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Abstract

Cilia are essential to many diverse cellular processes. Although many major axonemal components
have been identified and studied, how they interact to form a functional axoneme is not completely
understood. To further our understanding of the protein composition of human airway cilia, we
performed a semi-quantitative analysis of ciliary axonemes using label-free LC/MSE which
identified over 400 proteins with high confidence. Tubulins were the most abundant proteins
identified, with evidence for 20 different isoforms obtained. Twelve different isoforms of
axonemal dynein heavy chain were also identified. Absolute quantification of the non-tubulin
components demonstrated a greater than 75-fold range of protein abundance (RSPH9;1850 fmol
vs CCDC103,;24 fmol), adding another level of complexity to axonemal structure. Of the identified
proteins, approximately 70% are known axonemal proteins. In addition, many previously
uncharacterized proteins were identified. Unexpectedly, several of these, including ERICH3,
Clorf87, and CCDC181, were present at high relative abundance in the cilia. RT-PCR analysis and
immunoblotting confirmed cilia specific expression for eight uncharacterized proteins, and
fluorescent microscopy demonstrated unique axonemal localizations. These studies have provided
the first quantitative analysis of the ciliary proteome and have identified and characterized several
previously unknown proteins as major constituents of human airway cilia.
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Introduction

The cilia that line the human respiratory tract provide the force necessary for efficient
mucociliary clearance. By their continuous and coordinated beating, cilia transport mucus
and entrapped pathogens and toxins out of the airways, helping to maintain the lung in a
healthy state (1-3). Impaired mucociliary clearance is a feature of many airway diseases,
including cystic fibrosis (CF) and primary ciliary dyskinesia (PCD). Cystic fibrosis is caused
by mutations in the CFTR gene (4, 5), which encodes an ATP regulated anion channel that
helps to maintain the proper hydration of the airway surface. In the absence of CFTR
function, the mucus layer becomes dehydrated, ciliary movement is impaired, and
mucociliary clearance fails (6). PCD is a genetically heterogeneous disease, with causative
mutations in over 30 genes identified (7). Many of these mutations are in genes that encode
structural proteins of the axoneme itself (e.g., DNAIL1, DNAHS5) (8, 9) but others encode
cytoplasmic assembly or regulatory proteins (e.g., SPAG1, MCIDAS, HEATR2 (10-12).
These mutations impair ciliary function and result in impaired or absent mucociliary
clearance. Both of these diseases result in frequent and persistent episodes of lung infection,
eventually causing bronchiectasis and lung failure (6, 7). Thus studies of mucociliary
clearance and the structure and function of cilia have the potential to improve the clinical
outcome of patients with these and other debilitating lung diseases.

The cilia themselves are composed of a highly conserved microtubule structure, the
axoneme, consisting of 9 microtubule doublets arranged in a circular pattern around a central
pair of single microtubules (the 9+2 axoneme). This structure is conserved among most
motile cilia and flagella, while the core axonemal structure of primary cilia and the cilia at
the embryonic node consists of 9 outer doublets without a central pair (9+0 axoneme). The
basic axonemal structure is formed primarily of alpha and beta tubulin, but each complete
cilium is composed of several hundred additional proteins that are required for the efficient
functioning of this organelle. The composition and structure of the many different
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specialized axonemes differ between both species and tissues. For example, human airway
and most other motile cilia possess three radial spoke head structures, while the well-studied
Chlamydomonas flagellum lacks the third radial spoke head (13, 14). Further, the flagella
found on sperm (15, 16), the cilia of retinal photoreceptor cells (17), and the cilia present in
the airway (18), each contain a unique combination of proteins required to fulfill their
specific function. It has also been recognized that the structure of the ciliary axoneme is not
uniform along its length, and so the composition and abundance of ciliary proteins varies
depending on the location within the cilium. This further adds to the complexity of this
organelle. For example, in motile cilia of the airway, the outer dynein arm heavy chain
DNAMHS is found along the entire length of the cilium, while DNAH11 is found only
proximally and DNAH3 is found only in the distal portion of the cilium (19, 20).

To fully understand the molecular mechanisms that control ciliary beat frequency,
waveform, and coordination, it will be necessary to first identify the complete ciliary
proteome. Several investigators have employed both genetic and proteomic techniques to
begin to identify the entire complement of ciliary proteins. For example, proteomic
approaches have been used to analyze primary cilia from human retinal pigmented epithelial
cells, mouse kidney, fibroblast, and photoreceptor cells, rat olfactory cells, swine choroid
plexus epithelial cells (17, 21-24), and flagella from Chlamydomonas (25). Comparison of
gene expression patterns from tissues with or without cilia was utilized to identify cilia
specific genes in mouse (26), and a comparative genomics approach was used to identify
over 600 genes present in organisms with cilia or flagella (27). Whole genome expression
sequencing of bronchial biopsies identified over 200 potential ciliary genes (28).
Specifically in airway epithelial cells, we previously performed a liquid chromatography-
tandem mass spectrometry (LC/MS/MS)-based proteomic analysis of axonemes isolated
from human bronchial epithelial cells to identify over 200 known and potential ciliary
proteins (18). While these and other studies have contributed greatly to our knowledge of
ciliary composition, no single technique is capable of providing a complete understanding of
the ciliary proteome. While RNA expression or genetic approaches can identify hundreds of
genes expressed in a “cilia-specific” pattern, they provide no evidence that these proteins are
actually made, or whether they are part of the ciliary axoneme itself or play a role in the
assembly or function of the axoneme. Proteomic studies are specifically designed to identify
proteins that are present in the isolated organelle, but these are limited by the purity of the
preparation and the sensitivity of the method. Further, none of the above approaches have yet
provided any quantitative data on the relative abundance of the individual protein
components.

Recent advances in mass spectrometry (MS) hardware and data acquisition strategies have
enabled more sensitive and comprehensive analysis of complex proteomic samples. One of
these strategies known generically as data-independent acquisition (DIA) circumvents the
stochastic sampling and resulting intensity biases inherent in data-dependent acquisition
(DDA) approaches by fragmenting all precursor ions eluting from an LC separation without
regard for intensity, enabling effective interrogation of lower abundance species (29). Unlike
DDA approaches which are serial in nature and generally target the most intense signals in a
given precursor spectrum, DIA fragments all precursors present in the collision cell in
parallel, independent of intensity or other individual precursor attributes. A number of
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variations of DIA approaches exist, some of which are unique to specific hardware vendors,
DIA approaches such as PACIFIC (30) or SWATH-MS (31) utilize sets of relatively large
(tens of Th), overlapping mass ranges where precursors are cofragmented in the collision
cell across the full /m/z precursor range in subsequent experiments. In the LC/MSE DIA
approach, alternating MS scans are acquired at low or elevated collision energies, which
results in alternate MS scans of precursor and product ion spectra for all precursors in
parallel (32-34). In each DIA approach, product ion spectra are reconstructed from the
complex fragmentation datasets for subsequent searches against protein sequence databases
or library spectral databases utilizing appropriate software.

