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ABSTRACT

The olfactory system of mammals allows the detection and discrimination of thousands of odors
from the environment. In mammals, odorant-binding proteins (OBPs) are considered responsible
to carry odorant molecules across the aqueous nasal mucus to the olfactory receptors (ORs). The
three-dimensional structure of these proteins presents eight antiparallel B-sheets and a short
a-helical segment close to the C terminus, typical of the lipocalins family. The great ability of
OBPs to bind differentiated ligand molecules has driven the research to understand the mecha-
nisms underlying the OBP function in nature and the development of advanced biotechnological
applications. This review describes the role of mammalian OBPs in the olfactory perception, high-
lighting the influence of several key parameters (amino acids, temperature, ionic strength, and
pH) in the formation of the OBP/ligand complex. The information from the literature regarding
OBP structure, affinity, the strength of binding, and stability inspiring the development of several
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applications herein detailed.

Introduction

The olfactory system of mammals belongs to the chem-
ical senses (smell, taste) playing a crucial role in the
detection and presentation of different odorant mole-
cules from the environment, translating them into var-
ied perceptions and behaviors. This system includes
odorant-binding proteins (OBPs), for the binding and
presentation of odors, and olfactory receptors (ORs)
located in olfactory sensory neurons, associated with
the olfactory bulb, for the detection and discrimination
of the odors [1,2].

Mammalian olfactory transduction system

The olfactory system of mammals is of vital importance
in the identification of odorants; in prey/predators’ rela-
tions; for reproduction purposes and the identification
of toxic foods [3-5]. Olfactory perception is initiated
when an odorant, existent in the air, is presented and
interacts with the olfactory receptors (ORs) of the olfac-
tory sensory neurons, through the nasal mucus of verte-
brates [2,6,7]. This smelling process relies in a
synergistic mechanism between the odorant, the odor-
ant-binding proteins (OBPs), and the olfactory receptors
(ORs) [3,7]. The odorants are usually low molecular

weight, hydrophobic, and volatile molecules that cross
the hydrophilic nasal mucus to reach the ORs in a pro-
cess mediated by the OBPs [4,7]. The OBP/odorant com-
plex is recognized by the OR a protein belonging to the
subfamily class A of a G protein-coupled receptor
(GPCR), existent in the olfactory sensory neurons [8].
The trigger of OR leads to an intracellular signaling cas-
cade resulting in the production of guanosine diphos-
phate (GDP) on the o subunit of the G-protein. The
activated o subunit interacts with the adenylyl cyclase
(AC) that converts adenine triphosphate (ATP) into cyc-
lic adenine monophosphate (cAMP). This signaling cas-
cade induces the inflow of Ca®" and Na™ ions by
activating the membrane channels. The consequent
increase in the internal concentrations of Ca®" causes
the opening of Ca’"-activated CI~ channels that pro-
duce an efflux of CI~ from the neuronal cilia, contribu-
ting to olfactory neuron membrane potential
depolarization. The depolarization leads to action
potentials that are transmitted along the axon of the
olfactory sensory neuron until it reaches the olfactory
bulb followed by interpretation of olfactory signal in
different areas of the brain (piriform cortex, olfactory
tubercle, anterior olfactory nucleus, and specific parts
of the amygdala and entorhinal cortex) [1,2,9-11]
(Figure 1).
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Figure 1. Mechanisms of mammalian olfactory systems. In the presence of an odorant molecule (1), the odorant-binding proteins
(OBPs) present in the nasal mucus carry it to the olfactory receptors (ORs) present in olfactory neuronal cells (2). Consequently,
an intracellular signaling cascade is trigged via G-protein (3), resulting in the production of cyclic nucleotide (cAMP) by the acti-
vation of adenylyl cyclase (AC) (4). cAMP induces the inflow of Ca*>" and Na™ ions which increases inside of neuronal cell causes
an efflux of CI™ (5), contributing to the olfactory neuron depolarization. The depolarization of the olfactory neuron membrane
leads to modification in action potential that is conducted along the axon until achieve the olfactory bulb and the olfactory sig-
nal is interpreted by the brain (6). Figure was created based on Sankaran et al. [12].

The role of mammalian odorant-
binding proteins

The odorant-binding proteins (OBPs) are small (~15 to
20 kDa), extracellular, water-soluble proteins and mem-
bers of the lipocalins superfamily [13-16]. OBPs are
expressed in high concentrations in the glands of the
nasal mucosa and in the vomeronasal organ being
released into the nasal mucus of vertebrates [12,15,17].
Their expression occurs momentarily after birth for the
vertebrates, reaching their maximum levels within
2-3d [18]. During their lifetime, the OBPs are not pro-
duced at a constant rate, they are only expressed in cer-
tain periods and under a variety of physiological
conditions [17].

The first vertebrate OBP identified was isolated in
1985, from the nasal mucosa of bovines [19]. In the last
three decades, OBPs from other species, including pigs
[20], rabbits [21], elephants [22], mice [23], rats [24],

insects [25], frogs [26], and humans [27], have
been identified.
Although the exact function of OBPs remains

unclear, studies have been postulated that these pro-
teins are involved in several processes related to the
binding and presentation of odors. Once OBPs are
secreted into the nasal mucous and present capacity to
bind different odors, it is believed that they are respon-
sible to transport hydrophobic odorant molecules, in
their calyx-shaped cavity, across the aqueous mucus

barrier toward the olfactory receptors [1,5,16,28-30].
They also might be involved in the termination of the
olfactory signal by removing odorants from the olfac-
tory receptors after stimulation [5,31,32]. Furthermore
and according to lkematsu et al. [33], OBPs can be also
involved in general defense mechanisms in mammals,
especially in the removal of harmful substances present
in breathed air, thus maintaining the receptor binding
sites in a state of readiness [34]. Grolli et al. [33] investi-
gated the binding properties of OBPs to the 4-hydroxy-
2-nonenal (HNE), a reactive lipid peroxidation end-prod-
uct. With this study, they intended to establish a func-
tional relation between the OBPs and the molecular
mechanisms involved in the combat to free radical cel-
lular damage. HNE is produced through the peroxida-
tion of unsaturated fatty acids by cells as a
consequence of the exposure to the oxygen present in
the inhaled air. The binding data revealed a dissociation
constant (Kd) of 4.9 and 9.0 uM for porcine and bovine
OBP, respectively [33]. This constant evaluates the
strength of the interactions between the ligands and
the proteins. Low Kd values are observed by steeper
slopes (fluorescence vs ligand concentration) and cor-
respond to the greater binding affinity of the ligand to
OBP; high Kd values mean weak ligand affinity. These
preliminary results suggest that OBP can also be associ-
ated with the reduction of HNE toxicity in the nasal
mucosa [33]. This discovery helps to understand the
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OBPs functions
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Figure 2. Mammalian OBPs origin (left) and their function in the olfactory system (right). Figure was created based on Gomez-
Velasco et al. [17], Grolli et al. [33], lkematsu et al. [34], Muthukumar et al. [5], and Pelosi et al. [29].

