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Abstract
Proteomic analysis of sensory organs such as the cochlea is challenging due to its small size and
difficulties with membrane protein isolation. Mass spectrometry in conjunction with separation
methods can provide a more comprehensive proteome, because of the ability to enrich protein
samples, detect hydrophobic proteins, and identify low abundant proteins by reducing the
proteome dynamic range. GELFrEE as well as different separation and digestion techniques were
combined with FASP and nanoLC-MS/MS to obtain an in-depth proteome analysis of cochlear
sensory epithelium from 30-day-old mice. Digestion with LysC/trypsin followed by SCX
fractionation and multiple nanoLC-MS/MS analyses identified 3773 proteins with a 1% FDR. Of
these, 694 protein IDs were in the plasmalemma. Protein IDs obtained by combining outcomes
from GELFrEE/LysC/trypsin with GELFrEE/trypsin/trypsin generated 2779 proteins, of which
606 additional proteins were identified using the GELFrEE/LysC/trypsin approach. Combining
results from the different techniques resulted in a total of 4620 IDs, including a number of
previously unreported proteins. GO analyses showed high expression of binding and catalytic
proteins as well as proteins associated with metabolism. The results show that the application of
multiple techniques is needed to provide an exhaustive proteome of the cochlear sensory
epithelium that includes many membrane proteins. The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium with the data set identifier PXD000231.
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Introduction
The inner ear, which is encapsulated within a hard bony shell, contains the cochlea,
vestibular labyrinths and endolymphatic sac.1 Highly specialized receptors in the sensory
epithelium of the organ of Corti contain receptor or hair cells and supporting cells. The hair
cells are divided into IHCs and OHCs, which are responsible for transmitting electrical
signals to the brain and modulating those signals, respectively.2 Damage to these cells can
lead to hearing loss or impairment.1 Hearing loss affects more than 28 million individuals in
the United States and approximately half of these cases are thought to be hereditary.3

Genetics may play a role in both noise-induced and age-related hearing loss.

An important step towards understanding an organism’s biology is to determine its genome
sequence. However, the sequence does not provide enough information on complex cellular
processes, thus, the complement of proteins associated with a particular genome is essential
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to this understanding.4 Proteomics is a complementary approach that can provide insights
into the understanding of complex biological systems by analyzing protein expression,
function, modifications, and interactions.5 In order to better understand how the inner ear
works and to target potential protein biomarkers for prevention or treatment of hearing
impairments, we need to understand the molecular make-up and function of its proteins.

One of the major challenges in using the inner ear for proteomic analysis is its small size,
restricted accessibility, and cell type diversity.6 Moreover, key proteins that distinguish its
functionality, such as ion channels, transporters and receptors, are membrane proteins.1

Thus, methods are needed to enhance the extraction and preparation of proteins for MS
analysis. FASP is advantageous for proteomic analysis of tissues that require detergents to
solubilize membrane proteins and that have limited tissue for protein extraction.7 This
filtering allows MS analysis of membrane and soluble proteins, and peptide isolation from
low molecular weight contaminants, such as nucleic acids.7, 8 Sample enrichment is another
proteomic approach that enables analysis of small amounts of tissue. This method involves
enriching specific groups of proteins, such as membrane proteins, from complex samples.
This technique reduces sample complexity and enhances the detection of low abundant
proteins.9, 10 These types of proteins are of particular interest because they are usually of
great biological importance.

Combinations of preparative methods with robust and sensitive techniques are also required
to maximize the number of identified proteins. MS/MS in combination with multi-
dimensional separations have become powerful techniques for peptide and protein
identification.11 These separation techniques include SCX, SAX, WAX, RP, SEC, or
GELFrEE separation, which can be applied multi-dimensionally to reduce sample
complexity, thus enhancing peptide and protein ID and reducing the effect of ion
suppression in MS.12 There are two commonly used proteomic techniques. The shotgun
technique entails enzymatically digesting proteins in a complex biological sample and then
separating using MudPIT. The most widely used multidimensional separation technique is
SCX followed by RP liquid chromatography.13 However, other orthogonal techniques have
been applied for MudPIT, such as RP followed by RP and WAX or SAX followed by RP.14

In another technique, known as bottom-up proteomics, proteins are first separated and then
enzymatically digested prior to LC-MS/MS analysis, thereby providing an increase in
separation capacity and dynamic range.13

Several studies of the inner ear have been reported using antibody microarray,15 two-
dimensional gel electrophoresis,16-18 DIGE,19 or LC-MS/MS.20-23 These studies have
identified a limited number of proteins, particularly membrane proteins. To provide a more
exhaustive overview of the mouse cochlear sensory epithelium, we used membrane
enrichment, multiple separation techniques, and multi-digestion procedures with nano LC-
MS/MS. In addition, we varied the fractionation collection times and the LC-MS/MS
gradient times to aid in improving protein and peptide identification. Using these different
techniques, 4620 total proteins were identified from the mouse cochlear sensory epithelium.

