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The olfactory bulb (OB) is the first site for the processing of olfactory information in the
brain and its deregulation is associated with neurodegenerative disorders. Although
different efforts have been made to characterize the human brain proteome in depth, the
protein composition of the human OB remains largely unexplored. We have performed a
comprehensive analysis of the human OB proteome employing protein and peptide
fractionation methods followed by LC-MS/MS, identifying 1529 protein species, correspond-
ing to 1466 unique proteins, which represents a 7-fold increase in proteome coverage with
respect to previous OB proteome descriptions from translational models. Bioinformatic
analyses revealed that protein components of the OB participated in a plethora of biological
process highlighting hydrolase and phosphatase activities and nucleotide and RNA binding
activities. Interestingly, 631 OB proteins identified were not previously described in protein
datasets derived from large-scale Human Brain Proteome Project (HBPP) studies. In
particular, a subset of these differential proteins was mainly involved in axon guidance,
opioid signaling, neurotransmitter receptor binding, and synaptic plasticity. Taken
together, these results increase our knowledge about the molecular composition of the
human OB andmay be useful to understand themolecular basis of the olfactory system and
the etiology of its disorders.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

An indication of the importance of olfactory systems is that
~4% of the genome of many higher eukaryotes is involved in
smell function [1]. To cope with the diverse odor molecules,
2% of the mammalian genome is devoted to coding up to 1000
odorant receptors, a large family of G-protein-coupled re-
ceptors (GPCRs) that are located on the cilial membrane
surface of olfactory sensory neurons (OSN) in the olfactory
epithelium [1,2]. Each OSN expresses only one of the large
family of odorant receptors (~1200 and 350 in mouse and
humans respectively) [2–4]. The OSNs detect a large variety of
odor molecules sending the information through their axons
to the OB [5]. The cortical structure of the mammalian OB
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contains thousands of signal-processing modules called
glomeruli where axons of OSN expressing the same odorant
receptor converge into one or two glomeruli, forming excit-
atory synaptic connections on dendrites of mitral and tufted
cells, the output neurons of the OB [5]. The glomerular
modules interact with each other through neuronal circuits
by local interneurons, periglomerular cells, and granule cells.
Periglomerular cells modulate synaptic signaling within the
glomerulus as well as between glomeruli contributing to
lateral inhibitory/excitatory circuits that regulate the func-
tional specificity in small populations of glomeruli, but their
function in odor processing has yet to be fully elucidated [6].
Granule cells are anaxonic and their dendrites form dendro-
dendritic synapses with the lateral dendrites of 100–150mitral
oject; OB, Olfactory bulb; OSN, Olfactory sensory neuron.
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or tufted cells and modulate projection neuron output [6].
Interactions between mitral and tufted cells through these
interneurons play a central role in the processing of olfactory
information [7]. The neuronal circuitry of the OB is highly
dynamic, being one of the few structures in the mammalian
nervous central system in which there is continued supply of
newly generated neurons [8]. This capacity allows ongoing
integration of new and different smells [9–11].

In humans, the estimated mean bulb volume is around
35–50 mm3 although the OB size decreases over the course of
human adulthood [12,13]. Accumulating evidences confirm
that olfactory sensory decline is associated with neurodegen-
erative disorders including schizophrenia, depression, multi-
ple sclerosis, Huntington's, Alzheimer's and Parkinson's
diseases [14–19]. In view of these data, an in depth biochem-
ical characterization of the human OB is mandatory as a first
step for understanding smell impairment, gustatory disfunc-
tion, and neurodegenerative disorders including olfactory
neuroblastoma.

In the last decade, different proteomic methods have been
used to understand the molecular organization and complex-
ity of different regions of the brain [20,21]. Specifically, some
carbonylated proteins and fucose α (1–2) galactose glycopro-
teins have been characterized in mouse OB using targeted-
proteomic strategies [22,23]. Moreover, comparative proteo-
mics based on a combination of 2-DE with MS has been used
to describe protein profiles of aging olfactory system and
proteins linked to olfactory memory in murine OB [24,25]. In
particular, proteomic methods have been employed to profile
different parts of the olfactory system such as murine
olfactory sensory cilia, [26,27] human olfactory cleft mucus,
[28] zebrafish OB, [29] and rat OB [30]. However, despite these
efforts to identify and catalog the proteins present in the
olfactory system of murine models, only a very limited
number of proteins have been described in the human OB.

