. might result from
the presence of a C114S mutation on the interior of the hydrophobic
binding pocket proximal to the reported determinant residue for
binding. The results of our experiments could suggest that this
additional mutation played a role in increasing the affinity of the
protein for the specific ligand NPN.
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Figure 2: Saturation binding experiment for NPN with OBP-2a.
Successive amounts of NPN were titrated into protein samples in
parallel experiments. Data for the control MBP portion of the
protein construct (gray circles) was subtracted from data for the
MBP-OBP-2a fusion protein (black circles) to yield the specific
binding of NPN to OBP-2a (gray triangles). Data from the full
range (5 nM to 40 pM NPN) is shown in the graph inset; data that
was fit with saturation binding models to recover equilibrium
binding constants (5 nM to 20 uM NPN) is shown in the full
display. Error bars represent the standard deviation of three
independent trials, and the fit shown is for a one-site model (black
line).

Competition binding assays were used to measure the ability of
particular odorants to displace NPN from OBP-2a in order to infer the
affinity for various odorants for the NPN binding site. Since previous
reports indicated OBP-2a was specific for aldehydes with a
hydrophobic character, we performed studies with octanal (an eight-
carbon aldehyde) and vanillin (a phenolic aldehyde). In these
experiments, a saturating dose of NPN for the hydrophobic binding
cavity (20 uM) was allowed to equilibrate with protein, and the
fluorescence emission of NPN was monitored as increasing
concentrations of competitor ligands were successively titrated into
the sample. Background fluorescence readings from the MBP fusion
portion of the protein were subtracted from those of the MBP-OBP-2a
samples, and data were fit to one- and two-site competition binding
models to recover binding parameters. The model assumes NPN and
the competitor odorant both bind reversibly to the same binding site;
recovered parameters include the ICs and the K;.

As shown in Figure 3, a decrease in fluorescence emission intensity
of NPN occurred when octanal was added to the sample, indicating
the odorant outcompeted NPN for binding. Fits to the data with a
two-site model were statistically better than with a one-site model
(vielding non-overlapping ranges for K; values and P<0.0001 in all
cases) for all odorants with an aromatic or hydrophobic nature tested
(Table 1). This result suggests that OBP-2a has at least two binding
sites for competing odorants against NPN, where competitors have
either high- or low-affinity interactions with the protein. The binding

analysis for NPN only yielded one affinity state; however, NPN (with a
three-ringed aromatic structure) may occupy more volume in the
hydrophobic binding pocket of OBP-2a, thus being stericly hindered
from having more than one mode of interaction with the protein, in
contrast to the two modes of binding seen for smaller ligands.

Fluorescence (Arbitrary Units)

-10 -9 -8 -7 -6 -5 -4 -3
Log [Octanal |

Figure 3: Competition binding of octanal with NPN to OBP-2a.
Successive amounts of octanal were added to protein samples of
MBP-OBP-2a or the control MBP that was previously incubated
with saturating concentrations of NPN. Background-subtracted
data is shown with error bars representing one standard deviation
of three independent experiments. Data were fit by a one-site (gray
dash) or two-site (black line) model to recover binding parameters.
The one-site competition model yielded an IC50 of 30 uM (R2 =
0.9552, and P<0.0001); the two site model yielded an IC50 for site 1
of 69 + 6 uM and for site 2 of 0.38 + 0.08 uM, with 70% of ligands
filling site 1. The two sites defined by the data are statistically
significant (P<0.0001), and the R2 value is expectedly better
(0.9979) than for the one-site fit.

Alternatively, the data could suggest that NPN has equivalent
equilibrium interactions with two distinct binding sites in the core of
the protein, thus only one affinity state is observed. The presence of a
high-affinity binding site for competitor ligands was not previously
noted for OBP-2a; however, data density shown in former publications
[3,4] was low around the high-affinity site found in present studies,
thus this site may have gone undetected. For competitor ligands, the
low-affinity site is of micromolar affinity, is bound by one-third or
more of the ligand population in solution, and may be more solvent-
accessible. The nanomolar affinity site for competitors may be buried
deeper in the core of the protein. The solvent accessibility is suggested
by the competition binding data for isoamyl acetate (a small
hydrophilic ester) that displays a single micromolar binding affinity,
but is only able to displace 30% of the total bound NPN. Repetition of
the competition binding experiment for vanillin and octanal at a
supersaturating dose of NPN (65 uM) did not give significantly
different values for the binding constants of vanillin competing against
20 uM NPN shown in Table 1.
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Molecule Ki1 (UM) Kiz (M) % of ligands occupying site 1 | Minimum Fluorescence (% of max)

Octanal 7+10 0.041 +0.008 70+2 8+1

Vanillin 34104 0.022 + 0.008 802 01

Isoamyl acetate? 81 - 100 703

p-cresol 8+2 0.034 + 0.006 40+2 31+1

2-amino-p-cresol 14+3 0.03 £ 0.01 49+3 28+2

Cytosine 113 0.042 + 0.009 37+2 34 +1

Thymine 9+3 0.03+0.01 42+4 37+2

Uracil 14+6 0.042 +0.01 404 33+2

2Data for isoamyl acetate were best fit by a one-site model.