Materials and Methods
Membrane Fractionation

Cochleae were isolated from eight 30-day-old (P30) CBA/J mice and the tympanic bullae
excised, after which the bone, ligament, and stria vascularis were removed, isolating the
sensory epithelium along with the modiolus. The cochlear sensory epithelia were washed in
1X PBS, centrifuged for 3 min at 1000g, and the supernatant removed. Cochlear sensory
epithelia were sonicated in lysis buffer containing 50 mM Tris-HCl, pH 8.0, 120 mM NaCl,
50 mM NaF, 5 mM EDTA, 500 µg/mL AEBSF, 10 µg/mL leupeptin, 100 µg/mL pepstatin, 2
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µg/mL aprotinin and 5 µM okadaic acid using a sonic dismembrator (Model 100; Thermo
Fisher). The extract was centrifuged at 750g at 4 °C for 2 min. The supernatant was removed
and the pellet was extracted in lysis buffer and centrifuged as above. Both lysates were
combined and ultracentrifuged at 100,000g at 4 °C for 60 min. The supernatant was
removed and lysis buffer containing 0.1% ASB-14 (Calbiochem) was added to the pellet,
vortexed, and incubated for 60 min at 4 °C. The suspension was centrifuged at 16 000g at 4
°C for 5 min and the supernatant retained for digestion and analysis.

Protein Extraction from Sensory Epithelia
Sixteen cochleae from 30-day-old (P30) CBA/J mice were isolated and the sensory epithelia
excised and washed as above. The tissue was sonicated and the lysate centrifuged at 750g as
above. The supernatant was retained and sonicated in lysis buffer containing 4% (w/v) SDS,
100 mM Tris-HCl, pH 7.6, 0.1 M DTT, 500 µg/mL AEBSF, 10 µg/mL leupeptin, 100 µg/mL
pepstatin, 2 µg/mL aprotinin and 1 mg/mL microcystin after which the extract was incubated
at RT for 30 min. The sample was heated at 95 °C for 5 min, then cooled at 4 °C for 60 min
followed by centrifugation at 16 000g at 25 °C for 10 min. The supernatant was collected
and transferred to a new tube.

FASP
The FASP procedure8 was used to remove detergent and perform digestion. Cochlear
protein supernatant was concentrated and a 30 µl aliquot of protein extract in 4% SDS, 100
mM Tris-HCl, pH 7.6 and 0.1 M DTT was directly added to a 30 K spin filter and mixed
with 200 µL of 8 M urea in Tris-HCl and centrifuged at 14 000g for 15 min. The concentrate
was diluted with 200 µL of urea solution and centrifuged at 14 000g for 15 min. Then, 10 µL
of 10 × IAA in urea solution was added to the concentrate in the filter and vortexed for 1
min. The spin filter was incubated for 20 min at RT in the dark followed by centrifugation at
14 000g for 10 min. To the concentrate on the filter, 100 µL of urea solution was added and
centrifuged at 14 000g for 15 min. This step was repeated 2×. There was 100 µL of 50 mM
ABC solution added to the spin filter and centrifuged at 14 000g for 10 min. This step was
repeated 2×. Then, 0.4 µg/µL of trypsin was added 1:100 and incubated O/N at 37 °C.
Following incubation, 40 µL of 50 mM ABC solution was added and centrifuged at 14 000g
for 10 min and repeated once. Finally, 50 µL of 0.5 M NaCl solution was added to the spin
filter and centrifuged at 14 000g for 10 min. The filtrate containing the peptides was
acidified with trifluoroacetic acid (TFA) and desalted on a C18 MacroSpin column (The
Nest Group, Southboro, MA). The concentration of the peptides was determined using a
microplate colorimetric assay (BioRad).

Multi-Enzyme Digestion
To increase sequence coverage, multiple enzymes were used in the FASP digestion
procedure described previously.24 Following digestion and elution of peptides from the first
digestion, spin filters were washed with 40 µL of urea followed with 2X washes of 40 µL of
ddH2O. Then, spin filters were washed 3× with 100 µL of 50 mM ABC solution followed by
adding 2 µg of endoproteinase trypsin or LysC and incubating O/N. Peptides were eluted
and tryptic peptides from the second digestion were pooled with the tryptic peptides from
the first digestion. LysC peptides were not pooled, but analyzed separately. Concentrations
were determined as mentioned above.

Anion and Cation Exchange Chromatography
Peptides were separated off-line on a 200 × 2.1 mm, 5 µm WAX (AEX) column (linear
polyethyleneimine, The Nest Group) using a gradient of 2-40% B over 50 min with a flow
rate of 250 µL/min. Solvent A was 5 mM ammonium formate, pH 6.5 in 25% acetonitrile
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and 75% ddH2O. Solvent B was 500 mM ammonium formate, pH 3.0 in 25% acetonitrile
and 75% ddH2O. The peptide fractions were monitored at 280 nm and collected in 2 min
fractions. Fractions were resuspended in 15 µL of 0.1% FA for MS analysis.