Here we used protein and peptide fractionation strategies
coupled to LC-MS/MS to investigate the human OB proteome
in depth, and present an extensive analysis of this region of
the forebrain. We report the identification of 1529 protein
species in OB derived from a single person. We provide a brief
overview of molecular functions and subcellular localizations
of identified proteins based on GOFact analysis. Extensive
database analysis revealed that only 15% of the identified
proteins were previously described in the olfactory system
and 40% were not previously reported in Human Brain
Proteome Project (HBPP) studies. This high-confidence collec-
tion of proteins present in humanOBmay advance knowledge
of neurodiseases and aging being useful to elucidate the
molecular basis of olfactory system and the etiology of its
diseases.
2. Materials and methods

2.1. Sample collection

According to the Spanish Law 14/2007 of Biomedical Research,
inform written consent form of the Neurological Tissue Bank
of Navarra Health Service was obtained from relatives of a 46-
year-old female patient for research purposes. According to
standard practices in place at the neurological tissue banks,
the left cerebral hemisphere was progressively frozen and
stored at −80 °C (post-mortem interval: 6–8 h). Therefore, the
OB assessed in this study was the left one. The diagnosis was
carried out on the right cerebral hemisphere. Following
fixation in 10% formaldehyde for approximately three weeks,
the brain was sectioned according to the recommendation
guide proposed by BrainNet Europe [31]. After a macroscopic
study, immunohistochemistry analysis was performed in
different brain regions using specific antibodies against Tau
protein, β amyloid, TDP-43, PrP, α-synuclein, ubiquitin and
α–β crystalline. This brain did not show significant pathology
and was considered to be healthy. In particular, the immuno-
histochemical study of the OB showed normal tissue without
appreciable abnormalities.

2.2. Sample preparation for proteomic analysis

OB specimen was homogenized in lysis buffer containing 7 M
urea, 2 M thiourea, 4% (v/v) CHAPS and 50 mM DTT. The
homogenate was spinned down at 100,000×g for 1 h at 15 °C.
Protein concentration was measured in the supernatant with
the Bradford assay kit (Biorad).

2.3. One-dimensional SDS-PAGE and in gel-trypsin digestion

Sample volume corresponding to 50 μg of human OB proteins
were resuspended in loading buffer (7 M urea, 2 M thiourea,
4% (v/v) CHAPS, 50 mM DTT, 2% SDS, 0.1 M Tris pH 6.8, 30%
glycerol and a trace of bromophenol blue) and applied on a
12% SDS-PAGE gel for 1 h at 120 V. After staining by colloidal
coomassie (Invitrogen), gel image was acquired using GS800
densitometer (Biorad). Then, the gel lane was cut into 12
consecutive pieces and subjected to in-gel tryptic digestion.
Briefly, gel pieces were destained and washed, and, after DTT
reduction and iodoacetamide alkylation, the proteins were
digested with porcine trypsin (modified sequence grade;
Promega) in 50 mM ammonium bicarbonate overnight at
37 °C. The resulting tryptic peptides were extracted with 5%
formic acid, 50% acetonitrile. After digestion, the peptides
obtained from each gel slice were analyzed using LC-MS/MS.

2.4. LC-MS/MS analysis using a Q-TOF instrument

Microcapillary reversed phase LC was performed with a
nanoACQUITY UPLC system (Waters). Reversed phase separa-
tion of tryptic digestswas performedwith anAtlantis, C18, 3 μm,
75 μm×10 cm Nano Ease™ fused silica capillary column
(Waters) equilibrated in 5% acetonitrile, 0.2% formic acid. After
injection of 6 μl of trypsinized sample originated from gel slide,
the columnwaswashed during 5 minwith the same buffer and
the peptides were eluted using a linear gradient of 5–50%
acetonitrile in 30min at a constant flow rate of 0.2 μl/min. The
column was coupled online to a Q-TOF Micro (Waters) using a
PicoTip nanospray ionization source (Waters). The heated
capillary temperature was 80 °C and the spray voltage was 1.8–
2.2 kV. MS/MS data were collected in an automated data-
dependent mode. The three most intense ions in each survey
scan were sequentially fragmented by collision induced disso-
ciation (CID) using an isolation width of 2.5 and a relative
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collision energy of 35%. Data processing was performed with
Masslynx 4.0. Database searching was done with Phenyx 2.2
(GeneBio, Geneva, Switzerland) against Uniprot knowledge-
base Release 15.14 consisting of UniprotKB/Swiss-Prot Re-
lease 57.14 and UniprotKB/TrEMBL Release 40.14 with 514.789
and 10.376.872 entries respectively. The search was enzy-
matically constrained for trypsin and allowed for one missed
cleavage site. The parent ion error tolerances were 50 ppm
and 800 ppm in MS and MS/MS mode respectively. Further
search parameters were as follows: no restriction on molec-
ular weight and isoelectric point; fixed modification, carba-
midomethylation of cysteine; variable modification and
oxidation of methionine.