In addition to improvements in sensitivity and proteome coverage, recent advances in MS-
based quantification strategies now allow for both the relative and absolute quantification of
proteins from complex proteomic mixtures. Although relative quantification using either
label-free (35) or isotope labelling (36—39) methodologies have been prevalent for the past
15 years for non-hypothesis driven proteomics experiments, these approaches only measure
relative protein abundance differences between two biological “states”. More recently, a
number of approaches have been employed enabling the quantification of absolute molar
amounts of one or more proteins within a sample. For example, multiple reaction monitoring
(MRM) utilizing triple-quadrupole MS systems, an approach utilized extensively in small
molecule quantification in complex sample matrices, has been applied in conjunction with
isotopically labeled peptide standards to quantify selected target proteins of interest in
complex biological samples (40). Unfortunately, this hypothesis-driven approach requires
that one knows beforehand which protein(s) are of interest and has in hand synthetic peptide
standards corresponding to these targeted proteins (41). For discovery, non-hypothesis
driven experiments where absolute quantification is required across all proteins present in a
sample, computational approaches have been employed which normalize MS protein signal
intensity against the number of observable peptides (42, 43). These include the
Exponentially Modified Protein Abundance Index (emPAl) (42) and the Intensity-Based
Absolute Quantification (iBAQ) (43) approaches. Similarly, absolute molar amounts of
proteins may be measured using the “Top 3” method reported with LC/MSE (34). In this
approach, the average signal response of the 3 most intense peptides to any given protein per
mole of protein is a constant, independent of the identity or sequence of the protein, to
within +/- 10%. When complex proteomics samples are spiked with a protein standard at a
known concentration and analyzed using the “Top 3” LC/MSE approach, both absolute mass
(gram) and molar amounts of each identified protein may be determined relative to this
standard, enabling both between and within sample mass and molar protein ratio and
stoichiometry determination (34).

In this report, we have utilized the Top 3 LC/MSE approach to analyze ciliary axonemes
isolated from well-differentiated cultures of human bronchial epithelial cells. Absolute
quantification (molar and mass) was obtained for over 400 proteins (Supporting Information,
Table SI-1), along with the relative abundances of these proteins within the axoneme,
including many that have not previously been characterized as part of the ciliary proteome.
Several of the previously uncharacterized proteins identified were present at relatively high
abundance and were selected for further studies. RT-PCR data demonstrated that these
proteins were specifically expressed during ciliated cell differentiation, and immunoblotting
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of isolated cilia confirmed their presence in the axoneme. Confocal immunofluorescence
studies revealed unique axonemal locations for the uncharacterized proteins, further
demonstrating the complexity of this unique organelle.

Experimental Procedures

Cell Culture, Cilia Isolation and Protein Extraction

Human airway epithelial (HAE) cells from non-smoking donors were obtained from the
UNC Tissue Procurement and Cell Culture Core under protocols approved by the
Institutional Review Board for the Protection of the Rights of Human subjects at UNC and
cultured as previously described in detail (44, 45). Briefly, ~5x108 undifferentiated HAE
cells were cultured in 10 cm plastic dishes for 3 days in BEGM media supplemented with
penicillin (100 U/mL), streptomycin (100 pg/mL), For obtaining differentiated cells, the
HAE cells were cultured in ALI media supplemented with penicillin (100 U/mL) and
streptomycin (100 pg/mL) at an air/liquid interface on collagen-coated culture inserts
(Millicell, Millipore) until they were heavily ciliated (greater than 4 weeks). Protein extracts
from undifferentiated and differentiated airway cells were obtained using RIPA buffer
(ThermoFisher Scientific) supplemented with protease inhibitors (Protease Inhibitor
Cocktail, Sigma P8340). Ciliary axonemes were isolated from heavily ciliated cultures as
previously described (18). Briefly, cultures were washed with phosphate-buffered saline
(PBS) to remove mucus and cell debris. Deciliation buffer (10 mM Tris pH 7.5, 50 mM
NaCl, 10 mM CaCl,, 1 mM EDTA, 0.1% Triton X-100, 7 mM p-mercaptoethanol, 1%
protease inhibitor cocktail) was added to the surface and the culture was rocked gently for 1
min. The supernatant was collected, and the procedure was repeated. The two washings were
pooled and after pelleting debris at 1000 x g, the ciliary axonemes were collected by
centrifugation at 16,000 x g. Ciliary pellets were resuspended in 2x LDS buffer (Invitrogen)
for immunoblot or for proteomics analysis as described (18).

Immunoblotting

The protein concentration of differentiated and undifferentiated human airway cell lysates
was determined using the BCA method (Pierce BCA kit, ThermoFisher Scientific). From
one 30 mm Millicell ~70 pg of ciliary protein was obtained. In order to have comparable
signals between samples, 1/10t of the cilia extract (~ 7 g of total protein) and ~1/20t" of
the total cell lysates were loaded. The samples were electrophoresed on NuPage 4 — 12%
Bis-Tris gels in MES-SDS running buffer (ThermoFisher Scientific) and transferred to 0.45
um nitrocellulose membrane for immunoblotting. The antibodies and dilutions used are
listed in Table SI-2.

Immunofluorescence

Fluorescent immunocytochemistry was performed on isolated HAE cells. To ensure the
adhesion of ciliated cells to the glass, slides used for confocal imaging and cover slips used
for super resolution imaging were pretreated with 1% Alcian Blue (Sigma) aqueous. The
surface of the slide/cover slip was covered with the Alcian Blue solution and incubated for
20 min, then thoroughly rinsed with distilled water, until the water ran clear. The slides/
cover slips were maintained in an ice cold closed chamber. The apical region of the ciliated
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HAE culture was washed three times for 5 min in PBS to remove mucus and debris. The
media was aspirated and the basolateral and apical sides of the cultures were washed twice
for 1 min in PBS. The cells were scraped out of the dish using a pipette tip, resupsended in
PBS and added to the Alcian-Blue-pretreated slide/cover slip. The cells were allowed to
settle for 20 min in the cold chamber and subsequently fixed for 10 min with ice cold 2%
PFA or methanol. After 2 washes with ice cold PBS some slides were treated with 0.1%
Triton X-100 in PBS for 5 min. For antibody staining, all the samples were processed as
follows: after 2 washes in PBS, samples were incubated in blocking solution (PBS plus 10%
fetal bovine serum, 0.1% Triton X-100, and 3% bovine serum albumin) for 1 h at room
temperature. Primary antibodies (see Supporting Information, Table SI-2) were diluted in
blocking solution and incubated with samples overnight at 4°C. After 3 washes in washing
solution (PBS plus 1% fetal bovine serum, 0.1% Triton X-100, and 3% bovine serum
albumin), fluorescent secondary RRX-conjugated (1:500 dilution; Jackson
ImmunoResearch) or Alexa 647- or Alexa 488-conjugated (1:500 dilution; Molecular Probes
Inc.) antibodies were applied for 2 h at room temperature. To stain nuclei, Hoechst 33342
(Invitrogen) was used. Samples were mounted in ProLong Gold (Invitrogen) and imaged
using a Leica SP8 inverted confocal or embedded in MEA (100 mM B-Mercaptoethylamine,
Sigma 30070, in PBS pH7.4) for Ground State Depletion (GSD) Super Resolution
microscopy (Leica).