Peptides were separated off-line on a 200 × 2.1 mm, 5 µm SCX column (Polysulfoethyl A,
The Nest Group) using a gradient of 2-40% B over 50 min with a flow rate of 250 µL/min.
Solvent A was 5 mM ammonium formate, pH 3.0 in 25% acetonitrile and 75% ddH2O.
Solvent B was 500 mM ammonium formate, pH 6.0 in 25% acetonitrile and 75% ddH2O.
The separation was monitored at 280 nm and either 4 or 2 min fractions were collected. The
fractions were dried using a vacuum centrifuge and resuspended in 500 µL of 50% ddH2O
and 50% acetonitrile containing 5% formic acid (FA) to assist with salt removal. Fractions
were re-dried and resuspended in 15 µL of 0.1% FA for MS analysis.

Acetone Precipitation
Prior to GELFrEE the protein supernatant was desalted using acetone precipitation. Briefly,
three volumes of ice-cold acetone were added to the supernatant. The sample was gently
vortexed and incubated on ice O/N. The sample mixture was centrifuged at 15 000g for 15
min at 4 °C and the supernatant removed. The protein pellet was washed 3× with chilled
acetone and centrifuged at 14 000g for 5 min at 4 °C. The resulting pellet was air-dried and
suspended in 112 µL of ddH2O. The protein concentration was determined using the
microplate colorimetric assay.

GELFrEE and Protein Digestion of Fractions
To the desalted protein suspended in 112 µL of nanopure water, 5× sample buffer (0.25 M
Tris-HCl pH 6.8, 10% w/v SDS, 50% glycerol, 0.5% w/v bromophenol blue) was added and
reduced with 1M DTT at 95 °C for 5 min. There was approximately 350 µg of protein
mixture loaded into the GELFrEE chamber (GELFrEE 8100, Protein Discovery) using an
8% Tris-acetate cartridge (Protein Discovery, Knoxville, TN) with a mass range of 3.5-150
kDa. The protein fractions were collected over 2.6 hrs in a total volume of 150 µl per
fraction. A 5 µl aliquot of the protein fractions was separated on a 4-15% Tris-HCl gel
(BioRad, Hercules, CA) and silver stained with Silver Stain Plus from BioRad to visualize
the protein separation.

A modified FASP procedure was used for detergent removal and digestion of the GELFrEE
fractions. Briefly, each fraction was directly added to a 30 K spin filter and mixed with 200
µL of 8 M urea in Tris-HCl and centrifuged at 14 000g for 25 min. The concentrate was
diluted with 200 µL of urea solution and centrifuged at 14 000g for 12 min and repeated
once. Then, 10 µL of 10 × IAA in urea solution was added to the concentrate in the filter,
vortexed for 1 min, and incubated for 30 min at RT in the dark. The spin filter was washed
as described above for the FASP procedure and each fraction was digested with two
consecutive enzymatic digestions. The first digestions were performed with either trypsin or
LysC and the second digestions with trypsin. The first and second tryptic digestions were
pooled. All digestions were dried in a vacuum concentrator and reconstituted in 20 µL of
0.1% formic acid (FA).

LC-MS/MS
Each of the SCX and WAX fractions was analyzed by nano LC-MS/MS. Prior to separation,
5 µL of each peptide fraction was injected onto a 100 µm × 25 mm sample trap (New
Objective, Woburn, MA) to remove salts and contaminants. Chromatographic separation
was performed on a 75 µm × 10 cm C18 column (New Objective, Woburn, MA) using a
gradient of 2-40% B over 100 min with a flow rate of 200 nL/min on an Eksigent nanoLC
(Thermo Scientific Inc.). Solvent A was 95% ddH2O and 5% acetonitrile containing 0.1%
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FA. Solvent B was 80% acetonitrile and 20% ddH2O containing 0.1% FA. Mass
spectrometry data were collected using an LTQ Orbitrap mass spectrometer (Thermo
Scientific Inc.). Ten tandem mass spectra were collected for each MS scan.

The tryptic digests from the GELFrEE fractions were resuspended in 15 µL of 0.1% FA and
analyzed by LC-MS/MS using a 4 hr gradient on a LTQ Orbitrap MS (Thermo Scientific
Inc.). Briefly, 5 µL of each peptide mixture was separated on a 75 µm × 10 cm C18 column
(New Objective, Woburn, MA) using a gradient of 3-38% B over 240 min with a flow rate
of 200 nL/min. Solvent A was 95% ddH2O and 5% acetonitrile containing 0.1% FA.
Solvent B was 80% acetonitrile and 20% ddH2O containing 0.1% FA.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner
repository25 with the dataset identifier PXD000231.

Data Analysis
MS data files were processed with MaxQuant (Version 1.2.2.5, Max Planck Institute) and
peak list files were searched by MASCOT search engine against the UniProt mouse database
containing both forward and reversed protein sequences and common contaminants such as
keratin. The initial parent and fragment ion maximum precursors were set to 6 ppm and 0.5
Da, respectively. The search included a fixed modification of carbamidomethyl of cysteine
and variable modifications of oxidation of methionine and protein N-terminal acetylation.
The minimum peptide length to be considered for identification was 6 amino acids. The
MaxQuant database search score was based on a FDR of 1% for peptides and proteins. All
proteins identified from each experimental approach are listed in Supplemental Table 1. GO
information of the identified proteins was obtained using UniProt.26 The UniProt GO
annotation program provides GO annotations to proteins in the UniProt Knowledgebase.
Proteins are assigned in GO terms, which are based on a controlled vocabulary of terms used
to describe molecular function, biological process and location of action of a protein in a
cell.27

A list of identified peptides containing m/z values for highly abundant proteins were
extracted from Scaffold software (Version 3.4.3) and used to generate exclusion lists. The
exclusion lists were imported in the LTQ Orbitrap software (Xcalibur, Thermo Scientific
Inc.) method file to reject the mass list of the selected peptides.