2.5. Peptide fractionation

Protein material was precipitated using methanol/chloroform
extraction. The pellet was dissolved in 100mMTris, pH 7.8, 6 M
urea. Reduction was performed by addition of DTT to a final
concentration of 10mM and incubation at 25 °C for 1 h.
Subsequent alkylation by 30mM iodoacetamidewas performed
for 1 h in the dark. An additional reduction step was performed
by 30mM DTT, allowing the reaction to stand at 25 °C for 1 h.
The solution was diluted to 0.6 M urea using MilliQ-water, and
after trypsin addition (Promega) (enzyme:protein, 1:50, w/w),
the sample was incubated at 37 °C for 18 h. The digestion
mixture (~250 μg protein) was dried in a SpeedVac, reconsti-
tuted with 40 μl of 5 mM ammonium bicarbonate (ABC) pH 9.8,
and injected to anEttanLC systemwithahighpHstableX-Terra
RP18 column (C18; 2.1 mm×150mm; 3.5 μm) (Waters) at a flow
rate of 40 μl/min. Peptides were eluted with amobile phase B of
5–65% linear gradient over 35min (A, 5 mM ABC in water at pH
9.8; B, 5 mM ABC in acetonitrile at pH 9.8). Fourteen fractions
were collected (see Supplementary Fig. 1), evaporated under
vacuum and reconstituted into 15 μl of 2% acetonitrile, 0.1%
formic acid and 98% water.

2.6. LC-MS/MS analysis using a Q-TRAP instrument

For each fraction, a total volume of 5 μl of tryptic peptides was
injected with a flow rate of 250 nl/min in a nanoLC Ultra1D plus
(Eksigent). A trap column Acclaim PepMap100 (100 μm×2 cm;
C18, 5 μm, 100 Å) and an analytical column Acclaim PepMap
RSLC (75 μm×15 cm, C18, 2 μm, 100 Å) from Dionex were used
following the next gradient: 0–1 min (2% Buffer B), 1–110 min
(2–30% Buffer B), 110–120min (30–40% Buffer B), 120–125 min
(40–90% Buffer B), 125–130 min (90% Buffer B), 130–132 min (90–
2% Buffer B) and 132–150 min (2% Buffer B) (Buffer B (100%
acetonitrile, 0.1% formic acid), Buffer A (0.1% formic acid)). MS
analysis was performed on a Q-TRAP 5500 system (ABSciex)
with a NanoSpray® III ion source (ABSciex) using Rolling
Collision Energy in positive mode. Each fraction was analyzed
twice in technical replicates. MS/MS data acquisition was
performed using Analyst 1.5.2 (AB Sciex) and submitted to
Protein Pilot™ Software (v.4.0.8085-ABSciex) using Paragon™
Algorithm [32] (v.4.0.0.0) for database search restricted to Homo
sapiens (Database: uniprot_sprot_20100622; Unused ProtScore
conf >0.05). False discovery rate was performed using a non
lineal fitting method [33] and displayed results were those
reporting a 5% global false discovery rate or better.
2.7. Data handling and bioinformatic analysis