function of the OBP in the protection of the nasal
mucosa, exposed to airflow and associated oxidative
stress. Some authors refer that ORs have the ability to
be stimulated by odors, even in the absence of OBPs
[35,36]. However, the results did not explain why the
presence of OBP improved the affinity of the OBP/odor
complex by the receptor. Vidic et al. [37] demonstrated
that high concentrations of helional odorant, an alde-
hyde used as a perfume in soap and laundry detergents
when in the absence of the native rat OBP-1 resulted in
a significant diminution of the response of OR17-40 to
helional [37]. Furthermore, when the ligand concentra-
tion is high, OBPs are crucial to prevent the saturation
of ORs binding sites [29,37-39]. Figure 2 resumes the
main functions of OBPs and some of the organisms
from where they were identified.

Some OBP isoforms have been identified within the
same species. These isoforms diverge in their amino
acid sequences and in their specificity to different types
of ligands [40]. For example, there are several OBP iso-
forms in rats that differ in their binding preference [41].
Rat OBP-1 preferentially binds to heterocyclic com-
pounds, such as pyrazine derivatives, whereas OBP-2
presents more specificity for carboxylic acids and long-
chain aliphatic aldehydes. On the other hand, rat OBP-3
appears to have a strong interaction with odorants
composed of saturated or unsaturated ring struc-
tures [40,41].

The OBPs from different species, share low sequence
similarity. For example, pig OBP-I (pOBP) and human
OBP (hOBPy;;) share only 13.9% of sequence similarity,
while pOBP and bovine OBP (bOBP) share 42.7%
[28,42]. Intra OBP species analysis, for example, testing
two human OBPs sequences (hOBP,, and hOBP,,) dis-
played 95% of identity [43], despite that hOBP,, is
expressed in the nasal mucus, saliva, and lachrymal
glands; while hOBP,;, is expressed in the genital organs.
A low number of 3D structures of OBP proteins are
available, as we confirmed in Protein Data Bank (PDB).

Regarding the protein sequences predicted as OBPs,
through blast analysis, we retrieved several sequences
from PDB, UniProt (Universal Protein), and Ensembl
genome browser [44]. In order to better understand the
similarities between OBPs from different species, a
cladogram was created (Figure S1). Since this review is
focused on mammalian OBPs and due to the high num-
ber of sequences observed (less sensitivity and low
similarity), the sequences of birds, reptiles, and bony
fishes were rejected. All different sequences, even from
the same species, were considered to construct the
cladogram. The results show that all mammalian spe-
cies are well distributed in different orders.

Physicochemical and structural properties
of OBPs

In the last two decades, several structures of OBPs have
been solved by X-ray diffraction and deposited in
Protein Data Bank (PDB). However, a low number of 3D
structures are available. In 1996, a OBP structure iso-
lated from bovine (Bos taurus) nasal mucosa at 2.0 A of
resolution (PDB ID: 10BP) was reported [45,46]. Spinelli
et al. [47] obtained the crystallographic structure of pig
(Sus scrofa) OBP with 2.25 A of resolution (PDB ID: 1A3Y)
[47]. Actually, there is a more accurate structure of
pOBP with 1.48 A of resolution (PDB ID: 1DZK) [48].
Also, White et al. [39] reported the crystal structure of
rat OBP-1 at 1.6A resolution (PDB ID: 3FIQ) and the
monomeric state of this protein, either in the crystalline
form or in solution, when under native conditions [39].
Crystal structure of the human OBP, designated as
OBP),,, was also obtained (PDB ID: 4RUN) [49]. The pro-
tein sequences of these OBPs are very different, as we
can observe in the alignment of the sequences in
Figure S2A. The structures of the OBPs available in PDB
are presented in Figure S2B. Despite many other OBP
sequences are known (total or partially) their structure
is not yet resolved.
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Figure 3. Cartoon diagram of porcine OBP protein (pOBP).
The figure indicates the localization of Trp16 residue (W16),
five Tyr residues (Y20, Y52, Y78, Y82, and Y92), and the disul-
fide bridge between Cys63 and Cys155. The figure was
retrieved from Staiano et al. [53], constructed on the basis of
pOBP structure given in file 1A3Y.pdb.

Despite the genetic variability between OBPs from
different mammalian species, lipocalin members pre-
sent some characteristics that allow their identification.
For example, their tertiary structure is well conserved,
with the B-barrel structure composed of eight -strands
(designed by A to H) linked by seven loops (L1-L7) and
connected to a short a-helix close to the C-terminus
and a ninth B-strand followed by the disordered C-ter-
minal tail [47,50,51]. Fourier-transform infrared spectros-
copy (FT-IR) spectrum of pig OBP suggested the
existence of 51% B-sheets and 8% a-helix corroborating
the values observed by X-ray diffraction (43% and 10%,
respectively) [52]. Vertebrate OBPs have other con-
served characteristics that allow their identification: a
GxW motif (G: glycine; x can be any residue; W: trypto-
phan) on the N-terminus (residues 14-16, in pOBP); a
glycine residue at the C-terminus (Gly119, in pOBP);
and two cysteines in the middle and at the C-terminal
end of the sequence [42]. In porcine, the conserved
Cys63, and Cys155, forms a disulfide bridge tightening
the flexible C-terminal o-helix domain and the B-barrel
(Figure 3) [39]. In addition, an YxxxYxG motif can also
be found (residues 78-84, in pOBP). Negatively charged
residues (Glu and Asp) are also systematically present at
positions 46, 130, 143, and 153 in pOBP. In OBPs, except
for Asn145, there are some aromatic and aliphatic resi-
dues or glycine completely conserved (Phe55, Phe88,
Phe132, lle104, lle141, lle146, Gly109, Gly119, and
Gly140 in pOBP) [28].