Results
SCX of Membrane and Whole Lysates

A schematic of the different strategies provides an overview of the steps taken for each
experiment (Figure 1). Multidimensional separation with SCX and RP was used to reduce
the sample complexity of the enzymatically digested whole lysate, following subcellular
fractionation to enrich membrane proteins. The membrane fraction was collected and the
proteins digested with trypsin and then fractionated on SCX into 9 fractions. All 9 fractions
were analyzed using nano-LC-MS/MS, revealing 267 protein IDs. GO shows that 21% were
in the plasmalemma and 24% in the mitochondrion. To characterize both membrane and
soluble proteins from the mouse sensory epithelium, a second approach was applied using
SCX. The whole protein extract was digested with trypsin and the peptides fractionated on
SCX prior to nano LC-MS/MS analysis. A single experiment consisting of nano LC-MS/MS
analysis of 9 SCX fractions led to the identification of 1385 proteins. However, it was
observed that cochlin and actin accounted for more than 2000 and 1600 collected MS/MS
spectra, respectively. To improve peptide and protein identification, the sample was re-
injected for analysis using an exclusion list. A total of 1148 proteins were identified, of
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which 136 were not identified in the previous experiment without the exclusion list (Figure
2). Thus, the combination of proteins identified from the analyses with and without the
exclusion list led to GO annotations identifying 18% as plasmalemmal and 22% as
mitochondrial proteins.

Multiple Digestions and SCX
Multi-digestion of whole lysate was used to provide efficient digestion and more protein
IDs. SCX was performed as above with the exception that protein samples were digested
using a two-step digestion procedure and collected in a smaller time window. In the first
multiple digestion strategy, protein extract was first subjected to tryptic digestion followed
by a second digestion with trypsin, which were pooled, fractionated on a SCX column into
18 fractions and analyzed by nano LC-MS/MS. A total of 1485 proteins were identified in
this experiment. A second strategy employed using LysC in the first digestion followed by a
second digestion with trypsin. The LysC and tryptic digestions were fractionated separately
on a SCX column and the 18 LysC fractions and 18 tryptic fractions were analyzed by nano
LC-MS/MS. The combination of LysC and trypsin digestions produced a total of 3503
proteins, which resulted in the largest number of protein IDs among all the experimental
strategies. Analyses of proteins identified revealed that 41% were common to both the LysC
and tryptic digestions (Figure 3A). In contrast, a comparison of trypsin/trypsin and LysC/
trypsin digestions revealed that 33% of proteins were common to both (Figure 3B). Further
comparisons of the trypsin/trypsin and LysC/trypsin strategies using GO annotations for
molecular function revealed that LysC/trypsin increased the identification of proteins
categorized as ion channel activity and transporter activity by 89% and 113%, respectively.
Sequence coverage of the proteins also increased when using the two-step digestion
procedure with LysC/trypsin. For example, 42.4% sequence coverage was obtained for
voltage-dependent anion-selective channel protein 2 (VDAC-2) in the LysC/trypsin
digestion, whereas 19.3% was obtained using the trypsin/trypsin digestion (Supporting
Information Table 1).

Given the success of the experiment using multi-enzyme digestion with LysC/trypsin
followed with SCX fractionation, two replications of nano LC-MS/MS analysis were done.
Duplicate analysis of the same sample increased the number of proteins identified. There
were 270 newly identified proteins in the second LysC/trypsin injection (Figure 3C),
bringing the total number of proteins identified from the duplicate analysis to 3773.
Moreover, there were 2541 proteins identified that were shared between the two
experiments. GO annotations of protein cellular components identified from SCX
preparations of LysC/trypsin digests showed an increase in plasmalemmal and
mitochondrial proteins among newly identified proteins in the second LysC/trypsin injection
(Supporting Information Figure 1).