The proteins identified in this study were classified by GOFact
(http://61.50.138.118/gofact) (GOA version: gene_association.
goa_human.72.20111115; protein/gene ID version: v3.87; 341222
entries for 41006 human proteins), where proteins are assigned
in gene ontology (GO) terms, which rely on a controlled
vocabulary for describing a protein in terms of its molecular
function, biological process, or subcellular localization [34].
Reactome Database was used to analyze the distribution of
human olfactory bulb proteins across specific reactions and
biological pathways (http://www.reactome.org) [35]. The hydro-
phobicity property of plasmamembrane proteins (GRAVY Index)
was calculated using the ProtParam tool at Expasy server (http://
web.expasy.org/protparam/). Human orthologs and ID conver-
sionswere obtained using g:profiler (http://biit.cs.ut.ee/gprofiler/
gconvert.cgi) and Protein Identifier Cross-Reference tool (PICR)
(http://www.ebi.ac.uk/Tools/picr/) respectively.
3. Results

3.1. Identification of human olfactory bulb proteins by
protein and peptide separation strategies coupled to LC-MS/MS

In the present study, we have used an autopsy specimen of the
left OB from a human brain with the final goal to obtain a
profound insight into the protein content and protein function of
the OB. To reduce protein complexity, we used an integrated
experimental workflow combining gel and chromatographic-
based methods coupled to mass spectrometry (Fig. 1). First,
proteinswere separated by 1-DE and the stained gel was sliced in
12 portions followed by in-gel trypsin digestion. Using this
protein fractionation approach, 236 proteins were unambigu-
ously identified with ≥2 peptides in 12 LC-MS/MS runs (see
Supplementary information). The secondapproach involved in-
solution digestion followed by off-line RP-LC at basic pH to
separate the peptide mixture. Replicate mass spectrometry
measurements were performed in 14 peptide fractions, identi-
fying 1259 protein species based on one peptide (237 proteins
common in both replicates) and 1509 protein species with at
least two peptides, where, more than 900 proteins were
detected in both replicates (60% overlap) (See Supplementary
Files 1 and 2 and Supplementary Fig. 2). Combining both
approaches, we successfully identified 1529 protein species
with aminimumof two peptides, corresponding to 1466 unique
OB proteins.

Protein identification data from the current study were
compared with previously published datasets of different com-
ponents of olfactory system derived from large-scale proteomic
studies. Specifically,we further compared thehumanOBproteins
reported here to those of translational models such as rat and
zebrafish OB, [29,30] membrane fraction from murine olfactory
sensory cilia, [26,27] and human cleft mucus, [28] showing a 95%,
66%, 50%, and 68% overlapping respectively (Fig. 2).

3.2. Human olfactory bulb proteome characterization

A physicochemical characterization based on isoelectric point
(pI) and molecular weight was performed in the OB protein
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Fig. 2 – Venn diagrams of proteins found in olfactory system
proteome datasets. Numbers represent the number of
shared proteins in the respective overlapping areas. A) Rat
proteins reported in OB [30]. B) Zebrafish (Danio rerio)
proteins reported in OB [29]. C) Human olfactory proteins
were compared against the combined rat and mouse
olfactory sensory cilia (OSC) [26,27]. D) Human proteins
reported in cleft mucus [28].

Fig. 1 – An overview of the procedure used for identification
of the olfactory bulb proteome.
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list. 56% of the identified proteins had a molecular weight
lower than 50 kDa and 14.5% presented a mass>100 kDa. The
identified proteins were distributed across a wide pI range
from 3.93 to 12.15. 16.7% of these proteins had pI>9 and 13%
presented pI values below 5. The pI and molecular weight
distribution patterns for the identified proteins were com-
pared with distribution patterns for the entire human
proteome present in the International Protein Index (IPI)
human database (Supplementary Fig. 3). It appears that our
coverage is slightly biased toward the identification of pro-
teins with pI 5–6. However, the region predicted to be rich in
membrane associated proteins (pI>8) is underrepresented
compared to the whole proteome, presumably due to the
better solubility and hence detection of cytosolic proteins
compared to membrane proteins. Although proteins in the
25–50 kDa range were the most prevalent in the OB dataset,
we identified a lower than expected proportion of proteins
under 25 kDa compared to entire human proteome, probably
due to the higher content of truncated forms of proteins, and
bioactive peptides with small molecular weight in the human
protein database (Supplementary Fig. 3).