Bovine OBP (bOBP) differs from the other lipocalins
by lacking the conserved disulfide bond and by their
ability to form domain-swapped dimers [45,54]. bOBP
was the first mammalian OBP with a crystal structure
solved and the analysis of this structure revealed a
domain-swapped dimer, in which the helix near the C-
terminal region of each monomer is packed against the
B-barrel of the other [45,46]. The domain swapping
mechanism of this OBP was explained by the absence
of a glycine residue at the hinge region linking the
B-barrel to the a-helix and also by the lack of the disul-
fide bridge [55]. A bovine mutant OBP obtained by the
insertion of a glycine residue in the position 121 of
bOBP, and by the replacement of W64C and H155C
(GCC-bOBP), resulted in a monomeric protein without
any structure perturbation revealing the importance of
the absence of the Gly121 and cysteine residues during
the formation of the dimeric structure [54].
Experimental and computational data also revealed
that bOBP is a dimer at neutral pH, contradicting the
monomeric structure at pH 2.5. Acid pH results in the
loss of the swapped dimeric conformation, without
alteration of the tertiary and secondary structures [56].

The structure of mammalian OBPs proved to be
highly stable and resistant to degradation by tempera-
ture, organic solvents, pH variation, or proteolytic diges-
tion [29,30]. Vertebrate OBPs can resist at high
temperatures before undergoing denaturation, and, if
unfolding occurs, this phenomenon can be reversed
after restoring the initial conditions [52]. The FT-IR spec-
tra for pOBP revealed a structure exceptionally stable to
thermal denaturation (up to 80°C), particularly in the
presence of the 2-isobuthyl-3-methoxypyrazine and 3,7-
dimethyl-1-octanol ligands [52]. The FT-IR data also
showed two transition phases occurring at 65-70°C
and 80-85°C, related to molten globule states of the
B-barrel, maintaining however the structural integrity at
such temperatures [52]. Besides, circular dichroism
spectroscopy measurements proved that the pOBP
preserves a structural stability up to 65°C [57].
Exceptionally, bOBP maintains the dimer form even in
the presence of 1.5 M of guanidinium chloride (GdnHCI)
[58]. Also pOBP is only completely unfolded when dis-
solved in solutions containing 3.5M of GdnHCI [53] or
when it is suspended in 8 M of urea, as verified by circu-
lar dichroism spectroscopy [59].

Binding affinity and selectivity of
mammalian OBPs

The first mammalian OBP was discovered in the nasal
mucosa of bovines, by ligand-binding experiments



using a radioactive pyrazine ligand ([*H]-2-isobutyl-3-
methoxypyrazine) [19,60]. The first OBPs binding assays
were based on methods involving radioactive-labeled
ligands and included the separation of bounds and free
ligands by electrophoresis, gel filtrations, or other tech-
niques [29,60,61]. These ligand-binding experiments
were used to measure the affinity of odorants toward
OBPs and were improved over time, replacing the
radioactive probes with fluorescent ligands [61]. Three
approaches can be used to measure the binding of a
ligand to OBP. The first is based on centrifugation steps
where the free ligand is separated and quantified. The
second uses a dialysis membrane to separate the OBP/
ligand complex from the free ligand. In these two first
approaches, the binding corresponds to the difference
between the initial amount of ligand added to the
binding reaction and the free ligand measured after
separation. The third approach directly determines the
formation of the OBP/ligand complex using a fluores-
cent ligand, without any separation step. This method,
is simple, fast, and only requires a small amount of pro-
tein and no separation step is needed, avoiding though
the error measurements related to this last step [61].
Several fluorescent ligands are actually used to measure
the OBP-mediated binding: 6-ptoluidinylnaphthalene-2-
sulfonate (TNS), 2-isobutyl-3-methoxypyrazine (IBMP),
N-phenyl-1-naphthylamine (1-NPN), fluorescein and
1-aminoanthracene (1-AMA) [29,62]. The 1-AMA was
used for the first time to measure the activity of pig
OBP (OBP-I) [52] being actually widely applied to study
the interactions of the lipocalin superfamily proteins
(Table S1). The free and the 1-AMA bound to pig OBP-|
(OBP/AMA complex) can be quantified by measuring
the fluorescence with excitation wavelength at 295 nm.
The maximum wavelength of 1-AMA is shifted from 537
to 481 nm when 1-AMA is bound to pig OBP [52,63,64].

The affinity of non-fluorescent ligands to OBPs can
be accessed by their ability to compete with the fluor-
escent ligand. In the competitive binding experiments,
the protein is incubated with the fluorescent ligand at a
fixed concentration, and then increasing amounts of a
non-fluorescent ligand are added [61,63]. The strength
of the non-fluorescent ligand to bind to the OBP and
replace the fluorescence probe is directly related to the
affinity of this compound to the protein. Competitive
assays have revealed that pig OBP has a capacity to
bind a variety of different structural ligands including
terpenoids (3,7-dimethyloctanol, carvone, B-citronellol),
linear aldehydes (decanal, vanillin), and aromatic com-
pounds (benzyl benzoate, coumarin) [29,48,65,66]. The
authors in Tegoni et al. [28] refers that the best ligands
present dissociation constants in the interval of
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0.1-1.0 uM [17,28]. However, the range of values that
are considered low or high dissociation constants are
not clearly defined by the scientific community.
Furthermore, the binding affinity can be reported by an
association constant (Ka) that represents the inverse of
the Kd value (Ka = 1/Kd) [67]. A list with the distinct
dissociation constants, that is, the binding capacity of
the mammalian wild-type and mutated OBPs is indi-
cated in Table S1. More recently, derived fluorescent
compounds (phenylnaphthalen-1-amine (1-NNN) and 2-
naphthylamine (2-NNN)), were synthesized and used to
measure the binding property of OBPs [68]. These new
probes present an excitation and emission wavelength
in the visible region of the spectrum (Table S1, mutant
pOBP-F88W). Besides, these probes are useful to create
a simple, accurate, and sensitive optical sensor for odor-
ants [68], only a few studies have reported their use to
measure the binding of ligands to OBPs.