PErrors represent the standard error in the competition binding model fits.

Table 1: Constants recovered from the two-site competition binding model for interactions of selected small molecules competing with 20 uM

NPN for binding to OBP-2a.

Because anosmia has been reported as a symptom of the uremic
condition and OBP-2a is observed to bind small hydrophobic
molecules with an aromatic nature, we performed competition
binding assays to investigate possible interactions of known aromatic
uremic toxins (such as p-cresol) and other products of protein and
nucleic acid degradation (cytosine, thymine, and uracil) with OBP-2a.
Uremic toxins are defined as abundant small molecular-weight species
that accumulate and remain in patients with renal disease even after
that patient has undergone dialysis [15]. The data (Figure 4) show that
these hydrophobic uremic toxins can compete with NPN, and possibly
other odorants, for binding to OBP-2a. For instance, recovered Ki
values indicate that a larger fraction of p-cresol interacts with the high-
affinity binding site to OBP-2a than does vanillin, an odorant with a
very similar chemical structure. As shown in Table 1, all uremic toxins
tested bound with the same affinity classes (micro and nano-molar
sites) as the aldehydes tested, and in general, more are distributed in
the high-affinity binding site (~60%) than the low-affinity site. The
relatively high concentration of toxins in the bloodstream and kidneys
in the disease state (e.g., 186 uM for p-cresol [15]) also suggests the
possibility that they could out-compete other odorants for binding
sites on OBPs. In this case, if a toxin associates with an OBP, the OBP
may be inhibited from performing its normal function in capturing
odorants (like vanillin) to transport to olfactory receptors.

We did not observe specific functional groups for p-cresol (e.g., the
amine group of 2-amino-p-cresol) to affect competitor binding
specificity to the protein, possibly indicating that ligand size or shape
plays a larger role in binding affinity for small toxins to OBPs than
particular constituent functional groups. Conversely, the uremic
toxins tested do not displace as large a fraction of the total bound NPN
from OBP-2a as do the aldehyde odorants tested (~70% vs. >90%),
possibly correlating with the energetic balance between formation of
Schiff base interactions between Lys127 at the bottom of the beta-
barrel structure of OBP-2a with aldehydes [18], the absence of the
aldehyde moiety on tested uremic toxins, and the increased size of the
NPN molecule (three phenyl rings) that buries a larger surface area in
the hydrophobic cavity of OBP-2a.

Uracil p-Cresol Cytosine Thymine

100 1 @

80

60

40 4

Normalized Fluorescence

9 876543 9-8-7-6-5-4-3 9-8-7-6-5-423

log concentration (M)

Figure 4: Competition binding of selected uremic toxins against
NPN for OBP-2a. Successive amounts of uremic toxin were titrated
into protein samples of MBP-OBP-2a or the control MBP that was
previously incubated with 20 uM NPN. The average of three trials
of the background-subtracted data is shown for each competitor
with the two-site competition binding fit (black line). Recovered K;
values and other fitting parameters are given in Table 1.

Consistent with the results of isoamyl acetate studies, if binding
interactions with OBP-2a are made in a more solvent accessible way
(nearer the outside of the beta-barrel), binding affinities of toxins and
NPN would be independent, but the displacement would be less
complete. Such would be the case for a less restrictive carrier protein
than has previously been suggested [4], where binding sites for
different molecules overlap somewhat but are slightly different. This
hypothesis is also consistent with data in previous reports showing a
greater fraction of fluorescent probe is displaced by some odorants
when a fluorophore with only two aromatic rings is used (e.g., a-
pinene displaced 25% of bound NPN, but 40% of bound 11-((5-
(dimethylaminonaphthalenyl-1-sulfonyl)amino)undecanoic acid)
[3,4].
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Computational modeling

To further investigate possible binding sites and modes of
interaction, we modeled the molecular structure of hOBP-2a based on
alignment to the solved structure of human tear lipocalin, which is
65% similar in sequence. The overall protein architecture consists of
an eight-stranded antiparallel beta-barrel with an attached alpha-helix
typical of the lipocalin structural superfamily. The model showed a
wide binding cavity within the beta-barrel, the entrance to which is
formed by disordered loops connecting neighboring beta strands;
these disordered loop regions are least conserved in the primary
sequence between OBP-2a and tear lipocalin. Overall, the structural
features of the protein are suggestive of promiscuous binding behavior
between human OBP-2a and hydrophobic odorant molecules,
particularly due to the wide binding pocket, as noted for structures of
other proteins in this family [9].