Immunofluorescence Quantification and Image Processing

Immunocytochemistry on cells isolated from at least 3 different donors was performed as
described above for the detection and localization of proteins of interest. Samples were co-
stained with an antibody detecting Ac-TUB to visualize cilia. Micrographs from different
fields were taken with a Leica SP8 inverted confocal microscope using a HC PL APO 63x/
1.40 Oil CS2 objective and optical zoom of 1 for quantification of positive labeled cells and
fluorescence intensity, or with an optical zoom of 3 for image processing. Thus, the size of
the scan field was 238 x 238 um or 79.3 x 79.3 um, respectively. The sample areas were
scanned at a resolution of 1024*1024 pixels (pixel size of 0.23 pm with optical zoom of 1
and pixel size of 0.077 pm with optical zoom of 3). The quantification of positive cells was
performed using the Cell Counter plugin of ImageJ (46). The fluorescence intensities of the
different segments of the cilia were determine using Fiji (47), adapted from previously
described methods (48, 49). Briefly, the cilia length was measured and then divided in 3
regions of interest (ROI), proximal (half of the length of the cilia) middle (quarter of the
length of the cilia) and tip (the remaining quarter of the cilia length) (Fig. SI-1). Using the
ROI manager plugin, the area, the mean gray value and the integrated density (IntDen) of
each ROI as well as for 4 to 5 ROI surrounding the cells (background, Bg) were measured,;
4-9 cells were measured for each protein. The corrected total cilia fluorescence (CTCF) in
each ROI was calculated using the formula

CTCF=IntDenROI — (AreaROI x Mean gray of Bg)

The calculated fluorescence intensities for each channel (protein of interest) and Ac-TUB
were plotted using GraphPad Prism version 7.1. Confocal images were converted to digital
images using Photoshop at a resolution of 300dpi.
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RNA Expression

Human airway epithelial cells were plated on collagen-coated inserts for culture at the air/
liquid interface as described above. Under these conditions the cells initially grow as a
mono-layer of undifferentiated cells. The cells begin to differentiate and after 8 to 14 days
ciliated cells start to appear and subsequently increase in number. From these cultures, total
RNA was isolated after 4 to 35 days of culture using an RNeasy kit (Qiagen Inc.) according
to the manufacturer's protocols. Semi-quantitative RT-PCR was performed using standard
procedures to determine the expression levels of transcripts of the proteins of interest. The
primers used are listed in Table SI-3.

Proteomic Analysis

Axonemal pellets isolated from heavily ciliated cultures as described above were
resuspended in SDS sample buffer and loaded onto 4-12% Nu-PAGE gradient gels (Novex)
for separation. Axonemes from three different cell donors were analyzed independently.
Following staining with Coomassie Blue, the entire lane from each replicate was cut into 18
sections, the width of the section dependent upon the intensity of protein bands present in
that region of the gel, with the goal of equalizing to the extent possible the amount of protein
contained in each band (Fig. SI-2). In most cases, multiple visible bands were contained
within a given section, with the exception being the thick, intense band corresponding to
highly abundant a- and B—tubulin at approximately 50 kDa. Each section was subjected to
in-gel trypsinization using the protocol of Wilm et al. (50), and a predigested BSA standard
(MassPrep Standard, Waters Corporation) was spiked into each digested band to provide a
level of 250 fmol BSA per injection.

Mass Spectrometry Analysis and Database Searching

In-gel digests were analyzed by LC/MSE using a NanoAcquity UPLC and Q-Tof Premier
mass spectrometry system (Waters Corporation) as previously described (51). LC/MSE raw
data files were processed for database searching using ProteinLynx Global Server v2.4
(PLGS) (Waters), and subsequently searched against the human subset of the Uniprot
database (Uniprot.org) using the integrated IDENTITYE search algorithm included in PLGS
software package. The human database downloaded in September 2012 contained 22,631
entries, and the sequence for BSA was added to the database to enable identification of the
spiked BSA internal standard protein. Default database search engine parameters were used
as follows: Precursor Mass Tolerance-Automatic (0.01 Da for first pass); Product Mass
Tolerance-Automatic (0.025 Th for first pass); Minimum Fragment lon Matches per
Peptide-3; Minimum Fragment lon Matches per Protein-7; Minimum Peptide Matches per
Protein-1; Maximum Protein Mass-1x10%; Missed Cleavages-1; Fixed Modifications-
Carbamidomethyl Cys; Variable Modifications- Amidation-C terminus; Oxidation-Met;
Phosphorylation-Ser, Thr, Tyr; PLGS Set FDR-100%; Calibration Protein-BSA; Calibration
Protein Concentration-250 fM. The FDR was set to 100% for the IDENTITYE search as
recommended by Proteome Software for subsequent data loading into their Scaffold
software in order to provide a sufficient number of incorrect peptide spectral matches
(PSMs) to obtain appropriate statistics from the Peptide and Protein Prophet rescoring
algorithms within Scaffold.
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Data Analysis

IDENTITYE database search results were loaded for further analysis into Scaffold v4
(Proteome Software), with all 18 bands corresponding to each biological replicate loaded
into a Scaffold Biosample corresponding to each replicate. Data were filtered to only display
proteins meeting the following criteria: Protein Prophet threshold-95%; Peptide Prophet
threshold-80%; Minimum number peptide matches-2. With these Scaffold filter parameters,
the Protein Prophet FDR reported by Scaffold for the dataset was 0.1% while the Peptide
Prophet FDR was reported to be 4.7%. The dataset with molar (fmol) amounts reported for
each detected protein was exported into Excel for further analysis. Data from all three
replicates was included in the qualitative analysis of proteins present in the axonemal
preparations. In one of the replicates, an increased amount of protein was analyzed in an
attempt to identify additional low abundance proteins. While additional proteins were
identified, the different mass amounts obtained prevented the inclusion of this replicate for
determination of protein amounts, except in the case of the radial spoke proteins (see
results). In Excel, the reported fmol amounts obtained from two replicates were utilized in
conjunction with the reported molecular weight for each observed protein to calculate the
mass amounts (ng) of each observed protein. The total amount of protein present per
replicate was estimated by summing the reported ng amounts for all identified proteins.