Mechanistic insights about the OBP mode
of action

The formation of the OBP/ligand complex is dependent
on the type of ligand, the ligand’s proximity to the OBP
protein, the OBP structure, and the size of the OBP cav-
ity [68-70]. During complex formation, different amino
acidic residues of OBP may be involved in the binding
process. Site-directed mutagenesis, recombinant tech-
nologies, advances in protein sequencing, and the use
of different bioinformatic tools, allowed the identifica-
tion of the amino acids and the interactions involved in
the binding process. Molecular dynamic (MD) simula-
tions and docking analysis allow one to calculate the
coordinates of Ca atoms of protein variations; the ther-
modynamics and energies involved in binding; and to
predict the structure of OBP with and without ligand.
Furthermore, using MD simulations it is possible to infer
and quantify the percentages of secondary structure
elements of OBPs; evaluate the solvent accessibility of
amino acid residues, and identify the physicochemical
interactions involved in the binding process. Together
with site-directed mutagenesis, this tool helps the iden-
tification of the residues involved in the OBP/ligand
interaction [64,69,71,72].

The nature of the ligand influences the binding
site at the OBP surface

OBPs are known for their capacity to bind ligands with
different sizes and functional groups. Several studies
have been conducted to understand the binding pro-
cess and to identify which residues on the OBP’s
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binding site interact with the ligands during the forma-
tion of the OBP/ligand complex. While some ligands
seem to interact with “universal” residues of the OBP
binding site, others bind in a more specific manner. The
nature of the ligand seems to influence the binding
process and to determine the amino acids of OBP
involved in the binding. In pig OBP, the highly con-
served Tyr82 residue has been identified as being
involved in the binding process of several ligands. The
replacement of this amino acid present in the protein
binding pocket, by another residue, with the same
physicochemical properties, like phenylalanine, resulted
in any alteration on the cavity structure, which is
consistent  with  the assigned function [73].
Notwithstanding, the substitution of the same residue
by an alanine (small hydrophobic amino acid), resulted
in a structural alteration of the binding pocket, support-
ing the involvement of Tyr82 in the binding process
[73]. Meillour et al. [74] demonstrated experimentally
that Phe35 and Tyr82, both located in the pOBP pocket,
are involved in the binding and release of 1-AMA (aro-
matic) and of undecanal (UND, aldehyde) ligands [74].
The authors observed that the fluorescence spectra for
the pOBP-Phe35Ala and pOBP-Tyr82Ala mutants with
increased concentrations of 1-AMA presented a very
similar fluorescent value, and are different from wild-
type pOBP. This result indicates that both aromatic resi-
dues, Phe35 and Tyr82, are necessary to retain the lig-
and in the binding pocket of pOBP. In the double
mutant pOBP-Phe35Ala/Tyr82Ala, the maximum emis-
sion fluorescence did not shift upon 1-AMA addition,
indicating the absence of 1-AMA binding toward the
OBP mutant [74]. Molecular dynamic (MD) simulations
supported the reported experimental data. The binding
process is initiated by the opening of the OBP pocket
site through the shift of tyrosine and phenylalanine res-
idues [42]. MD simulations report that the interaction
between pig OBP and the ligand occurs through the
shift of the residues mainly located at the junction
between the B-strands D and E and the L1 and L5 loop
(Figure S3) [75].

The number of interactions and the residues
involved between OBP and the different odorants has
been found to vary between two and ten residues. For
example, in pOBP, the lle21, Met39, Val80, Tyr82, Phe8s,
lle100, Asn102, Met114, Gly116, and Leu118 residues
are involved in the interaction with benzophenone
(BZP, aromatic ketone) [48]. For benzyl benzoate (BZB)
the residues involved in the binding are described to
be Asn86, Phe88, Asn102, Met114, and Thr115 [48,76].
The 2,6-dimethyl-7-octen-2-ol (DHM), the undecanal
(UND, aldehyde), and the 2-isobutyl-3-metoxypyrazine

(IBMP) are oriented differently in the cavity of the pro-
tein and interact with different amino acid residues
(Asn86, Asn102, Try82, Phe35, Phe55, Lys28, and
Asp110) [48,74,75]. While for some ligands, several
amino acid residues are involved in the ligand inter-
action, for others, few residues participate on the pro-
cess. For example, the binding of thymol to pOBP
seems to be mediated by only two residues, the non-
polar lle21 and Phe88 [48]. Table S2.1 presents the resi-
dues identified as being involved in the binding of
wild-type pig OBP to the specific ligand.

A recent study, performed by our group, revealed
that the binding conditions, like temperature, could
also determine the residues involved in the binding
process. In this study, we designed two mutant pro-
teins. A truncated pig OBP (tOBP), resulted from the
replacement of two phenylalanine residues at the bind-
ing pocket of OBP-I (F44A and F66A) and from the dele-
tion of the first 16 residues of the N-terminal. Also, the
OBP::GQ,0:SP-DS3, resulted of the fusion of pig OBP-I
with the anchor peptide SP-DS3 (DRDDQAAWEFSQY)
and a spacer with 20 repetitions of glycine-glutamine
residues (GQ,p) [69]. Using the AutoDock Vina we pre-
dicted the docking positions of 1-AMA in the new OBPs
at different binding temperatures (25 and 37 °Q). In this
study, we have identified some residues previously
reported (Phe35, Phe55, Tyr82, Asn86, Asn102, and
Met114) for the wild-type pig OBP while others were
identified and reported for the first time. For the tOBP
protein, the Ala83 and Asn104 amino acids were identi-
fied for the first time as being involved in the binding
at 25°C, while Val147 and lle149 were identified, here in
this study, as being involved in the 1-AMA binding, at
25°C. For OBP::GQ,(::SP-DS3, the amino acids Asn32,
Pro34, Lys58, and Arg152 at 25°C and the Asn104,
Val105 and Asp106 were also reported, for the first
time, as being involved in the 1-AMA binding at
37°C [69].