Ligands used in molecular docking studies included all those with
experimental data shown in Table 1 in addition to the uremic toxin
indoxyl sulfate and the amino acids tryptophan and tyrosine
(precursors to indoxyl sulfate and p-cresol in protein metabolism,
respectively). We defined the active site for ligand binding as all
residues with side chains interior to any portion of the beta-barrel in
order to provide the widest variety of energy sampling conformations
to docking ligands and eliminate forced effects of presumed specific
interactions (for example with Lys127, the binding determinant
previously reported to direct specificity for aldehydes [4]). The results
show that all hydrophobic ligands found energy minima within the
cavity and associated energies of the ligand/protein complex were
negative (between -150 and -250 kcal/mol in vacuo), indicating stable
interactions within the binding pocket. Further analysis of the ligand-
bound structures and a more detailed force field analysis suggest that
binding of the ligands studied occurs primarily through van der Waals
interactions to minimize entropic costs of solvation by water,
consistent with their hydrophobic nature.

Additional docking computations were performed where a second
ligand was docked to protein already bound with ligand in the cavity.
These experiments showed that the interior of the beta-barrel could
accommodate two molecules of any ligand tested. The overall energy
of the double-ligand-bound complex was less negative (by ~100 kcal/
mol), but still stable. As shown in Figure 5, the energy minimum for
the first ligand bound was located nearer residues at the opening of the
barrel (like Leu62), while the second ligand found an energy minimum
deeper in the cavity, more proximal to Lys127, regardless of the ligand
docked. Docking calculations using three ligands yielded positive
energy values, suggesting binding of more than two small ligands is
energetically unfavorable and unstable.

For the computational models where two ligands were bound, the
interaction between the ligand bound nearest the opening of the barrel
was more stable than the second energy minimum found. The
existence of two binding sites observed in fluorescence binding studies
does match with the observation of the hydrophobic cavity
accommodating two distinct ligands. However, specific physical
binding sites cannot be correlated to the experimentally-observed
affinity states; only direct observation of the on and off rates for each
affinity class would provide information to separate the inherent ratios
of the equilibrium dissociation constant. Alternatively, it is possible
that the two affinity states observed do not correspond to different
physical binding locations within the binding pocket, but instead
correspond to different modes of interaction with the same site on the
protein, with either the protein or the ligand having two distinct

conformations in the ensemble solution measured in fluorescence
competition assays.

3‘) Y Leu62

s
Vanillip'1

) yl Vanillin 2
Lysl ;\é) i}

Figure 5: Homology model of OBP-2a with two ligands in energy
minimized positions. Two vanillin molecules (black stick models)
can be easily accommodated in the hydrophobic cavity of the beta-
barrel. Selected amino acids in close proximity to the docked
ligands are in space-filling representation.

The existence of two distinct binding sites that could be
simultaneously filled would suggest a different stoichiometry than has
been previously reported for ligand-OBP-2a interactions. Isothermal
titration calorimetry studies could verify the stoichiometry suggested.
Lastly, there is a possibility that the linkage between the MBP fusion
portion of the protein and the OBP-2a domain created an additional
binding site that is observed via fluorescence studies and cannot be
directly background-subtracted; further studies using the OBP-2a
domain only would elucidate this possibility. On the other hand,
because the high-affinity site for competition against NPN has thus far
only been reported for OBP-2a using the MBP-OBP-2a construct
herein, and because NPN showed only non-specific binding
interactions to the MBP portion of the fusion construct (shown by a
classic linear trend for non-specific binding in the law of mass action,
as seen in Figure 2), this alternative is less likely.

An understanding of odorant recognition and molecular
interactions of OBPs is not only important for elucidation of human
olfactory signaling pathways, but also for design in bioengineering
applications where sensors detect and bind specific hydrophobic
molecules, and for chemical synthesis of odor molecules intended to
elicit a certain response or human perception. Experimental and
computational data herein suggest that there may be two binding sites,
and mutation of residues other than lysine in the hydrophobic cavity
(e.g. Cysl14) also affects the molecular recognition surface for small
molecules. In addition, the results show that OBPs are capable of
binding hydrophobic uremic toxins. While OBP-2a has not been
specifically reported to be present in the uremic milieu, related
lipocalins such as retinol binding protein have been, and OBPs are not
localized only to the oral sphere. Nonetheless, the data support a
mechanism by which uremic toxins could saturate available OBPs,
thereby preventing their participation in the transportation of other
odorants, and resulting in the anosmia reported for patients with renal
disease.
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