To extract biological knowledge, OB proteome dataset was
functionally categorized based on gene ontology (GO) anno-
tation code [34] using the GOFact application, previously used
by Human Liver Proteome Project (HLPP) [36]. From our
dataset, 1425 identifiers were considered for further analysis.
1348 (94.6%), 1281 (89.9%), and 1254 (88%) proteins were linked
to at least one annotation term within the GO cellular
component, biological process, and molecular function cate-
gories respectively. As shown in Fig. 3, 58% was accounted for
cytosolic proteins. Another significant proportion of the
identified proteins consisted of nuclear (30.6%), plasma
membrane (23.5%), mitochondrial (21%), cytoskeletal (17%),
and cytoplasmic vesicle (10.7%) proteins (Fig. 3). GO hierarchy
also showed that 14% of OB identified proteins was associated
to Golgi apparatus and endoplasmic reticulum. 5.5% of
identified proteins correspond to the unknown group that
cannot be found in the location information of GO database.

image of Fig.�1


Fig. 3 – Gene ontology classification of olfactory bulb proteome based on cellular localization.
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The remaining assignments included proteins present in the
extracellular space (5%), endosome (3.9%), and nucleolus
(3.1%) between others (Fig. 3). The Grand Average of Hydro-
pathicity Index (GRAVY index) was calculated for the 317
proteins annotated as plasma membrane proteins. The
GRAVY values varied from −1.692 to 0.689 where 24 proteins
(7.5%) had positive values (hydrophobic proteins).

With respect to the biological process category, 54 out of
69 GO terms were significantly enriched and 2 GO terms were
significantly depleted compared with the entire list of IPI
human database entries (see Supplementary Table 1 and
Supplementary File 3). Only significantly enriched termswith
a p-value<10−6 are represented in Fig. 4. These over-
represented terms were mainly categorized in 7 groups
(Fig. 4): metabolism (catabolism: 323 proteins; biosynthetic
process: 235 proteins; macromolecule metabolism: 446 pro-
teins; cellular metabolism: 750 proteins; generation of pre-
cursor metabolites: 115 proteins), cellular process (organelle
organization: 204 proteins; cytoskeleton organization: 108
proteins; cell cycle: 86 proteins; signal transduction: 287
proteins; cell death: 108 proteins), cellular component orga-
nization (416 proteins), response to stimulus (response to
stress: 208 proteins; response to endogenous stimulus: 84
proteins), establishment of localization (431 proteins), trans-
port (427 proteins), and biological regulation (728 proteins)
(Supplementary File 3).

With respect to the molecular function ontologies, 24 and
8 GO terms were significantly enriched and depleted respec-
tively in human OB with respect to IPI entries (Supplementary
Table 2 and Supplementary File 3). Over-represented catego-
ries can be divided in three main categories (Fig. 5). The first
category included OB proteins with catalytic activity with an
important enrichment of hydrolases (318 proteins), and
phosphatases (pyrophosphatase activity: 177 proteins; nucle-
oside triphosphate activity: 171 proteins). The second catego-
ry covered proteins involved in binding of different type of
molecules such as RNA (101 proteins), nucleotide (404 pro-
teins), protein (721 proteins), and receptor (103 proteins). The
third category includes electron carrier activity (41 proteins).
Under-represented terms mainly included DNA binding (85
proteins), transcription regulator activity (30 proteins), and
signal transducer activity (54 proteins) between others (Sup-
plementary File 3).

3.3. Contribution to the repertoire of human brain
proteome

The human OB proteome dataset was also compared with
previously published lists of human brain proteome descrip-
tions. Of the 1832 non-redundant proteins identified by HBPP
studies [37–39], 835 have been recovered in our analysis.
Interestingly, 631 novel proteins were identified in human OB
with median sequence coverage of 24% (Fig. 6A). We
performed a detailed analysis of peptide coverage in this
dataset. 301 out of 631 proteins (48%) were identified with two
or more peptides in both replicates. In particular, 240 and 93
proteins were identified with two or three peptides respec-
tively in replicate 1. On the other hand, 167 and 103 proteins
were detected with two or three peptides in replicate 2
(Supplementary Fig. 4). Although some specific OB proteins
have been identified in OB such as olfactory marker protein,
these data indicate that a considerable proportion of this
protein list was identified with a low number of peptides
suggesting that the discovery of this subset of proteins in the
olfactory bulb may be due to technical bias rather than
specific enrichment of these proteins in the OB with respect
to other brain regions.