Docking simulations of benzene to porcine OBP
(PDB ID: 1DZK) identified some residues involved in the
binding process: lle21, Phe35, Asn102, Met114, Thr115
and Gly116, polar and non-polar residues [57], which
were also identified by us [69]. The same authors identi-
fied the residues involved in the binding of benzene to
bovine OBP: Phe89, Ala101, Asn103, Leul115, Thr116,
and Phe119, polar and non-polar residues [57].

Bianchet et al. showed that in bovine OBP (bOBP),
the access of a ligand to the binding cavity of the pro-
tein is controlled by the hydrophobic aromatic Phe89,
through rotation around a carbon-carbon single bond
[46]. Phe89, but also Phe54, seems to control access to
the bOBP pocket [28]. Hajjar et al. [77] showed, using
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MD simulation, that the hydrogen bonding between
the aromatic polar Tyr20 and Tyr78 residues increases
in the presence of the thymol ligand. Tyr83 (conserved
tyr82 in pOBP) was also referred to as being situated
near the entrance of the binding cavity as demon-
strated by MD simulations. This amino acid constitutes
and regulates the entrance to the bOBP cavity [75,77].
Moreover, Tyr83 appears to be especially involved in
the unbinding process and can be considered as the
gate of OBPs’ binding pocket. This amino acid is highly
conserved among the members of the lipocalin super-
family, indicating its high relevance to the binding pro-
cess [75]. Other interaction studies, revealed that Phe36
and Tyr83 residues are responsible to regulate access to
the binding site in bOBP, by the rotation of residues
side chains, opening the barrel entrance, and increasing
the binding cavity volume [56]. Table S2.2 presents the
residues identified as being involved in the binding of
some ligands to the bovine OBP.

Studies with OBPs from other mammals have also
been performed, in order to understand which amino
acids are involved in the binding process with different
ligands. Human variant hOBP,,, presents an affinity to
numerous odorants, including aldehydes and fatty
acids. The binding pocket of this OBP presents three
lysine residues (Lys62, Lys82, and Lys112). Using site-
directed mutagenesis and fluorescent probes, Lys112
showed to be essential for the specificity of hOBP,, for
aldehydes and small carboxylic acids, like undecanal
(UND), N-phenyl-1-naphthylamine (1-NPN), and 11-(5-
(dimethylaminonaphthalenyl-1-sulfonyl)-amino) unde-
canoic acid (DAUDA) [78] (Table S2.3). In the giant
panda, the pocket cavity of AimelOBP3, is shielded from
solvents by three residues: Asp87, Asn90, and Met39.
The authors made site-directed mutagenesis and dock-
ing simulations of Asn90Leu (mutation of a polar resi-
due by non-polar residue), and verified a reduction in
the affinity to linear aldehydes, while affinity to terpe-
noids was maintained [79]. Other mutations, like
Glu120Ala, drastically reduced the protein affinity, while
Ser122Ala (substitution of a polar residue by non-polar
residue) did not reveal any effect on the affinity proper-
ties of the protein. Furthermore, docking simulations
confirmed that Asn90 and Glu120 are important resi-
dues in the binding ability of this protein [79] (Table
S2.3).

The buffalo nasal OBP model created by
Muthukumar et al. [5] showed 30 possible binding sites,
capable to accommodate different odorant molecules
[5]. Table S2.4 presents the residues identified as being
involved in the binding of different ligands toward the
buffalo OBP.
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Understanding the mammalian OBP-odorant
interactions

Binding affinity is influenced by non-covalent intermo-
lecular interactions such as: hydrogen bonding, electro-
static interactions, hydrophobic and van der Waals
interactions, between the ligand and the OBP [67].
Docking experiments using pig and bovine OBPs,
studied the interactions involved in the binding of ben-
zene to the proteins. In this study, the authors identi-
fied hydrophobically and van der Walls interactions as
the predominant interactions involved in the binding
process [57]. The binding process between OBP and the
ligands involves other physicochemical interactions,
such as hydrogen and ionic bonds, as well as van der
Waals interactions [28,80].

Molecular dynamic (MD) simulations revealed signifi-
cant flexibility of the OBP in the presence of different
ligands [77]. Using MD simulation, it was shown that
the interaction between 2,6-dimethyl-7-octen-2-ol
(DHM) ligand and pOBP was driven by van der Waals
interactions with binding energy around 32 kcal/mol,
for the first 1700 ps of simulation. However, for later
simulation times, there was an increase in the total
interaction energy to 42 kcal/mol. This increase is justi-
fied by the formation of hydrogen bonds between the
ligand and the Asn86 and Asn102 residues of pOBP
[75,81]. MD simulations have shown that hydrophobic
interactions are dominant in the depths of the binding
pocket, and the hydrogen-bonding is important in the
interaction between residues at larger distances. Both
interactions are responsible for the high stability of the
protein at high temperatures [69,72,771].

Applications of mammalian OBPs

Inspired by the olfactory sense and on the ability of
OBPs to interact with several molecules, the exploit-
ation of OBPs in chemosensory design has been
encouraged. OBPs present several interesting features
such as low molecular weight, high thermal stability,
binding ability at different pH values, high resistance to
several organic solvents, and to proteolytic digestion.
These features combined with OBPs’ high sensitivity,
fast response time, reversibility, and capacity to detect
odors at very low concentrations, make these proteins
excellent candidates to be used in the development of
several biotechnological applications [29,30]. OBPs can
be used to monitor environmental contamination,
detecting dangerous substances, hazardous agents, or
in the detection of pathogens, pesticides, and drug resi-
dues in food [29,82]. Also, OBPs show potential to be
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Figure 4. Properties and applications of mammalian OBPs.

used as deodorizers and in medical

(Figure 4) [12,66].

diagnostics

OBPs as biosensors

The exceptional stability of OBPs opened the possibility
to explore and apply these proteins in several areas.
They are considered good candidates for the creation
of sensing devices that can provide rapid, sensible, and
selective detection of compounds. These new OBP-
based sensing devices can be used in agriculture, envir-
onmental monitoring, healthcare, military defense, and
in the food industry [29,30,83].
Biosensors for control of water, air and soil
contamination