Post-proteomic Analysis

Results

To investigate whether the proteins identified have previously been reported to be present in
ciliary axonemes, we first searched the PubMed database using the gene name. If a previous
report identified the protein as a component of cilia or flagella, the protein was considered
“known” and a representative reference is included in Table SI-1. If a published reference
existed, but only demonstrated expression at the RNA level, the protein was considered a
“likely” axonemal component. Proteins with published references demonstrating non-
axonemal expression were classified as other (i.e., contaminants). For proteins with no
specific published references in PubMed, we searched the Gene section of PubMed and the
Universal Protein Resource (UniProt) databases for evidence of axonemal localization or
function. Proteins not classified by these methods were searched against the Cildb (V3.0;
Arnaiz et al., Cilia, 2014) database. Proteins for which no published evidence of axonemal
localization was found at the time of analysis were classified as unknown. Although the
assignment of proteins to a specific category was current at the time of submission, during
the course of these studies, several previously uncharacterized proteins have been identified
as axonemal components.

To identify additional components of human respiratory cilia and to begin to examine their
relative abundance, ciliary axonemes were isolated from well-differentiated cultures of
human airway epithelial cells by detergent extraction and differential centrifugation. As
shown previously, this method yields a highly enriched preparation of ciliary axonemes (18).
Axonemes were isolated from cells obtained from three different individuals and analyzed
separately to provide biological replication. Axonemal proteins were separated by gradient
gel electrophoresis, the gel lane was cut into 18 individual “bands” or sections (Fig. SI-2),
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and in-gel tryptic digests of each section were analyzed by LC/MSE as detailed in
Experimental Methods.

Protein Identification and Quantification

Combining the results of these three biological replicates resulted in the identification and
semi-quantification of over 400 unique proteins with at least two matching peptides at a
protein FDR of 0.1% and peptide FDR of 4.7% (Table SI-1). Of these identified proteins,
352, or 88%, were observed in at least 2 of the 3 biological replicate samples. As expected,
examination of the two replicates used for quantification revealed that proteins observed in
only one replicate tended to be present at lower levels than those observed in both replicates.
For example, the average molar amount (fmol per sample) for proteins observed in only one
of the two quantified replicates was 74 fmols (median value 60 fmol), whereas for those
proteins observed in both replicates, the average molar amount detected was 642 fmol
(median value 170 fmol (replicate 1)). This suggests that proteins observed in only one of
the three replicates may have been near or below the limit of detection for the LC/MSE
acquisition methodology employed. Reasons for this could include biological variability in
axonemal protein expression levels for some proteins or splitting the gel “band” for a given
protein between adjacent sections during gel cutting. It was noted that several proteins
previously reported to be present in airway cilia were observed in only one of the three
replicates. For example, Cilia- and Flagella-Associated Protein 221 (CFAP221, (52)) and A-
Kinase Anchor Protein 14 (AKAP14, (53)) and are both well-known components of human
airway cilia but were only observed in one of the two quantified replicates. For this reason,
we retained and report here proteins identified in only one or both replicates so as not to
inadvertently exclude potential bona fide ciliary axonemal proteins that might be present at
low molar amounts in our replicate samples.

Using the Top 3 absolute quantification approach with LC/MSE as described by Silva et al.
(34), we were able to semi-quantify absolute amounts (fmol and ng quantities) of 401
proteins observed in these biological replicate samples (Table SI-1). We view our analysis as
semi-quantitative rather than quantitative due to several reasons relating either to caveats of
the LC/MSE methodology or sample related factors. It has been noted that the magnitude of
quantification errors observed with LC/MSE relies on the ability to “correctly identify the
top three most intense tryptic peptides”, with larger errors associated with smaller proteins
(34). With our samples, as shown in Figure SI-2, there is a large range of protein abundances
observed within the ciliary axonemes. For example tubulin, shown as band 10, is by far the
most abundant protein in the ciliary axonemes, and quantitative measurements for tubulin
and other highly abundant proteins are likely to be biased towards lower values for that
reason, as they are well above the linear range for this method. Similarly, values assigned for
extremely low abundance proteins are likely to be biased as well. Another issue contributing
to non-ideal quantification with the Top 3 LC/MSE approach relates to the protein inference
problem (54). For proteins sharing extensive sequence identity such as a- and p-tubulin and
their isoforms (see below), detection of an isoform or variant specific peptide is required to
unambiguously identify and assign a specific isoform. However, in these cases, one or more
of the “Top 3” peptides used for quantification will likely be shared among the multiple
isoforms, precluding accurate apportioning of amounts among the individual isoforms. The
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dynein heavy chains are another group of highly homologous proteins that also suffer from
this limitation. Most importantly for our purposes, the semi-quantification afforded by
LC/MSE in our study provided a way to reasonably estimate the relative amounts of
identified proteins on a mass basis (% by mass) in broad terms (low, medium or highly
abundant), thereby providing a means of prioritizing interesting, highly abundant proteins
for further biological verification.

As expected, many of the proteins identified have been previously reported as components
of cilia or ciliated cells. Searching of publicly available databases (see Experimental
Procedures) revealed 205 proteins with a published reference definitively supporting their
identification as part of the ciliary proteome (Table SI-1). Another 65 proteins have genetic
data supporting their assignment to the ciliary transcriptome, and therefore are also likely
components of the ciliary axoneme. Together, this indicates that most of the proteins
identified are axonemal proteins (~70%, Fig. 1), and our data provides independent evidence
for many proteins previously identified by only genetic studies. Removing proteins that were
likely contaminants (mitochondrial, ribosomal, nuclear, etc.) from the remaining proteins,
resulted in a group of 39 (~10%), mostly uncharacterized, proteins with no evidence
regarding their presence in cilia.

Tubulins and Dyneins

Of the known ciliary proteins, tubulin would be expected to be the most abundant protein
identified. As expected, the predominant proteins identified in the 50 kDa section of the gel
were indeed a- and p-tubulin. Manual inspection of the data identified 7 unique isoforms of
a-tubulin and 13 unique isoforms of B-tubulin based on the identification of peptides
exclusive to these isoforms (Table 1; see also Table SI-4a and SlI-4b). The surprisingly large
number of tubulin isoforms identified is in contrast to earlier, antibody based investigations
(55, 56), and again points to the complex structure of the axoneme. However, because the
quantity of tubulin was so large, and because of the protein inference problem with multiple
isoforms of tubulin, we were unable to estimate the relative amount of the different tubulins
identified.

Dynein heavy chains (DHC) were also detected at high abundances. In all, twelve distinct
DHCs were identified on the basis of detected peptides exclusive to each DHC (Table 2; see
also Table SI-5), and most of these have previously been reported. However, our data
provides the first biochemical evidence for the presence of DHC 2, 6, and 12. Similar to the
highly conserved tubulin isoforms, the DHCs are also highly conserved, especially in their
catalytic domains, precluding our ability to assign relative abundances to the various DHCs.