WAX
To obtain even greater depth in characterizing the sensory epithelial proteome, a third
approach, WAX, was used for peptide fractionation prior to LC-MS/MS. A single
experiment using a nano LC-MS/MS analysis of 18 WAX fractions from a trypsin/trypsin
digest revealed 1466 protein IDs. A similar experimental approach using trypsin/trypsin
digest prior to SCX fractionation identified 1485 proteins (Figure 4A). WAX fractionation
generated protein IDs that were 48% similar to SCX fractionation. Analyses using GO
biological process annotations showed that proteins involved in biological regulation and
metabolism were highly expressed in both the SCX- and WAX-based fractionation. In
contrast, an increase in annotations to plasmalemma (17%) was observed for proteins from
the WAX-based fractionation compared to a similar SCX-based fractionation experiment
(Supporting Information Figure 2).
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GELFrEE
GELFrEE separation was used to fractionate proteins in the whole lysate based on size, in
order to reduce sample complexity prior to digestion. The sample fractionation also helps
isolate high abundant proteins, such as cochlin, which interferes with identification of other
low abundant proteins. This technique offers separation reproducibility, sample enrichment,
high protein recovery, and reduces the distribution of high abundant proteins in a complex
protein sample.28 Unlike traditional 2D-PAGE, where proteins are extracted from gel spots,
in GELFrEE the protein mixture is fractionated in liquid-phase, which allows for more
efficient digestion and higher sample recovery. A silver-stained gel was prepared to
visualize the results from GELFrEE fractionation prior to multi-enzyme digestion and LC-
MS/MS analysis (Supporting Information Figure 3). A single GELFrEE experiment
consisting of 12 fractions followed by LC-MS/MS analysis allowed 2165 protein IDs. SCX-
and WAX-based experiments, using a similar digestion approach (trypsin/trypsin digestion),
were compared to the GELFrEE experiment. The GELFrEE experiment identified 1069
unique proteins compared to the SCX experiment and 1090 unique proteins compared to the
WAX experiment (Figure 4B and 4C). Analyses of proteins using GO annotations of
cellular components in the GELFrEE approach showed an increase of proteins in most of the
cell components including the mitochondrion, plasmalemma, and cytoskeleton (Supporting
Information Figure 4A). GO annotation for molecular function shows binding and catalytic
proteins as the most highly represented (Supporting Information Figure 4B).

As a result of the higher number of identified proteins in the SCX experiment using LysC/
trypsin, we used a similar multi-digestion approach on the GELFrEE fractions. The LysC/
trypsin digestion method applied to GELFrEE fractions resulted in a total of 2211 identified
proteins. We also compared the proteins obtained by the LysC/trypsin digestion method to
the trypsin/trypsin digestion method of the GELFrEE fractions. The results revealed a total
of 1605 proteins that were common to both methods and 606 newly identified proteins that
were not previously identified using the trypsin/trypsin method (Figure 4D). Finally, we
compared proteins that were common to the three procedures that yielded the greatest
number of protein IDs, which included: (1) SCX with LysC/trypsin digestion (2) GELFrEE
using trypsin/trypsin digestion, and (3) GELFrEE with LysC/trypsin digestion. There were
1361 proteins common to all three methods, including 9 ion channel α-subunits and several
proteins related to inner ear development and function, such as alpha-1 type II collagen,
Na(+)/H(+) exchange regulatory cofactor NHE-RF2, and Ras-related C3 botulinum toxin
substrate 1 (Supporting Information Table 2). The high number of complementary proteins
indicates high reproducibility between these experiments.

GO Analyses of Protein Representations
All proteins identified from the different experimental techniques were combined for a total
of 4620 proteins (Supporting Information Table 3), many of which are new to the cochlea
(Table 1). GO profiles were obtained for cellular components, molecular functions and
biological processes of proteins identified from all experimental techniques (Figures 5 and
6). We observed a distribution of both soluble and membrane proteins. When compared to
previous proteomic studies of the inner ear using two-dimensional gel electrophoresis and
shotgun proteomic approaches with single enzyme digestion, fewer membrane proteins and
ion channel subunits were identified.

Classifications of proteins identified from the cochlear sensory epithelium were performed
using GO analysis. GO annotations were assigned using the UniProt gene ontology program
and proteins were classified based on their cellular components, molecular functions, and
biological processes. Analyses using the GO annotations for cellular component show that
the most highly represented proteins come from organelle (2812) and cytoplasm (2778)
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classifications and include the nucleus (1188), mitochondrion (780), and plasmalemma
(776). The most underrepresented proteins come from the nuclear chromosome (47), cilium
(41), peroxisome (18), and lipid particle (17). Analyses using GO annotations for molecular
function find both catalytic activity (1496) and binding proteins (2053) highly represented in
our data. Among the most highly represented binding proteins are those involved in
nucleotide (771), nucleic acid (576), RNA (309), DNA (254), and lipid (189) binding. The
most underrepresented include Mg2+ (60), O2 (8), K+, (2), and Pb2+ (1) binding proteins.
Highly represented proteins with catalytic activity include hydrolase (670), transferase
(366), and oxidoreductase (293). The lowliest represented activities include chromatic
binding (51), electron carrier (47), ion channel (44), antioxidant (28), kinase regulator (26),
phosphatase regulator (21), and nutrient reservoir (2) activity. Analyses using GO
annotations for biological processes revealed proteins involved with biological (1701) and
metabolic (1874) processes, followed by multicellular organismal (995) and localization
processes (915). Processes that are lowly expressed include cell recognition (15), cell killing
(7), developmental pigmentation (5), and cytoplasm organization (1).

Discussion
The combinations of preparative methods for high resolution MS, presented here, resulted in
the largest number of proteins identified to date from normal hearing P30 mouse sensory
epithelium. While double digestions of LysC and trypsin prior to SCX led to the highest
number of protein IDs, each method was valuable in generating an extensive proteome.
Proteins related to the function of the inner ear were identified, in addition to previously
unidentified proteins.