Aldehydes are toxic, volatile, polar, and reactive com-
pounds found in contaminated environments resulting
from industrial wastes. These compounds represent a
threat to public health and thus, their monitoring is of
the utmost importance [84]. The traditional detection
and quantification of these aldehydes are made by gas
chromatography (GC), which implies elevated costs and
times of processing and analysis. In a recent study, pig
OBP (pOBP) was used for the detection of BTEX pollu-
tants (e.g. benzene, toluene, ethyl-benzene, and xylene
isomers) originated by pesticides and petroleum indus-
tries [57]. In this study, the authors demonstrated, by
molecular docking analysis and experimental data, that
benzene has a high affinity (Kd = 0.30+0.07 uM)
toward pOBP. Based on this data, pOBP appears to be a
good candidate as a biosensor for the detection and
removal of benzene from pollutants [57]. Another inter-
esting application of OBPs in the monitoring of VOCs
released from plants, which may indicate the plants’
health, the level of environmental stresses, and the
detection of pesticides [83]. Bianchi et al. [85] created a
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cartridge-like device, composed of bovine OBP (bOBP)
coated on nickel nitrilotriacetic acid (Ni-NTA) agarose
resin, taking advantage of the His-tag added to the pro-
tein sequence. This cartridge showed a capacity for the
removal of triazine herbicides from water [85]. The data
obtained for this sensor estimated the capacity to purify
38L of water contaminated with 4 ug/L atrazine, using
8 mg of bOBP coupled to 1 ml Ni-NTA agarose [85].

A biosensor proposed by Di Pietrantonio et al. [86],
composed of five surface acoustic wave (SAW) resona-
tors coated with wild-type bOBP, double mutant bOBP
and wild-type pOBP, was used to detect several chem-
ical molecules. The sensor was able to discriminate the
octenol from the R-(—)-carvone vapors, at low detection
limits, making it an excellent multisensor for the assess-
ment of food contamination by molds or for the evalu-
ation of indoor air quality. The two bOBPs showed very
similar responses to octenol and carvone, while the
pOBP gave a much stronger signal for octenol.
Furthermore, the sensor presented a robust behavior
with good reproducibility and sensitivity in the range of
a few ppm [82,86]. Also, Mulla et al. [87] described
pOBP-F88W immobilized on SAW resonators coated by
a gold surface. The carvone binding was monitored by
modification in the electrical property of the protein.
The biosensor was capable to discriminate S-
(4)-carvone and R-(—)-carvone, presenting a high affin-
ity to S-(+)-carvone [87]. In another study, Hou et al.
[88], created films with recombinant rat OBP-1F and
transferred them to gold electrodes. Using non-faradaic
electrochemical spectroscopy, untreated films revealed
less electric resistance (1.18 MQ) than the films exposed
to vapors of isoamyl acetate (25 kQ) [88]. Despite the
promising results, the authors did not clarify if the
changes on electro resistance were specific nor if the
phenomena were associated with the protein binding
or with the structure of the film [88].



Biosensors for the control of wine and food quality
Some authors have explored the potential of OBPs to
create an electronic nose device (e-noses) [7,87]. The e-
noses are, by definition, electronic devices with the pur-
pose of detecting odorant molecules [7]. These e-noses
are similar to arrays where a sensing material is depos-
ited in given support (e.g. gold, carbonnanotubes, sili-
connitrate) and when a volatile organic compound
(VOCGs) interacts with this sensing material and gener-
ates a signal (e.g. electric, optical or gravimetric) that is
transduced and gravimetrically processed [7]. These sys-
tems contain a transducer which can be based on the
surface acoustic wave (SAW), surface plasmon reson-
ance (SPR), or quartz crystal microbalances (QCMs),
which generates a current-voltage that converts the
biological events into a measurable signal [7,86,87]. SPR
measures changes in the refractive index at the surface
of the sensing element, while QCM are mass trans-
ducers and they measure very small mass changes, in
the order of picograms [89]. Electronic-nose biosensors
were tested to monitor the quality of wine, in terms of
VOCs. The presence of specific functional groups
defines the aroma and quality of wine [83]. The other
applications of e-noses was on the detection of micro-
bial toxins produced by human pathogens in foods.
Using pOBP for the detection of R-(-)-1-octen-3-ol
(octenol) and R-(-)-carvone in food samples, it is pos-
sible to correlate the presence of these compounds
with the presence of fungi and molds [82]. The disad-
vantages of these systems are a low sensitivity (millimo-
lar or ppm range) and the low selectivity, once that it
can bind to several VOC molecules [7,30]. Further devel-
opment of artificial chemosensory devices will be useful
for food quality control, for the detection and progress
evaluation of diseases, and for environmental security
and agriculture monitoring [30,57].

Biosensors for explosives and drugs detection

The OBPs have also been reported as sensing elements
for the detection of explosives. Manai et al. [90]
reported the immobilization of pOBP onto diamond
microcantilevers systems, which presented a good sens-
ibility for the detection of 2,4-DNT, an analog of explo-
sive TNT [90]. A preliminary investigation showed the
potential of four OBPs for the detection of explosive
components such as diphenylamine, dimethyl-phthal-
ate, resorcinol, and dinitrotoluene [91]. Another
approach was proposed by Cennamo et al. [84] that
developed an optical biosensor based on the pOBP
connected with surface plasmon resonance (SPR) trans-
duction deposited in a plastic optical fiber, for the
detection of butanal through a competitive assay. This
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device has a reduced cost and size and presents a
detection range between 20 and 1000 pM [84].

Dogs are commonly used to detect drugs, exogen-
ous fruits, explosives, and other compounds. For these,
they need to be trained and despite their excellent per-
formances, some compounds are hardly detected.
Rapid, sensitive, and selective biosensors can be a valid
option, complementarity to the use of dogs [30]. Based
on the ability of dogs to smell several odors with high
sensitivity, D’Auria et al. [40] used a dog CfOBP
(extracted from the animal nasal mucosa), to develop a
biosensor based on refractive index measurements.
Unfortunately, the experimental details of this study are
scarce. The data showed little refractive index differen-
ces for CfOBP when exposed to pyrazine solution and
pyrazine vapors, by comparison with a bovine serum
albumin (BSA) response [40].