Radial Spoke Proteins

Nine proteins that are known components of the radial spoke assembly were identified,
including RSPH1, RSPH3, RSPH4A, RSPH9, ROP1L, PPIL6, RTDR1, DNAJB13, and
NMEDS. These proteins accounted for ~1% of the total axonemal mass. Table 3 shows the
relative amounts of the radial spoke proteins from the three analysis, calculated by dividing
the molar amount of each protein detected by the molar amount of the least abundant radial
spoke protein in that sample. Although there was some variability between experiments (see
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File SI-2), the data clearly indicates that RSPH9 and RSPH4A were the most abundant
radial spoke proteins identified, and were 2-3 fold more abundant on a molar basis than
RSPH1 and RSPH3 in our samples. RTDR1, PPIL6, and NMES5 were present at lower
abundance. While several elegant studies (e.g., 14, 57, 58) have begun to determine the
detailed molecular structure and composition of the radial spokes in other species, little is
known about the relative abundance of individual radial spoke proteins in human cilia.
Comparing the predicted stoichiometry of these proteins with those from a published model
of a C. reinhardtii radial spoke (57) (Table 3) shows a similar pattern of abundance, with the
spoke head proteins generally more abundant than those of the stalk or neck. However it
should be noted that while axonemes from C. reinhardtii contain two RS that are believed to
be identical, our data represents the average of (at least) two different RS structures.
Additional studies will need to be performed to determine the exact composition of the
individual human radial spokes.

Uncharacterized Proteins

In addition to identifying many previously known components of the ciliary proteome, these
studies identified ~40 proteins that were not previously reported to be present in the human
ciliary proteome at the time of the original analyses (Table SI-1). Many of these proteins
were uncharacterized, with little information available as to their function. However, several
of them are present in the proteome at substantial amounts. For example, ERICH3 accounts
for over 1% of the total axonemal mass: together these proteins may account for ~10% of
the axonemal proteome (i.e., ~40 out of 400). To confirm these proteins are present in the
axoneme and to begin to characterize their expression and localization, we investigated eight
of the most abundant uncharacterized proteins (ERICH3, Clorf87, CFAP77, SPACA9,
CCDC181, CCDC173, CFAP61, and CCDC17; Table 4) further.

We first examined the transcript levels of the uncharacterized proteins during ciliated cell
differentiation. Human airway epithelial cells were plated on collagen coated membranes
and allowed to differentiate at the air/liquid interface. As described above, these cultures
initially consist of a layer of undifferentiated basal-like cells that begin to express ciliated
cell markers after approximately 2 weeks of culture and become heavily ciliated after 3—4
weeks. Using RT-PCR with specific intron-spanning primers, we analyzed the relative levels
of each protein’s transcript (RNA abundance) at different time points of differentiation (Fig.
2). The transcripts for 6 of the 8 uncharacterized proteins (ERICH3, CFAP77, Clorf87,
CCDC181, CCDC173, and CCDC17 were barely detectable at the early time points (days 4
and 8) when the cultures were mostly undifferentiated, while all 6 of these transcripts were
strongly present at the later stages of culture (days 12 thru 35) when ciliated cells became
abundant. SPACA9 was expressed at detectable levels in the early cultures, but its expression
level also increased as the cultures underwent differentiation. CFA61 appeared to be
expressed at a lower level than the other proteins, but followed a similar pattern of
expression, with transcripts undetectable at days 4 and 8, weakly detectable at day 12, and
present at variable levels at later time points. Overall, the pattern of expression of these
uncharacterized proteins is consistent with that observed for other known axonemal proteins
(e.g., DNAI1 (59)).
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We then used immunoblotting to determine if the uncharacterized proteins were detectable
in differentiated cells, and more specifically, in the isolated ciliary axoneme (Fig. 3). None
of the proteins were detected in the undifferentiated cell lysate. Most of the proteins (5 out
of 8) were clearly detected in the differentiated cell lysate, whereas SPACA9 was weakly
detected in the cell lysate, and CFAP77 and CFAP61 were undetectable. In contrast, all of
the proteins were clearly present in the isolated axonemal preparation. These results support
the conclusion that these uncharacterized proteins are integral components of the ciliary
axoneme.

To directly confirm the ciliary localization of the eight proteins, a combination of confocal
and GSD super-resolution immunofluorescent microscopy was used (Fig. 4). The number of
positive ciliated and non-ciliated cells was quantified. In all cases, positive staining for these
uncharacterized proteins was found exclusively in ciliated cells (Table SI-6). The staining
using specific antibodies against each of the different proteins exhibited a unique pattern of
staining. This was quantified by measuring the fluorescence intensity of the staining in 3
segments of the cilia; the proximal half, the middle quarter, and tip of the cilia (see methods,
Fig. SI-1 and Fig. SI-3). Antibodies against ERICH3 strongly stained the proximal and
middle region of the cilia (Figure 4a, 4i, and Fig. SI-3a). ERICH3 (glutamate-rich protein 3;
also known as Clorf173) encodes a protein of 1530 amino acids in length with a molecular
mass of 168.4 kDa (UniprotKB: Q5RHP9). It contains two domains of unknown function,
DUF4590 and DUF4543. Both DUF regions are currently uncharacterized. The function of
this protein is unclear; however on a statistical-analysis-based association study the
expression of ERICH3 was related to incidence of osteoporosis and colorectal cancer (60).
Previous microarray analysis reported the expression of ERICH3 in the brain, eye, lung,
mammary gland, muscle, pituitary gland, testis, trachea, and uterus (61). In addition, a
recent study suggests that ERICH3 is associated with plasma serotonin concentrations and
may have a role in selective serotonin reuptake inhibitor (SSRI) therapy treatment outcomes
in patients with major depressive disorder (62).

The immunofluorescence studies of CLORF87 using confocal laser scanning showed that
this protein localizes prominently to the tip region of the cilia (Fig. 4b, 4j and Fig SI-3b), but
was also consistently detected in the apical region of ciliated cells. The analysis of
fluorescence intensities (Fig. SI-3b) showed that the signal for this protein is present in all 3
segments of the cilia. Super resolution microscopy, confirmed these results and revealed
patches of immunoreactivity throughout the axoneme. The staining for CLORF87 illustrates
the difference in resolution and sensitivity between the two types of microscopy. We
conclude that CLORF87 is present along the cilia, but is more abundant at the tip of the cilia
(see insert in Fig. 4b). CLORF87 is 546 amino acids in length with a molecular mass of 62.0
kDa (UniProtKB: Q8NOU7). Expression of this protein was previously shown to be
enhanced in ciliated cells (63). The function of this protein is still unknown but, using
bioinformatics and proteomics approaches CLORF87 was characterized as an EF-hand
containing, calcium-binding protein with putative transporter function and was referred to as
carcinoma related EF-hand protein (CREF) because of its association to breast, lung and
liver cancer (64). The localization of CLORF87, with prominent staining at both the base
and the tip of the cilia, suggests that this protein may play a role in intraflagellar transport
(65-67).
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CFAPT77 (cilia- and flagella-associated protein 77) appears to localize along the length of the
axoneme (Fig. 4c, 4k and Fig. SI-3c) but is more abundant at the middle piece of the cilia.
The CFAP77 protein contains 320 amino acids and has a molecular mass of 36.5 kDa
(UniProtKB: Q6ZQR2). The function of this protein is still unknown but, in a previous study
using genome wide RNA sequencing and immunohistochemistry, enhanced expression of
CFAP77 was detected in ciliated cells (63).

