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ABSTRACT: Usher syndrome is the major cause of deaf/blindness in the world. It is a genetic heterogeneous
disorder, with nine genes already identified as causative for the disease. We noted expression of all known
Usher proteins in bovine tracheal epithelial cells and exploited this system for large-scale biochemical analysis
of Usher protein complexes. The dissected epithelia were homogenized in nondetergent buffer and sedimented
on sucrose gradients. At least two complexes were evident after the first gradient: one formed by specific
isoforms of CDH23, PCDH15, and VLGR-1 and a different one at the top of the gradient that included all of
the Usher proteins and rab5, a transport vesicle marker. TEM analysis of these top fractions found them
enriched in 100—200 nm vesicles, confirming a vesicular association of the Usher complex(es). Immunoisola-
tion of these vesicles confirmed some of the associations already predicted and identified novel interactions.
When the vesicles are lysed in the presence of phenylbutyrate, most of the Usher proteins cosediment into the
gradient at a sedimentation coefficient of approx1mately 50 S, correlating with a predicted molecular mass of
2 x 10° Da. Although it is still unclear whether there is only one complex or several independent complexes
that are trafficked within distinct vesicular pools, this work shows for the first time that native Usher protein
complexes occur in vivo. This complex(es) is present primarily in transport vesicles at the apical pole of
tracheal epithelial cells, predicting that Usher proteins may be directionally transported as complexes in hair

cells and photoreceptors.

Usher syndrome (USH)' is defined by congenital, bilateral
deafness and a later onset of visual loss caused by Retinitis
pigmentosa (RP) in humans. It is the most common form of
combined deaf/blindness with a prevalence of approximately one
person in 25000. Vestibular dysfunction is also a clinical feature
of specific USH subtypes (/—3). This genetically heterogeneous
disorder can be divided in three clinical subtypes, namely, USHI,
USH2, and USH3. USH type 1 is the most severe form of the
disease. USHI patients are deaf at birth, the onset of RP is
prepubertal, and most of them have vestibular dysfunction.
USH?2 is characterized by a moderate to severe hearing loss at
birth, and RP can be diagnosed during puberty. USH3 has a later
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initiation of deafness combined with variable RP and vestibular
dysfunction. Usher syndrome can also be associated with reduced
odor identification, impaired sperm motility, and mental defi-
ciency (reviewed in refs 4 and J).

Of the 11 loci responsible for this syndrome, 9 have been
already identified (6—17). Misense mutations in 4 of the USH1
genes (B, C, D, and F) are also associated with nonsyndromic
hearing loss, suggesting that specific isoforms are important for
inner ear function but not retina (18, 19).

The Usher proteins belong to protein classes with very distinct
functions (5, 18, 19). Myosin 7A (USH1B) is an unconventional
myosin motor protein found associated with actin microfilaments
in the stereocilia, in the hair cell body, and in the neuroretina (20).
Harmonin (USHIC), SANS (USHI1G), and whirlin (USH2D)
are scaffold proteins (15, 2/—26), and cadherin 23 (CDH23,
USHI1D) and protocadherin 15 (PCDH15, USHIF) are members
of the cadherin superfamily of Ca**-dependent cell adhesion
molecules (27—30). In the case of USH2A, the short form of
usherin (isoform a) is an extracellular matrix protein (3/—34)
while the long isoform (isoform b) is a transmembrane protein.
VLGR-1b (USH2C) belongs to the G-protein coupled receptor
superfamily with a unique ectodomain consisting of seven calcium
exchange f5 repeats that may play a role in cell—cell adhesion (35).
Finally, clarin-1, the USH3A gene product, is a transmembrane
protein that belongs to the tetraspanin family, with a possible role
in synaptic remodeling (36, 37).

With the exception of SANS, all of the Usher proteins are
expressed as multiple isoforms that can be regulated in a tissue-
specific and/or developmental manner. Examples of these are the
isoform b of harmonin that is exclusively expressed in the inner
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ear (38), CDH23-containing exon 68, which is only expressed at
the tip of the stereocilia (39), and clarin-1 that is transiently
expressed at the afferent synaptic terminals that innervate outer
hair cells during cochlea synaptogenesis (37).

There is increasing evidence suggesting the existence of func-
tional Usher complexes in vivo in hair cells and photoreceptors,
with a central role for the PDZ domain containing protein
homologues, harmonin and whirlin (reviewed in ref /9). In most
of the cases these two proteins bind to either C-terminal class I
PDZ-binding motifs or to internal PDZ-binding domains present
in their corresponding partners (11, 21, 40—45). All of the other
USHI proteins (myosin 7A, CDH23, SANS, and PCDH15) and
the USH2 proteins (usherin b and VLGR-1b) have been de-
scribed to interact with harmonin and whirlin. Moreover, it has
been suggested that the Usher complex is associated to the
cytoskeleton network through harmonin, directly, via the PST
domain present in isoform b or indirectly via its interaction with
myosin 7A.