We have analyzed the HBPP proteome dataset with the
latest release of the IPI database (v3.87) using GOfact tool to
provide an updated functional view of the dataset circum-
venting the fluctuations in genome annotations and to make
OB and brain protein lists comparable from a functional point
of view (see Supplementary File 4). In particular, a compara-
tive functional analysis between proteins exclusively identi-
fied in human OB and HBPP studies (631 and 997 proteins
respectively) was performed in order to eliminate potential
noise derived from the global comparison of both complete
datasets (Fig. 6B and Supplementary File 5). From 631 OB
identifiers, 604 were considered for further analysis. 527
(87.3%), 559 (92.5%), and 509 (84.3%) proteins were linked to
at least one annotation term within GO biological process,
cellular component, and molecular function respectively.

image of Fig.�3


Fig. 4 – Significantly enriched GO biological process terms for the OB proteomic expression profile (p<1×10−6). The ratio shown
is the number of OB proteins and entire IPI proteins annotated to each GO term divided by the number of OB proteins and entire
IPI proteins linked to at least one annotation term in the GO biological process categories. (See Supplementary Table 1). Black
and white bars correspond to OB proteome dataset and entire IPI human database respectively.
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With respect to 997 proteins derived from HBPP studies, 684
identifiers (68.3%) were considered for GO analysis (biological
process: 546 proteins (79.8%); cellular component: 580 proteins
(84.8%); molecular function: 528 proteins (77.2%)). As shown in
Fig. 6B, GO terms corresponding to ribonucleoprotein com-
plex, nucleus, extracellular space, and vacuole were signifi-
cantly enriched in human OB and no significant over-
representation was detected in human brain with respect to
the entire IPI database. On the other hand, terms associated
with microsomal fraction such as membrane and Golgi
apparatus were significantly enriched in human brain. With
respect to biological process categories, GO terms correspond-
ing to different aspects of regulation of metabolic process and
response to stimulus were slightly overrepresented in OB
whereas terms related to cell recognition and adhesion were
enriched in HBPP data (Fig. 6B). With respect to molecular
function ontologies, GO terms related to hydrolase and
phosphatase activities were significantly over-represented in
OB dataset while other GO terms such as kinase and different
binding activities were significantly enriched in HBPP dataset
with respect to OB dataset (Fig. 6B). Due to the high functional
parallelism observed between OB and brain proteome
descriptions with respect to cell component, biological pro-
cess, and molecular function categories (see Supplementary
Files 3 and 4), subsequent analyses were performed to analyze
the differential OB protein dataset distribution across specific
biological reactions using Reactome Database [35]. 310 out of
631 OB proteins were mapped to 365 biological reactions
(Supplementary File 6) being proteasome mediated degrada-
tion, gene expression, metabolism and hemostasis the
general over-represented processes. Interestingly, as shown
in Table 1, some statistically over-represented processes were
directly relevant to electrical machinery and synaptic
plasticity.
4. Discussion

The OB is the first site for the processing of odor information
in the brain and its dysfunction is known to be among the
earliest preclinical signs of Alzheimer's and Parkinson's
diseases [40]. It is important to note that most of human OB
samples available in Neurological Tissue Banks derived from
patients with advanced stages of Parkinson and Alzheimer

image of Fig.�4


Fig. 5 – Significantly enriched and depleted GO molecular function terms for the OB proteomic expression profile (p<0.05). The
ratio shown was calculated as described in the legend of Fig. 4 (See Supplementary Table 2). Black and white bars correspond
to OB dataset and entire IPI human database respectively.
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diseases that have been subjected to a diverse variety of
pharmacological treatments. This aspect is crucial because
there is a very limited availability of healthy OB samples,
which hamper the development of quantitative proteomic
analysis of control and pathological-OB samples to discover
new targets, and develop novel diagnostic strategies in
neurodegenerative diseases.