Multiple Enzyme Digestion Combined with Fractionation
A previous study of the inner ear identified 628 total proteins using single trypsin digestion
followed by LC-MS/MS.22 Other studies of the cochlear proteome resulted in far fewer
proteins,15, 20-22 including membrane proteins such as ion channel subunits. We initially
adopted a standard MudPIT approach using single tryptic digestion; however, we found that
using multiple enzymes for digestion, such as LysC and trypsin, increased protein IDs more
than 2fold compared to single tryptic digestion experiments. The advantage of multiple
enzymes is that different populations of peptides are produced, hence increasing peptide
number and protein IDs. Comparisons of the single tryptic digestion method with the
trypsin/trypsin multi-digestion method also showed an increase in identified peptides and
proteins (Supporting Information Table 1). Although both produced a large number of
complementary proteins, there were 498 newly identified proteins using the multi-digestion
approach. The higher number of proteins identified with this technique is likely due to
differences in the affinity of tryptic cleaving at K/R sites in the peptide sequences produced
from the first tryptic digestion compared to peptides produced from the second tryptic
digestion.23 Therefore, different peptides are generated, leading to a greater number of
protein IDs.

We compared the multi-enzyme digestion approach, LysC/trypsin, of the SCX fractions to
the GELFrEE fractions digested with LysC/trypsin. We observed that the SCX-based
approach resulted in a higher number of protein IDs as compared to the GELFrEE approach.
We believe that the lower number of proteins identified using GELFrEE is due to protein
loss resulting from the poor solubility of hydrophobic proteins. In contrast, peptides are
more soluble in the solvent used in the SCX-based approach. The loss of hydrophobic
proteins in the GELFrEE approach was also evident by the greater number of membrane
proteins identified in the SCX-based approach.
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Binding and Catalytic Proteins
An analysis of the sensory epithelium proteome revealed an abundance of binding and
catalytic proteins. Binding proteins foster the interaction of one molecule with another and
include Ca2+ binding proteins, which play a role in modulating or mediating the actions of
these ions.29 Calcium ions are important in the physiology of sensory cells, including the
transduction of agonist stimuli, intracellular signal transmission, and the modification of
synapses.30 Sensory cells of the inner ear require Ca2+ for the transduction of mechanical
stimuli into electrical signals via hair cells and for electrical oscillations.31 An example of an
identified Ca2+ binding protein is oncomodulin, which is expressed in the OHCs.31 Its
function in the inner ear is not completely understood, but it may play a role in Ca2+-
sensitive hair cell bundle processes and OHC electromotility.32 In addition, a number of
Ca2+ binding proteins were identified that have not been described previously. These are
discussed below.

Annotation analysis for molecular function shows the cochlear sensory epithelium to be rich
in proteins involved in catalytic activity. Some of these proteins include superoxide
dismutase [Cu-Zn], glutathione peroxidase 1, transmembrane protease serine 3, and beta-
hexosaminidase subunit beta. Catalytic proteins are essential for continuous protein
turnover, a necessary component for the maintenance of cellular homeostasis and for the
regulation of multiple cellular functions.33 For example, actin filaments of the stereocilia are
renewed every 48 hours.34

Ion channel proteins
Twenty-six different α-subunits were identified, belonging to Na+, Ca2+, and K+ ion
channels. Ion channels and transporters play a major role in signal transmission and if
damaged can lead to hearing dysfunction.35 Examples include inward rectifier K+ channels
Kir4.1 and Kir7.1, and Clic channels 1, 4, 5, and 6. An inward rectifier, IK1 was described
first by Marcotti et al., in the inner hair cells of the mouse.36 Our data suggest more than one
family of inward rectifiers, Kir 4.1 and 7.1. Additional studies may reveal their expression in
different tonotopic regions of the cochlea. Clic5 plays a vital role in stereocilia formation
and is necessary for normal organ of Corti development,37 whereas Clic1, 4 and 6 have not
been described in the cochlear sensory epithelium. Another identified channel is the Ca2+-
activated K+ channel subunit α-1, which is found in OHCs and IHCs.38 BK plays a key role
in hair cell tuning in the non-mammalian cochlea and increased hearing sensitivity in
mammalian cochlea.39 BK was identified after re-injection of SCX LysC/trypsin fractions,
demonstrating that sample re-injection leads to an increase in protein ID. Although there
was an overlap in protein IDs when performing reinjections, additional peptides and proteins
were identified due to small changes in the chromatography. These changes lead to different
peptides for fragmentation and different mass spectra at specified retention times. Finally, a
previously undiscovered channel in the cochlea, but recently described in Drosophila, is the
Ca2+ channel flower homolog. Drosophila experiments suggest this protein contains three or
four transmembrane regions that promote Ca2+ influx, which triggers clatharin-mediated
endocytosis at periactive sites of the presynaptic membrane.40