In addition to these interactions, many of the Usher proteins
(myosin 7A, harmonin, whirlin, SANS, CDH23, and PCDH15)
form homodimers, incorporating an extra degree of complexity
to the Usher network (reviewed in refs 5, 45—47).

With the exception of the interaction between CDH23 and
PCDHI13, which has been demonstrated in vivo at the tip of the
hair cells (48), all evidence suggesting the presence of an Usher
complex is based on colocalization studies, GST-pull down
assays, and/or coimmunoprecipitation experiments using specific
domains of the Usher proteins overexpressed in heterologous cell
systems (11, 21, 29, 42, 44, 49). Studies demonstrating native
Usher protein interactions are lacking, probably due to the low
abundance of cochlear hair cells and photoreceptors, which
precludes analysis using common biochemical techniques.

On the basis of previous studies showing expression of myosin
7A (USH1B) and whirlin (USH2D) in a variety of ciliated
cells and bovine tissues (25, 49), combined with the knowledge
that all of the Usher proteins are localized in ciliated sensory
neuroepithelia (hair cells in inner ear and photoreceptors in
retina), we hypothesized that tracheal epithelial cells might
provide a good model for examining native Usher protein
interactions in vivo.

Using bovine trachea as a source of Usher proteins and sucrose
density gradients, we show that all of the proteins cosediment in a
buoyant subfraction enriched in rab5 positive vesicles. When
these vesicles are lysed in the presence of a chemical chaperone
and layered in a second sucrose density gradient, most of the
Usher proteins cosediment in the middle of the gradient with a
sedimentation coefficient of approximately 50 S units. Whether
there is more than one independent Usher complex trafficked in
the same or distinct vesicular pools remains unresolved. Coim-
munoprecipitation of these vesicles with specific antibodies
against different Usher proteins confirms not only the vesicular
nature of the Usher complex but also some of the interactions
involved in its formation, providing direct evidence for the
existence of native Usher protein interactions in vivo.

EXPERIMENTAL PROCEDURES

Antibody Generation. Fusion peptide constructs comprising
the first coiled-coil domain of harmonin (amino acids 319—409),
part of the transmembrane and cytoplasmic domains of CDH23
(amino acids 2950—3170), the cytoplasmic domain of PCDH15-
CDI (30) (amino acids 1483—1703), amino acids 200—400 of
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SANS, and the C-terminal region of usherin b (usherin C-t), were
constructed using the FLAG-ATS expression system (Sigma, St.
Louis, MO). The recombinant proteins were expressed in
Escherichia coli and purified from supernatant following osmotic
shock and using a nickel affinity chromatography, according to
the methods provided by the manufacturer. Antibodies were
raised in rabbits under contract with Chemicon (Temecula, CA)
and affinity purified according to methods previously described
by Bhattacharya et al. (32). The antibody preparations were
qualified by immunofluorescence of mouse retinas, using the
peptide antigen as a competitive inhibitor. Acetone-fixed tissue
was incubated in 10% milk blocking solution with the antibody
alone or in the presence of a 100-fold molar excess of the
corresponding fusion peptide as described (37).

Other Antibodies. The mouse monoclonal myosin 7A anti-
body and the rabbit polyclonal antibodies against the C-terminal
VLGR-1 (VLGR-1 C-t,amino acids 6159—6306), the LN domain
of usherin, and clarin-1 have already been described (32, 37,
50, 51). The rabbit anti-CDH23(—68) antibody specific to
the cytoplasmic domain was generously provided by Dr. U.
Muller (27, 39).

Commercially available antibodies are goat anti-harmonin
(NB100—1405; Novus Biologicals, Littleton, CO), goat anti-
whirlin (S-19), and goat anti-ribosomal protein S6 (E-13)
(sc-49787 and sc-13007, respectively; Santa Cruz Biotechnology,
Santa Cruz, CA), mouse monoclonal antiacetylated tubulin and
anti-rab5 (T6793 clone 6-11B-1 and R7904 clone Rab5-65, res-
pectively; Sigma, St. Louis, MO), rat polyclonal anti-Na*/K"
ATPase, beta 1 subunit (06-170; Upstate Biotechnology, NY),
Alexa Fluor 488 donkey anti-rabbit and Alexa Fluor 555 goat
anti-mouse (Molecular Probes-Invitrogen, Eugene, OR), anti-
goat IgG, anti-rabbit 1gG, anti-mouse 1gG, and anti-rat 1gG-
peroxidase conjugated antibodies (Sigma, St. Louis, MO).