Due to its relevance in a broad-spectrum of neurological
disorders, [14,40,41] we have performed an in-depth analysis
of the protein content of a well-characterized healthy human
OB using protein and peptide fractionation methods coupled
to tandem mass spectrometry. Similar experimental work-
flows have been successfully applied in proteome character-
ization of different human body fluids [42,43] and also in
human tissues such as brain [37]. In the peptide fractionation
approach, we have obtained a 60% overlap in analytical
replicates in terms of protein identification, probably due to
the “missing value problem” caused by the semi-random
nature of peak selection for fragmentation [44]. Encompassing
the 40 LC-MS/MS runs performed in both separative ap-
proaches, a non-redundant set of 1466 unique proteins were
identified with median sequence coverage of 34%. This
protein dataset increases significantly the catalog of proteins
identified in the olfactory system so far, [26–30] revealing 631
proteins not previously described before in the HBPP studies
[37–39]. A considerable proportion of these differential pro-
teins have been identified with 2 or 3 peptides, indicating that
the identification may be probably due to a technical origin
rather than a biological enrichment of these proteins in the
OB. However, some proteins involved in cytoskeletal rearran-
gement have been exclusively identified in OB. Cytoplasmic
dynein 1 heavy chain, AHNAK/desmoyokin, spectrin beta
chain, and microtubule-associated protein 1B have been
identified with more than 30 peptides in both replicates and
Plectin-1 and brain spectrin alpha chain with more than 130
peptides also in both replicates. These large proteins, not
identified in HBPP studies, may participate in the neurite
extension and cell differentiation process that occurs in the
OB. In agreement with intracellular distribution of proteins in
human brain, [45] most of the proteins identified in OB are
cytoplasmic with a clear enrichment of nuclear and mito-
chondrial proteins, proteins associated to cytoskeleton, and
cytoplasmic-membrane bound vesicle components. Similar
subcellular distribution has been also described in human
skeletal muscle proteome, [46] in contrast with the distribu-
tion observed in proteomic studies derived from metabolic
tissues such as the heart and the liver where most of the
assignments are directly related to organelles [36,47,48]. With

image of Fig.�5


Fig. 6 – Comparison with human brain proteome dataset. A) Venn diagram showing the overlap between our study (left circle)
and the total number of human brain proteins identified in large-scale proteomic studies up to now (right circle). B) Functional
comparative analysis between unique HBPP and OB protein datasets. Both datasets were processed independently by GOfact
and statistically significant enriched and depleted differential GO terms are shown. Numbers inside the boxes represent the
number of proteins assigned in each GO category. Color code: light red (enriched), light green (depleted), red (significantly
enriched with respect to entire IPI human database) and green (significantly depleted with respect to entire IPI human
database).
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Table 1 – Over-representation of OB proteins in specific-neuronal processes by Reactome pathway analysis. p-value
indicates the probability of detect OB proteins in each event by chance. See Supplementary File 6 to show the specific
proteins in each event.