SPACADJ, or sperm acrosomal-associated protein 9, is a 222 amino acid protein with a
molecular mass of 25.2 kDa (UniProtKB: Q96E40). Immunostaining of ciliated airway cells
shows the protein localizes along the entire length of the axoneme (Fig. 4d, 4l and Fig.
SI-3d). Interestingly, the available antibody against SPACA9 only provided a clear signal
when the cells where not permeabilized, suggesting this protein may not be tightly
associated with the axoneme. Under these conditions, the anti-Ac-TUB antibody only labels
the proximal segment of the cilia (Fig. 4i). SPACA9 was reported to be a tumor suppressor
(68, 69) that possess a poly-glutamine domain (4 residues) of unknown function. This
protein has previously been shown to localize in the cytoplasm of the cells where it is
associated with cytoplasmic microtubules (70). In mouse caudal sperm, SPACA9 localizes to
sperm head, and is also present on the midpiece and principle piece of sperm tails. This
localization is regulated by Y chromosome (71).

CCDC181 (also known as Clorf114) encodes a coiled-coil domain containing protein of 509
amino acids (UniProtKB: Q5TID7) that localizes to the proximal portion of the ciliary
axoneme. However, unlike ERICH3, CCDC181 appears to localize to a narrower region of
the proximal axoneme (Fig. 4e, 4m and Fig. SI-3e), being clearly detectable in only
approximately 25% of the most proximal axoneme. Because this region also contains the
microvilli, we also co-stained ciliated cells for the microvilli marker EZRIN. Microvilli are
shorter (~1 um) and narrower than cilia (~7 um). As shown in Figure 5a and 5b, the staining
for EZRIN localizes at the apical region of ciliated cells while the staining of CCDC181
extends from the cell surface and is found at the proximal region of the cilia. Because
CCDC181 and ERICH3 showed a similar pattern of localization at the proximal region of
the axoneme, we also labeled ciliated cells using specific antibodies for both proteins. As
shown in Figure 5¢, CCDC181 does co-localize with the signal for Ac-TUB, but does not
completely overlap the signal for ERICH3. Considering the high versatility of the coiled-
coiled protein folding motif (72), CCDC181 could be involved in almost any aspect of
ciliary structure or function.

The protein CCDC173 (also known as C20rf77) protein is 552 amino acids long with a
molecular mass of 66.4 kDa (UniProtkKB: QOVF26). CCDC173 contains 4 coiled-coil
domains, and localizes along the entire length of the ciliary axoneme. Nothing is known
about the function of this protein; however the 4 coiled coil domains and its distribution
along the axoneme (Fig. 4f, 4n and Fig. SI-3f) suggest that it forms a part of the regular
repeating units of the axoneme. It therefore may be involved in protein interactions that are
important for the assembly and/or mechanical stability to the axoneme.

Antibodies against CFAP61 label the length of the cilia (Fig. 4g, 40 and Fig. SI-3g);
however the signal with this antibody was weaker than that observed with other proteins, e.g.
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SPACAO. This is likely due to the ~10-fold lower levels of CFAP61 compared to SPACA9
(184 vs 1771 fmol). CFAP61 (UniProtKB: Q8NHU?2) is a large protein (114 kDa) of
unknown function, although it shares a high degree of homology with the Chlamydomonas
protein FAP61, an oxidoreductase protein identified as part of the calmodulin and radial
spoke-associated complex that mediates regulatory signals between the radial spokes and
dynein arms (73).

Immunostaining for CCDC17 (UniProtKB: Q96LX7) revealed a bi-modal staining pattern,
with a strong signal at both the ciliary tip (see insert Fig. 4h) and the basal body region (Fig.
4h, 4p and Fig. SI-3h). This pattern can also be seen in cells stained for CCDC17 and y-
TUBULIN (Fig. SI-4). This 67 kDa protein contains 3 coiled coil domains but little is
known about its function. However, its localization to both the ciliary tip and basal body
region suggests that this protein may play a unique role in ciliary biology.

Discussion

The human respiratory cilium is a remarkable nanomachine. Composed of hundreds of
unique interacting proteins, a single cilium beats continuously at a frequency of ~15 times
per second in coordination with thousands of other cilia to transport mucus out of the
airways and maintain a healthy pulmonary system. Much of what is known about the
structure of the ciliary axoneme has been derived from model systems, most notably
Chlamydomonas. The identification of mutations that cause primary ciliary dyskinesia has
provided additional information on the function of over 30 specific ciliary proteins. However
it is clear that our understanding of how the hundreds of proteins that make up a cilium
function to provide efficient mucociliary clearance is incomplete. Proteomics provides a
unique tool to not only identify the majority of proteins present in a complex sample (i.e.,
the axoneme), but also to provide a semi-quantitative estimate of the relative amounts of
proteins present. We therefore used the technique of label-free LC/MSE to analyze isolated
preparations of human ciliary axonemes.

While the sensitivity and specificity of MS approaches have recently increased dramatically,
there are still several limitations to the technique as applied here. First, as with any analytical
methodology, comprehensive, accurate quantification of sample components by LC/MSE is
difficult for all proteins when amounts of individual components span a large dynamic
range. In the case of the ciliary axoneme, measured fmol amounts of individual protein
components spanned roughly 2 orders of magnitude (Table SI-1), well beyond the linear
dynamic range of the method. Second, proteins in the ciliary axoneme which are present as
multiple highly conserved isoforms may not be accurately quantified using the Top-3
LC/MSE quantification approach due to generation of identical proteolytic peptides from the
various isoforms. Examples include the axonemal dynein heavy chain family (12 isoforms
identified) and the tubulin family (20 a/p-isoforms identified). Finally, while the increased
sensitivity of detection improves our ability to detect minor components of the ciliary
axoneme, it also increases the possibility of detecting minor amounts of contaminating
proteins. In the present study, cilia were isolated from differentiated cultures of human
airway epithelial cells using a detergent and differential centrifugation. While this simple
procedure results in a sample highly enriched for ciliary axonemes, it is not a pure sample.
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This is evidenced by the identification of nuclear, mitochondrial, and membrane proteins.
However, additional purification steps would likely result in the loss of bona fide axonemal
components. Therefore the identification of a protein in our sample does not prove axonemal
localization and additional studies, for example localization by immunofluorescence
microscopy, need to be performed to confirm the axonemal location of identified proteins.