Newly Identified Proteins in Cochlear Sensory Epithelium
Several proteins were identified that were found first in other sensory systems. These
include Olfml, Optineurin, and LEDGF/p75). Olfml and similar proteins contain an OLF
domain, such as optimedin, myocilin, noelins, latrophilins, are glycoproteins.41 The
functions of these proteins are varied and include contributing to olfactory cilia and neural
development, as well as a role in glaucoma. However, there are no data describing this
protein in the inner ear. Optineurin is a cytolsolic protein that mediates cell trafficking, cell
division, and protein secretion.42 LEDGF/p75 was derived from ocular tissues and is
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elevated with cellular stress, whereupon it binds to promoters that regulate stress genes such
as heat shock proteins.43

A number of Ca2+ binding/regulating proteins were identified that have not been described
previously in the sensory epithelium. These include calumenin, caskin, Nell2, copine-6, and
Nipsnap. Calumenin, an EF-hand Ca2+ binding protein, is found in the endoplasmic
reticulum. It is part of a secretory pathway found in the cytosol as well as extracellular
space.44 Caskin interacts with Ca2+-calmodulin serine kinase CASK, which is found in
stereocilia.45 Caskin functions in regulating scaffolding such as forming the cytomatrix in
developing neurons. Nell2 may regulate Ca2+ signaling by regulating Ca2+-binding
proteins.46 In addition, it may regulate vesicles at presynaptic release sites. Copine-6 is
regulated via intracellular Ca2+ concentrations that can cause its translocation to the
membrane. However, its function is poorly understood.47 Nipsnap decreases Trpv6 current
while increasing L-type Ca2+ current. This increase leads to phosphorylation of the
transcription factor CREB.48

We also identified membrane-associated proteins not previously described in the mouse
sensory epithelium, such as sideroflexin-3, amphiphysin 2, and paralemmin-1. These
proteins are prominent in development and activity and thus may contribute to normal
hearing. Amphiphysin is a member of the BAR domain proteins that generate and maintain
membrane curvature.49 This protein can also regulate vesicles as might occur in endocytosis
at synapses. Sideroflexins are tricarboxylate carrier proteins in the mitochondrial membrane
whose function in vivo is still unclear.50 Paralemmin-1 binds to the lipid portion of the
plasma membrane. It has some role in controlling cell shape with a potential for regulating
cAMP activity.51 However, very little is known of this protein. Palmdelphin, another
member of the paralemmin family, is a cytosolic protein of which there are few data.52

We also identified some proteins that were recently described in the inner ear. We found
EMILINS 1, 2 (basilin), 3, and 5, which are predominantly in the extracellular matrix.
Basilin was described previously in the basilar membrane of the cochlea.53 EMILIN1, on
the other hand, was described recently as an interacting protein with the CNGA3 ion channel
in saccular hair cells.54 These authors describe EMILIN1 as a transmembrane protein with a
predicted intracellular C-terminus. Their colocalization studies also suggest interactions in
the OHCs of rat. In contrast, EMILINS 3 and 5 still await a functional description in the
cochlea. Finally, we identified a high mobility group AT-hook 2 protein using four different
experimental strategies, including GELFrEE with two different digestion procedures
(trypsin/trypsin and LysC/trypsin), a single trypsin digestion followed by SCX with
exclusion list, and a trypsin/trypsin digestion followed by SCX. Combining all four
experiments produced a total of four unique peptides with 50% sequence coverage. A recent
study revealed the expression of this gene, Hmga2, in the transcriptome of the mouse
cochlear sensory epithelium.55 The protein has many functions including the transcription of
genes by altering DNA confirmation or by regulating transcription factors. Thus, these
proteins can control cell differentiation, growth, proliferation, and apoptosis.56

Conclusion
Only a few studies have addressed the proteome of the inner ear. In part, this is due to the
small and diverse number of cells, and the challenge of isolating membrane proteins. We
have identified 4620 proteins from the mouse cochlear sensory epithelium using FASP
combined with GELFrEE and off-line SCX- and WAX-based methods. In addition, peptide
and protein IDs, and sequence coverage were increased, by combining multiple enzymes for
digestion with sample reinjection and exclusion lists. GO analysis of molecular function
showed that among the most highly expressed proteins are those involved in binding and
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catalytic activity. In addition, many proteins were identified that are currently
uncharacterized with respect to their significance and function in the cochlea. Thus, the
multiple shotgun and bottom-up proteomic techniques used here provide the most
comprehensive cochlear proteome to date. These findings will enhance establishing
biomarkers for the prevention and treatment of hearing impairments.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ABC ammonium bicarbonate

AEBSF 4- benzenesulfonyl fluoride hydrochloride

AEX anion exchange chromatography

ASB-14 amidosulfobetaine-14

Aip aryl receptor hydrocarbon

Antxr anthrax toxin receptor

BAR Bin/Amphiphysin/Rvs

Bsrp brain specific receptor protein

cAMP cyclic adenosine monophosphate

CASK Ca2+/CaM-dependent serine protein kinase

Clic chloride intracellular channels

CNGA3 cyclic nucleotide-gated A3

CREB cAMP response element binding protein

DIGE 2D differential gel electrophoresis

Drebrin developmentally-regulated brain protein

DTT dithiothreitol

EMILIN elastin microfibril interface-located protein

FA formic acid

FASP filter aided sample preparation

FDR false discovery rate

GELFrEE gel-eluted liquid fraction entrapment electrophoresis

GO Gene Ontology

IAA iodoacetamide

ID identification

IHC inner hair cell

LEDGF lens epithelium-derived growth factor

LysC endoproteinase Lys-C

MS mass spectrometry

MS/MS tandem mass spectrometry

MudPIT multidimensional protein identification technology
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nano LC-MS/MS nano liquid chromatography-tandem mass spectrometry