Biosensors for medical diagnosis

Differentiated biological ligands can be applied as
potential biomarkers for the detection of cancer and
other diseases. The immobilization of a human OBP on
a nanopore array and its response to docosahexaenoic
acid, lauric acid, and benzaldehyde, has been reported
as a new biosensor with potential applications in the
field of medical diagnosis. In this study, the authors
used changes in electric impedance to detect and
quantify these compounds [92]. More recently, it was
described the potential of OBP-based sensors to screen
volatile organic chemicals (VOCs) emitted by organisms,
as components of noninvasive medical procedures, to
monitor a patient’s metabolic state or diagnose patho-
logical conditions [30]. For example, a genetically
encoded fluorescence resonance energy transfer (FRET)-
based nanosensor was described to monitor and quan-
tify ethanol and other alcohols in living cells [93]. The
nanosensor was designed using a human OBP (hOBP;,)
flanked by two fluorescent proteins, enhanced cyan
fluorescent protein (ECFP) and Venus at C and
N-terminus of OBP, respectively. The sensor revealed a
dissociation constant (Kd) of 4.16 uM for ethanol and
due to its characteristics is a noninvasive sensing device
with the potential to be used in bacteria, yeast, and
mammalian cells [93].

OBPs as capture and release devices of
odorant molecules

OBPs have shown to be ideal for the development of
versatile sensing elements. Yet their applications can be
further extended to other areas, like the capture of
unpleasant odors and the programmed release of
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Figure 5. Applications of pig odorant-binding protein when conjugated with liposomes. (A) 1-aminoanthracene transduction by
OBP fused with cell-penetrating peptides (OBP::CPPs) and by (B) OBP fused with anchor peptide SP-DS3, with or without GQ
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fragrance molecules. In the study of Silva et al. [63], the
authors explored the use of pig OBP (pOBP) functional-
ized onto cotton fabrics for the release of fragrances,
and the reduction of unpleasant odors, such as cigar-
ette smoke [63]. The authors evaluated the affinity of
four fragrances (B-citronellol, citronellyl valerate, ethyl
valerate, and benzyl benzoate) to pOBP by competitive
assay, with the B-citronellol presenting the highest
affinity [63]. After functionalization of cationized cotton
fabrics (chemical reaction of cationic reactive agents
with cellulose to impart positive charges to the cotton
surface) with the pOBP/citronellol complex (1:2 molar
proportion), the release of B-citronellol was evaluated
at 37 °C by headspace gas chromatography-mass spec-
trometry (HS-GC-MS). After 5min at 37°C, a release of
around 42% of the initial concentration of fragrance
was detected [63]. A human panel evaluated the cigar-
ette smell in samples of cotton functionalized with
pOBP and verified a higher reduction of the smoke
smell when compared with non-functionalized cotton
samples [63]. This research opened the potential of
OBPs as devices for the capture of odors and for the
release of fragrances and other molecules (antimicrobial
agents and insect repellents), with high interest for the
textile and cosmetic industries.

Pig OBP was fused to three cell-penetrating peptides
(CPPs), named Tat, Pep-1 and pVEC. When added to lip-
osomes, these new fusion proteins revealed different
transduction efficiencies of a model ligand (1-aminoan-
thracene, 1-AMA) into liposomes (Figure 5) [64]. The
highest 1-AMA transduction efficiency was obtained for
the OBP::Tat fusion protein (~42%). The transduction of
1-AMA has shown to be dependent on the amino acid
sequence of CPP, its charge, and its hydrophobic

character [64]. Two further fusion proteins, pOBP fused
with the anchor peptide SP-DS3 [94] with or without a
spacer (GQ,), were obtained by Gongalves et al. [65].
The effect of the protein proximity (absence or pres-
ence of GQ,o spacer) on the 1-AMA transduction into
liposomes was evaluated by producing liposomes with
the fusion proteins anchored in the lipidic membrane.
The study demonstrated that the transduction of the 1-
AMA ligand into liposomes is driven by the proximity of
the protein to liposomal membranes. The presence of
the spacer promoted higher binding of 1-AMA to the
protein (~45% for OBP:GQ,:SP-DS3 and ~29% for
OBP::SP-DS3) but decreased the transduction of 1-AMA
into the liposome (~19% for OBP::GQ,y::SP-DS3 and
~23% for OBP::SP-DS3) [65]. These systems further
explored the potential of engineered OBPs for the
retention of odors in proteins and/or into liposomes.
This work highlights the use of OBP-functionalized lipo-
somes as devices for the encapsulation of molecules,
used for textile and cosmetic industries.

OBPs as thermo-responsive proteins

Taking advantage of their high thermal stability and the
ability to accommodate and release differentiated
ligands, OBPs have been explored for the development
of thermo-responsive systems. The structure of two
recombinant proteins based on the pOBP sequence
truncated OBP and the OBP::GQ,:SP-DS3, were pre-
dicted by molecular modeling simulations. The trun-
cated OBP (tOBP-F44A/F66A) was obtained from the
deletion of the first 16 residues of the N-terminal and
the replacement of two phenylalanine residues at the
binding pocket by alanine residues (F44A and F66A).
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Figure 6. Opposite binding behavior of truncated OBP (tOBP-F44A/F66A) and OBP::GQ20::SP-DS3. The engineered pig OBPs were
separated in a beaker by a dialysis membrane with a cutoff permeable to 1-AMA (3.5 kDa). tOBP was placed inside the dialysis
tube and the OBP::GQ20::SP-DS3 was placed outside. After equilibrating the 1-AMA concentration in both compartments, the pro-
teins were added and the temperature was alternated between 25 and 37 °C. The binding in both compartments was measured

for each temperature. The figure is based on Goncalves et al. [64].