Although it has long been recognized that a— and p—tubulin comprise the fundamental
building blocks of ciliary axonemes, our proteomic analysis revealed a remarkable diversity
of different tubulin isoforms. Several of these were present at low abundance, which may
explain why they were not detected in previous studies. For example, using isotype specific
antibodies, Jensen-Smith et al. (2003) (55) were able to detect tubulin g1 and BIV, but not
tubulin gl and BIII in tracheal cilia. Although the functional role of the different tubulin
isoforms remains to be determined, these data demonstrate the sensitivity and specificity of
our approach. The DHCs represent another highly conserved family of proteins that are
present in different amounts in the ciliary axoneme. Again, while several of the more
abundant DHCs have been previously localized to the axoneme by immunofluorescence
studies (e.g., DNAH5, DNAH9, DNAH11, (19, 20)), the MS data provided here is the first
biochemical evidence that several of the other DHCs are bona fide axonemal components.
Among the other known axonemal proteins, the components of the radial spokes are of
interest because they play a key role in the regulation of ciliary activity, and mutations in the
radial spoke proteins are a cause of primary ciliary dyskinesia. The LC/MSE data obtained
here provides a first approximation of the relative abundance of the different radial spoke
proteins. Although the composition and structure of the radial spokes from Chlamydononas
has been the subject of intense investigation, much less is known about the composition of
the radial spokes from other species, including human. Because cilia from humans contain 3
complete radial spokes, while Chlamydomonas flagella only have two, it is not surprising
that the relative abundance of the radial spoke proteins is also different (57, 74).

One of the unique proteins identified by our investigation was ERICH3, or glutamate-rich
protein 3 (also known as Clorf173). This protein contains 2 domains of unknown function,
and has not previously been reported to be a component of cilia, even though it comprised
~1.5% of the axonemal mass in our samples. In part, this may be because this protein has no
close orthologue in Chlamydomonas, and therefore has not been identified in studies of this
species. This protein is highly expressed in ciliated cells and localizes to the proximal half of
the cilium. The relative abundance of this protein, and the lack of information concerning its
function, highlights the need to study axonemes from different species or tissues
independently.

Another protein that localizes to the proximal half of the cilium and has not been previously
characterized is CCDC181, or coiled-coil domain containing protein 181. While CCDC181
localizes to the proximal region of the axoneme, its distribution is not the same as ERICH3,
suggesting that these two proteins may not interact directly, and likely are part of different
ciliary complexes. CCDC181 is not as abundant as ERICH3, comprising ~0.1% of the
axoneme, but this uncharacterized protein is also easily detected in the ciliary axoneme, and
through its coiled coil domain, possibly interacts with other ciliary proteins to assemble the
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axoneme. Interestingly, hypermethylation of CCDC181 is being investigated as a biomarker
of prostate cancer (75).

In contrast, C1orf87 appears to localize along the cilia but is more abundant to the ciliary tip.
This protein contains an EF-hand domain that may bind calcium, and has been reported to
be down regulated in adenocarcinoma, relative to normal lung tissue (76). This is perhaps
not surprising, as cancerous cells are not known to differentiate into ciliated cells. Thus the
significance of this observation is unclear. Because of its location near or at the ciliary tip
and its predicted ability to bind calcium, it is possible that C1orf87 plays a signaling role in
the axoneme, or perhaps interacts with the overlying mucus layer.

Immunolocalization of SPACA9, CFAP77 and CCDC173 by confocal fluorescent
microscopy suggests that these three proteins are located along the entire length of the
axoneme, clearly in a different pattern than the above proteins. Our data demonstrates that
the expression of these proteins increases during ciliated cell differentiation at the RNA
level, and immunoblotting demonstrated a clear enrichment of the proteins in ciliary
preparations. These data thus validate the identification of these proteins as axonemal
components by the proteomic screen.

Immunofluorescent localization of CCDC17 revealed yet another pattern of localization,
with CCDC17 staining detectable at both the basal body region and the tip of the cilia.
Nothing is known about the function of this protein that contains 3 coiled coil domains, but
it may play a role in assembly or stabilization of the ciliary tip and/or basal body.
Alternatively, the protein may exist in two pools and be transported from the base to the tip
as part of the intraflagellar transport mechanism (65-67).

CFAP61 (C200rf26) was also identified in our proteomic screen; and RT-PCR and
immunoblot data clearly show that its expression is linked to ciliogenesis. CFAP61 was
detected at a lower abundance in our proteomic analysis, and interestingly, our
immunofluorescence data revealed a weak staining of the axoneme. This result supports the
relative quantification of ciliary proteins obtained by LC/MSE in this study. Future studies,
comparing the amount of ciliary proteins in samples from patients with PCD or genetically
modified cell cultures (i.e., following knock down of specific proteins) may provide
important information on the proteins that make up the various ciliary structures.

In summary, our LC/MSE-based label-free mass spectrometry approach allowed us to
identify 205 known components of cilia, including 12 dynein heavy chains and 20 variants
of tubulin, and 65 additional proteins that are likely components of human respiratory cilia.
Some of these uncharacterized proteins are likely components of human respiratory cilia,
while others are likely contaminants that are reproducibly present in our axonemal
preparation. We selected several of these uncharacterized proteins that were present in
relatively high abundance, and using a combination of techniques, we confirmed that they
were indeed components of the ciliary axoneme. These proteins are present in different
amounts, are of various sizes, contain a variety of known and unknown protein domains, and
are targeted to specific locations within the ciliary axoneme. Yet their function in human
respiratory cilia is completely unknown. The large number of uncharacterized proteins, the
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wide range of protein abundance, and the unique distribution of these proteins within the
axoneme, suggest an even greater level of complexity of axonemal structure than previously
realized. While the current study has provided additional information on the proteins that
comprise the ciliary axoneme, to completely understand how a respiratory cilium functions,
the role of each specific protein will have to be determined individually.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Classification of proteins identified by MS in this study. The majority of the proteins (67%)

are known or likely axonemal proteins; about 10% of the proteins are previously
uncharacterized proteins that are candidate axonemal components.
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Figure 2.
RT-PCR analysis of uncharacterized proteins during differentiation of human airway

epithelial cells in vitro. RNA was isolated from air/liquid interface cultures on the indicated
days and specific primers for each of the proteins were used to analyze relative expression
level. Expression of all of the uncharacterized proteins increased during differentiation. The
known ciliary component, dynein axonemal intermediate chain 1 (DNA/Z) was amplified as
a positive control, while cyclophilin A (PPIA) was amplified as a loading control; reactions
with no RNA (H20) were used as a negative control.
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Figure 3.
Western blot showing the expression of the uncharacterized proteins in whole cell lysates

from undifferentiated (3 days) and differentiated (greater than 4 weeks) HBE cells and
isolated ciliary axonemes. All proteins were undetectable in the undifferentiated cells but
were clearly present in the isolated axonemes. Samples were also probed for the known
ciliary component DNAI1 as a positive control, while CALRETICULIN was used as a
loading control.
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Figure 4.
Immunofluorescence localization of the indicated proteins in isolated ciliated cells (15t

column; red) co-localized with Ac-TUB (2" column; green) by conventional confocal
microscopy. The 3 column shows localization of the proteins in micrographs obtained
using GSD microscopy. See text for details. Scale bar =5 um in left and center panels;
nuclear staining was with Hoechst 33342 (blue). Scale bar = 2.5 um in right panels.
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CCDC181