Nell2 neural epidermal growth factor-like like 2

OHC outer hair cell

Olfml olfactomedin-like

O/N overnight

PBS phosphate buffered saline

RP reversed-phase

SAX strong anion exchange

SCX strong cation exchange

SDS sodium dodecyl sulfate

SEC size exclusion

Tmp21 transmembrane protein 21

Trim2 tripartite motif containing 2

Trpv6 transient receptor potential vanilloid 6

WAX weak anion exchange
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Figure 1.
Diagram depicting the procedures used to determine the proteome of the cochlear sensory
epithelium of P30 normal hearing mice.
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Figure 2.
Venn diagram of proteins found in the proteome of P30 mouse cochlear sensory epithelium,
when using single tryptic digestions with SCX fractionation with and without exclusion lists.
Numbers implicate the total number of proteins that are exclusive to or shared in the
overlapping regions.
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Figure 3.
Venn diagrams of proteins found in the proteome of P30 mouse cochlear sensory
epithelium, when using multiple enzyme digestions. Number of proteins identified when
performing a (A) first digestion with LysC and a second digestion with trypsin, (B) first
digestion with trypsin or LysC followed by a second digestion with trypsin, and (C) LysC
and trypsin digestion with multiple injections of each fraction.
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Figure 4.
Venn diagrams of proteins found in the proteome of P30 mouse cochlear sensory
epithelium, when using multiple digestions with different separation techniques. Number of
proteins identified when using: (A) trypsin for the first and second digestion followed by
either SCX- or WAX-based separation, (B) trypsin as before followed by SCX or GELFrEE
separation followed by double trypsin digestion, (C) trypsin as before followed by WAX or
GELFrEE followed by double trypsin digestion, or (D) GELFrEE followed by multiple-
enzyme digestions using trypsin or LysC in the first digest followed by trypsin in the second
digest.
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Figure 5.
GO profiles for all the proteins identified from SCX, WAX, and GELFrEE sample
preparations obtained from normal hearing mouse sensory epithelia. GO profile for (A)
cellular components and (B) molecular function. All categories are counted non-exclusively,
when a protein has more than one category for cellular components or molecular function.
See Supporting Information Table 2 for the proteins.
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Figure 6.
GO biological process profile for all the proteins identified from SCX, WAX, and GELFrEE
sample preparations obtained from normal hearing mouse sensory epithelia. All categories
are counted non-exclusively, when a protein has more than one category for cellular
components or molecular function. See Supporting Information Table 2 for the proteins.
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Table 1

A sample of proteins new to the cochlea.

accession protein name protein function

Q9EPC1 Actopaxin actin binding protein

Q80WT5 Aftiphilin found at synapses, interacts with synaptophysin

O08915 Aip delays the photoresponse

Q6PAM1 α-taxilin binds syntaxin

Q7TQF7 Amphiphysin BAR domain protein, maintain membrane curvature

Q6DFX2 Antxr-2 capillary morphogenesis protein

Q922M7 Ashwin implicated in neural patterning

P28658 Ataxin10 ubiquitous, regulates neural growth

Q91YH5 Atlastin-3 GTPase involved in ER and Golgi morphogenesis

Q4V9Z5 Bsrp-like involved in neuronal development

Q6XLQ8 Calumenin Ca2+-binding protein in ER

Q8VHK1 Caskin interacts with CASK, which is found in stereocilia

Q9Z140 Copine-6 intracellular Ca2+ can cause translocation to membrane

Q9QXS6 Drebrin-1 actin binding protein involved in cell shape

Q99JF8 LEDGF elevates with stress and regulates heat shock proteins

Q8CIV2 Membralin found in CNS and tumor cells, function unknown

Q8BM06 Nell-2 regulates Ca2+-signaling by regulating Ca2+-binding proteins

D3Z4E2 Neuritin promotes neurite outgrowth, stability and channel expression

Q810U3 Neurofascin regulates neurite outgrowth and postsynaptic elements

Q9CQE1 NipSnap-related regulates Trpv6 and Cav channel proteins

Q8BK62 Olfml-3 glycoprotein, contributes to olfactory and neural development

Q8K3K8 Optineurin cell trafficking

Q9Z0P4 Paralemmin controls cell shape, binds to lipid portion of plasmalemma

E9Q616 Protein Ahnak propeller protein that modulates Cav channels

Q6V4S5 Protein sidekick-2 regulates synaptic processes, associates with MAGI-1

Q99JR1 Sideroflexin-1 tricarboxylate carrier protein with unknown function

Q3V2H3 Sorting nexin-12 protein trafficking

P61807 Stannin cell cycle control

Q80U23 Syntaphilin controls SNARE assembly

Q9D1D4 Tmp-21 regulates γ-secretase

E9QKC6 Trim-2 regulates axon polarization
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