The OBP::GQ,:SP-DS3 resulted from the fusion of
pOBP with a spacer of 20 repetitions of glycine-glutam-
ine residues, to promote molecular mobility, and the
anchor peptide SP-DS3 [69]. Using 1-AMA as a model
ligand, it was found to be a differentiated binding pref-
erence toward the OBPs depending on the temperature
(25 and 37°C). Experimental data showed that 1-AMA
binds preferentially to tOBP-F44A/F66A at 25°C, while
it is binding to OBP::GQ,(::SP-DS3 was favored at 37 °C
(Figure 6). These experimental pieces of evidence were
confirmed by molecular modeling studies. The variation
of the OBPs’ binding pocket size and the position of 1-
AMA during the binding process was elucidated for
both temperatures. The size of the binding pocket was
determinant for the binding preference of 1-AMA, with
higher bindings being obtained when the binding
pocket was larger. The AutoDock tool allowed the iden-
tification of the OBPs’ amino acid residues involved in
the binding of 1-AMA. Different residues were identified
according to the binding temperature, of which some
were already reported for the wild-type pOBP, while
others were described for the first time [69]. The eluci-
dation of the mechanism associated with the binding
preference of 1-AMA to different OBPs depending on
the temperature established the use of OBPs in the
design of temperature-dependent biosensors.

Release of fragrances from OBP triggered by
perspiration — the effect of saline solutions

OBPs are carrier proteins that might be responsible for
the transport of insoluble odorant molecules across the
nasal mucus into the olfactory receptors. The mechan-
ism by which the recognition of the odorant molecules
is conducted is still unknown. However, it is suggested

that the mechanism of odorants recognition is based
on the interaction between the OBP/odorant complex
and the olfactory receptor [38,95]. After recognition, the
odorant molecule dissociates from the OBP, and the
protein is again available to bind a new odorant mol-
ecule. The dissociation of the fragrance can be dictated
by several parameters like molecule competition mech-
anisms for the OBPs binding pocket, the variation of
temperature and pH, presence of organic solvents, or
variation of the ionic strength [56,96]. We have found
that the release of fragrances from the OBPs is trig-
gered in the presence of saline solutions (artificial sweat
pH 4.3-8.5). Using pig OBP we verified that the release
of 1-AMA and B-citronellol molecules, at 37 °C, was pro-
moted by an artificial sweat solution. Comparing the
association constants (Ka) in the presence of salty and
unsalted solutions, a decrease in the Ka was noticed for
both molecules. For 1-AMA a Ka = 4.00+£0.03 uM and a
Ka = 0.20+0.02uM was obtained, for unsalted and
salty solutions, respectively. For the p-citronellol the
same tendency was observed, with a Ka =
2.50+0.03uM for unsalted conditions and a Ka =
0.20+0.02uM for salty conditions. The dissociation
mechanism promoted changes in the salinity of the
OBPs surrounding milieu, lead us to formulate an IP
regarding the effect of saline solutions (perspiration) on
the release of fragrances for cosmetic applications
(INPI n°116561).

Recently, based on this dissociation mechanism, we
developed a smart responsive textile functionalized
with an engineered pig OBP - OBP:GQ,y:CBM. This
protein was obtained by the fusion of pOBP with a gly-
cine-glutamine spacer (GQ,q) and a carbohydrate-bind-
ing module (CBM). Through fusion with the CBMy;
(PDB ID: 1ULP) from endoglucanase C from
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Figure 7. Fragrance release from OBP:GQ,y:CBM functionalized on cotton, against perspiration. The release of fragrance was
measured by GC-MS. Figure was retrieved from Goncalves et al. [66].

Cellulomonas fimi, the OBP acquired a specific affinity to
cotton. The textile, functionalized with the
OBP:GQ,0::CBM, exhibited the ability to release B-citro-
nellol in response to perspiration. When the textile was
exposed to a sweat saline solution, the release of the
fragrance, measured after 1.5h, was around 32%
(Figure 7). The sweat saline solution modified the inter-
molecular interactions involved in the ligand-OBP com-
plex triggering the release of the fragrance, indicating
that this mechanism can be further explored in the
development of responsive devices for daily activity
and physical exercise [66]. Furthermore, these results
allowed us to predict the successful exploitation of this
protein in cosmetic applications.

Major remarks and future prospects

Odor perception is a vital process for animals in gen-
eral. It helps the animals in the identification of mem-
bers from the same or from different species, the
identification of food and potential poisons [3-5]. The
olfactory events involve the interactions of odorants
with the olfactory receptors assisted by the OBPs.
Although the mechanisms of interaction between the
OBP and ligands, and of the OBP/ligand complex with
the ORs are still not well understood, it has been dem-
onstrated that OBPs contribute to olfactory perception
at several levels: transport, prevention of oxidative
stress, and prevention of ORs saturation. Mammalian
OBPs act as passive carriers of hydrophobic odorant
molecules from the environment to the olfactory recep-
tors [1,9,12,77]. The B-barrel structure of OBPs and their
ability to bind different types of molecules, suggests
their potential role in vertebrates’ olfactory system.

The total knowledge of the olfactory system and the
mechanisms involved in smell perception are still
scarce, mostly due to the complexity of the mecha-
nisms involved, from the molecular aspects of the odor-
ant bindings to the final signal transduction to the
limbic system. It is crucial to understand the molecular
mechanisms involved in the association and

dissociation between the ligand and the OBP, and
between the OBP/ligand complex with the OR.

Ligand-binding experiments allow characterizing
OBPs, their role in chemical communication, and their
capacity to associate/dissociate to different molecules.
With advances in informatics tools, molecular dynamic
simulations and molecular docking experiments have
provided detailed information about the nature of OBP/
ligand interactions and the position of ligands in the
proteins. Genomics and proteomics have allowed us to
obtain more information about the identification and
function of OBPs. These new tools can also help the
identification of new OBPs and their function. For
example, some binding proteins were identified in data-
bases as OBPs but the main ligands are pheromones;
thus, this proteins’ classification would be renamed as
pheromone-binding protein. The outstanding stability
of OBPs to thermal denaturation, pH, and proteolytic
degradation make these proteins excellent candidates
for the development of sensing devices for: pollution
control, agriculture, healthcare, security, cosmetic, and
food industry applications [29,30,83]. Furthermore, OBP
is involved in smell perception and some studies sug-
gest that it could be used for odor control and the con-
trolled release of fragrances from a textile [63,66].

The utilization of OBPs in several reported fields are
dependent on social and economic impacts, and on the
advantages (solubility, stability, detection of different
molecules) and disadvantages (low selectivity and sen-
sitivity) associated.
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