Name of the event Proteins in this event Total no. of proteins p-value

Axon guidance 37 281 8.4e-08
Dephosphorylation/autophosphorylation of NCAM1 bound pFyn 6 10 3.2e-06
Glutamate binding, activation of AMPA receptors and synaptic plasticity 8 30 9.9e-05
Trafficking of AMPA receptors 8 30 9.9e-05
Opioid signaling 13 80 2.0e-04
NCAM signaling for neurite out-growth 11 70 8.1e-04
Axonal transport of NGF: Trk complexes 4 11 1.7e-03
Neurotransmitter receptor binding. Transmission in the postsynaptic cell 15 136 4.1e-03
Retrograde neurotrophin signaling 4 14 4.6e-03
Signaling by Robo receptor 6 32 5.2e-03
Trafficking of GluR2-containing AMPA receptors to extrasynaptic sites 4 15 6.0e-03
Synapsis, or interaction between two DNA-PK: DNA complexes 2 3 7.7e-03
Transmission across chemical synapses 18 189 8.4e-03
NGF signaling via TRKA from the plasma membrane 14 136 1.0e-02
NrCAM binds synapse-associated proteins 2 4 1.5e-02
XRCC4: DNA ligase IV complex with the DNA-PK: DNA synaptic complex 2 5 2.4e-02
BoNT light chain types B, D, and F cleave VAMP/synaptobrevin 2 5 2.4e-02
Sema3A PAK dependent axon repulsion 3 15 3.9e-02
Plexin-A binds to neuropilin-1 2 7 4.7e-02
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respect to OB plasma membrane proteins, 30% has been
previously localized in the membrane cilia of olfactory
sensory neurons [26,27]. With regard to molecular function
categories, a specific enrichment of catalytic and binding
activities was detected in human OB with respect to the entire
IPI database. In particular, nucleoside triphosphatase, nucle-
otide, and RNA binding activities were well-represented in the
dataset with 171, 404, and 101 proteins respectively. Eight
different subunits (A, B, C1, D, d1, E1, F, H) of the vacuolar
proton-pumping ATPase have been identified in OB proteome
analysis. This V-type ATPase plays a role in acidifying the
mucous layer, which is important tomediate the sensitivity to
odorants in the olfactory ephitelium where four subunits of
this complex enzyme present a cell type specific localization
[49]. Additionally, all isoforms of plasma membrane calcium-
transporting ATPase have been detected in our proteomic
study. These calcium pumps are present in OSN [50] and
participate in the clearance of accumulated calcium within
the olfactory cilia during the odor response [51,52]. In
accordance with HBPP studies, [45] a high number of GTPases
have been also identified in OB such as 19 Rab GTPases, 6 Arf
GTPases, and 5 dynamins. These families of proteins are
membrane trafficking regulators present in synaptic vesicles,
acting in vesicle biogenesis, [53] vesicle connection, [54] and
olfactory cilium formation, [55] and some of them have been
previously localized in murine OB [24,56]. Although a signif-
icant under-representation of transcription regulator and
nucleic acid binding activities was common between human
OB and brain proteomes, [45] a specific enrichment of proteins
with RNA binding activities was detected in both tissues. In
particular, 20% of the identified OB RNA-binding proteins
correspond to heterogeneous nuclear ribonucleoproteins
(HnRNPs) involved in RNA trafficking, stability and transla-
tion. These proteins bind to A2RE-containing neuronal RNAs
that move along dendrites in response to synaptic activities
related to memory formation [57]. Specifically, an impairment
of nNOS leads to a deregulation of olfactory long term
memory consolidation, altering some HnRNP protein levels
in mouse OB [58]. Another important protein identified was
the olfactory marker protein, a modulator of the olfactory
signal-transduction cascade [59] critical for functional matu-
ration of OSNs [60].

Although a comprehensive functional annotation of the
human brain proteome has been previously characterized,
[45] we have considered necessary to re-analyze HBPP and OB
data with the same updated database to get a comparable
functional outcome. In spite of 631 additional proteins
identified in human OB were not previously reported in
HBPP studies, only some significant differences have been
detected in some broad and overlapping GO terms indicating
that OB dataset increases the number of proteins assigned in
the majority of GO terms with respect to HBPP studies but
without substantially modifying the integrated functional
interpretation. However, based on manually curated and
peer-reviewed biological pathways from Reactome Database,
[35] we have obtained a deeper functional analysis of the
differential OB protein dataset. Based on Reactome analysis,
specific isoforms of spectrin (spectrin alpha erythrocytic 1,
spectrin alpha non erythrocytic 1, spectrin beta chain brain
and erythrocyte isoforms, spectrin beta non erythrocytic 1),
GTPase KRas, and tyrosine protein kinase Fyn are interactors
of neural cell adhesion molecule 1 (NCAM1), a crucial protein
in the formation of OB as derived from studies in NCAM1-
knock-out mice [61]. In particular, this cluster of proteins
participate in the signaling pathway of NCAM-dependent
neurite outgrowth, [62–64] preventing uncontrolled elonga-
tion of neuronal processes. Reactome pathway analysis also
pointed out that signaling mediators such as AP-2 complex
subunits alpha, beta, and mu, PP2A catalytic subunit alpha-
isoform, and calcium/calmodulin dependent protein kinase IV
between others, are related to nerve growth factor (NGF)/
TRKA signaling. Apart of regulating neuronal survival, axonal
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growth, and synaptic plasticity, [65] this pathway plays an
essential role in the development, maintenance, and regen-
eration of olfactory receptor cells [66].
5. Conclusions

Taken together, our results provide a broad functional analysis
of 1466 non-redundant human OB proteins, being the first step
toward the complete characterization of this brain subpro-
teome. Due to that OB is anatomically well-demarcated area
with different spatial patterns of gene expression, [67] the
development of specific isolation and purification protocols of
single-cell types from OB, [68,69] together with novel develop-
ments in shotgun proteomic approaches, [70] would allow to
explore the transcriptome and proteome profiling of each
olfactory cell population individually, [71] increasing the
molecular knowledge of the OB.
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