Ac-TUBULIN CCDC181

Figure5.
a) Localization of CCDC181 (red) and ezrin (green) confirms that CCDC181 is a component

of the ciliary axoneme and not the microvilli. A low magnification bright field image of the
stained ciliated cells (&) imaged with super resolution microscopy (6) showing that
CCDC181 localizes specifically to the cilia (scale bar = 2.5 pm). ¢) Co-localization of Ac-
TUB (blue), ERICH3 (green), and CCDC181 (red) by immunofluorescence localizes
CCDC181 to the proximal portion of airway cilia. Cell nuclei were stained with Hoechst
33342 (gray), scale bar =5 pm.
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Table 1

Tubulin isoforms identified by LC/MSE in ciliary axonemes. The number of unique peptides from each
isoform is shown.

Number of
Exclusive
Accession Number  Alphatubulin Peptides
*TBA8_HUMAN Tubulin alpha-8 chain OS=Homo sapiens GN=TUBA8 PE=1 SV=1 7
TBA4A_HUMAN  Tubulin alpha-4A chain OS=Homo sapiens GN=TUBA4A PE=1 SV=1 6
TBA4B_HUMAN Putative tubulin-like protein alpha-4B OS=Homo sapiens GN=TUBA4B PE=5 SV=2 5
*TBA3E_HUMAN  Tubulin alpha-3E chain OS=Homo sapiens GN=TUBA3E PE=1 SV=2 2
*TBALS_HUMAN Tubulin alpha chain-like 3 OS=Homo sapiens GN=TUBAL3 PE=1 SV=2 2
*TBA3C_HUMAN  Tubulin alpha-3C/D chain OS=Homo sapiens GN=TUBASC PE=1 SV=3 1
“TBALC HUMAN  Tubulin alpha-1C chain OS=Homo sapiens GN=TUBA1C PE=1 SV=1 1
Beta Tubulin
TBB8_HUMAN Tubulin beta-8 chain OS=Homo sapiens GN=TUBB8 PE=1 S\V=2 8
TBB6_HUMAN Tubulin beta-6 chain OS=Homo sapiens GN=TUBB6 PE=1 SV=1 8
TBB1_HUMAN Tubulin beta-1 chain OS=Homo sapiens GN=TUBB1 PE=1 SV=1 8
TBB5_HUMAN Tubulin beta chain OS=Homo sapiens GN=TUBB PE=1 SV=2 7
TBB3_HUMAN Tubulin beta-3 chain OS=Homo sapiens GN=TUBB3 PE=1 SV=2 5
TBB8L_HUMAN  Tubulin beta-8 chain-like protein LOC260334 OS=Homo sapiens PE=1 SV=1 4
*YI016_HUMAN Putative tubulin beta chain-like protein ENSP00000290377 OS=Homo sapiens PE=5 SV=2 3
TBB4Q_HUMAN  Putative tubulin beta 4q chain OS Homo sapiens GN TUBB4Q PE5 SV 1 3
TBB4B_HUMAN  Tubulin beta-4B chain OS=Homo sapiens GN=TUBB4B PE=1 SV=1 2
TBB4A_HUMAN  Tubulin beta-4A chain OS=Homo sapiens GN=TUBB4A PE=1 SV=2 2
*TBB2A HUMAN  Tubulin beta-2A chain OS=Homo sapiens GN=TUBB2A PE=1 SV=1 2
TBB2B_HUMAN  Tubulin beta-2B chain OS=Homo sapiens GN=TUBB2B PE=1 SV=1 1
*TBB4 HUMAN  Tubulin beta 4 chain OS Homo sapiens GN TUBB4 PE 1 SV 2 1

*
These particular isoforms did meet the stringency threshold for inclusion in the full proteomic dataset (95% Protein Probability, 80% Peptide
Probability, 2 Peptide Minimum). They were nonetheless included in this list of isoforms due to the evidence for their presence in the axoneme.

The complete list of tubulin peptides recovered is shown in Table SI-4.
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Table 2

Dynein heavy chains identified by LC/MSE in ciliary axonemes. The number of unique peptides from each
isoform is shown. All proteins were detected in both replicates.

INumber of Molecular

Exclusive Weight

Accession Number  Exclusive To Peptides (kDa)
DYH9_HUMAN Dynein heavy chain 9, axonemal OS=Homo sapiens GN=DNAH9 PE=1 SV=3 198 512
“DYH8_HUMAN  Dynein heavy chain 8, axonemal OS=Homo sapiens GN=DNAH8 PE=1 SV=2 9 515
DYH7_HUMAN Dynein heavy chain 7, axonemal OS=Homo sapiens GN=DNAH7 PE=1 SV=2 98 461
DYH6_HUMAN Dynein heavy chain 6, axonemal OS=Homo sapiens GN=DNAH6 PE=1 SV=3 118 476
DYH5_HUMAN Dynein heavy chain 5, axonemal OS=Homo sapiens GN=DNAH5 PE=1 SV=3 245 529
“DYH3_HUMAN  Dynein heavy chain 3, axonemal OS=Homo sapiens GN=DNAH3 PE=2 SV=1 2 471
DYH2_HUMAN Dynein heavy chain 2, axonemal OS=Homo sapiens GN=DNAH2 PE=1 SV=3 58 508
DYH17_HUMAN  Dynein heavy chain 17, axonemal OS=Homo sapiens GN=DNAH17 PE=2 SVV=2 7 512
DYH12_HUMAN  Dynein heavy chain 12, axonemal OS=Homo sapiens GN=DNAH12 PE=1 SV=2 74 357
DYH11_HUMAN  Dynein heavy chain 11, axonemal OS=Homo sapiens GN=DNAH11 PE=1 SV=3 120 521
DYH10_HUMAN  Dynein heavy chain 10, axonemal OS=Homo sapiens GN=DNAH10 PE=1 SVV=4 63 515
DYH1_HUMAN Dynein heavy chain 1, axonemal OS=Homo sapiens GN=DNAH1 PE=1 SV=4 117 494

Number of exclusive peptides in replicate with most exclusive peptide matches.

*

These particular isoforms did meet the stringency threshold for inclusion in the full proteomic dataset (95% Protein Probability, 80% Peptide
Probability, 2 Peptide Minimum). They were nonetheless included in this list of isoforms due to the evidence for their presence in the axoneme.
The complete list of dynein heavy chain peptides recovered is shown in Table SI-5.
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