Animals. Wild-type mice were in the 129 Sv/J strain, obtained
from Jackson Laboratories (Bar Harbor, ME) and bred in-house.
All of the experiments using mice were carried out under an
approved IACUC protocol, and every effort was made to
minimize pain and discomfort related to experimental use of
mice. Bovine tracheas were provided by contract from a local
meat packing facility (Nebraska Beef Co., Omaha, NE).

Isolation of Mouse Tracheal Epithelial Cells. Five-week-
old mice were used for tracheal epithelial cell isolation. Briefly,
the perfused trachea was microdissected and the inner ciliated
epithelia scraped in PBS containing 0.1 mM ATP. Cells were
mechanically dissociated in the presence of EDTA (0.2%), and
red blood cells (RBC) were removed by incubation of the pelleted
cells with ammonium chloride solution (20 mM Tris, 100 mM
NH,CI, pH 7.2) for 5 min at 4 °C. The dissociated RBC-free cells
were fixed with 50 uL of 4% paraformaldehyde containing 30%
sucrose for 30 min at room temperature. Five microliters of the
cell suspension was applied to each slide and allowed to dry at
room temperature. The attached cells were used for immuno-
fluorescence studies.

Immunofluorescence. Bovine trachea rings were fixed with
4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4),
paraffin-embedded, and sectioned at 8 um thickness.

Mouse trachea rings were fixed with 1% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.4) containing sucrose (30%) for
2hat4°C, mounted in OCT, frozen, and cryosectioned at 14 yum
thickness.

Sections or isolated mouse tracheal epithelial cells were
incubated in a blocking/permeabilizing solution for at least
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30 min at room temperature (PBS, 0.1% Triton X-100, and 5%
FCS) and then incubated overnight in the same blocking solution
with the corresponding primary antibody. After three washes
with PBS, the sections were incubated for 1 h at room tempera-
ture in blocking solution with a 1:600 dilution of the appropriate
secondary IgG Alexa-conjugated antibody. The dilutions for the
primary antibodies were as follows: 1/300 dilution for rabbit
harmonin, CDH23, PCDH15, VLGR-1 C-t, and clarin-1; 1/500
dilution for SANS and usherin C-t, 5 ug/mL for acetylated
tubulin, and 2 ug/mL for rabs.

Slides were coverslipped using Vectashield mounting medium
(Vector, Burlingeme, CA) and images captured using a Zeiss
Axio Imager Al or a Zeiss AxioPlan 2IF MOT microscope
interfaced with a LSM510 META confocal imaging system.
Final figures were assembled using Adobe Photoshop and
[llustrator software (Adobe System, San Jose, CA).

Electron Microscopy. The isolation and preparation of the
vesicles for transmission electron microscopy were as described
by Deretic and Papermaster (52). Briefly, the buoyant fractions
from the first sucrose gradient (11, 12, and 13, where the Usher
proteins were found) were diluted with 1 volume of 10 mM
Tris-HCI, pH 7.4, containing 1 mM MgCl, and protease
inhibitors, and centrifuged at 28000 rpm for 1 h in a SW28
Beckman Coulter centrifuge. The pelleted vesicles were fixed with
3% glutaraldehyde in Sorensen buffer containing 7.5% sucrose.
The fixed vesicles were mixed with 2% cooled low melting point
agarose and processed for electron microscopy.

Usher Complex Isolation. One fresh bovine trachea (30 cm
in length) was collected biweekly and used as a regular source of
Usher proteins. The luminal epithelia were dissected from the
trachea and homogenized in buffer containing 10 mM Tris—Ac,
pH 7.4, 0.25 M sucrose, 1 mM MgCl,, and protease inhibitors
(40 uM bestatin B8385, 20 uM antipain A6191, 0.8 uM aprotinin
A1153, 1 ug/mL pepstatin P5318, and 100 uM leupeptin L2884;
Sigma, St. Louis, MO). The homogenate was cleared by centri-
fugation, and the Usher complexes were isolated as described by
Papermaster and Dreyer (53) and Deretic and Papermaster (52)
for the isolation of rhodopsin from postgolgi membranes, with
some modifications. Briefly, the homogenates were layered in a
continuous 20—39% sucrose gradient with a 49% sucrose cushion
and centrifuged for 20 h at 22000 rpm using a SW28 swinging
bucket rotor (Beckman Coulter). Fourteen fractions were col-
lected from the bottom to the top of the gradient and analyzed by
Western blot.

The top fractions presenting detectable Usher proteins were
pooled and diluted with 1 volume of homogenization buffer
without sucrose containing protease inhibitors and 10 mM
4-phenylbutyric acid (PBA; Sigma, St. Louis, MO). The vesicles
were disrupted by the addition of Triton X-100 (2 mg of
detergent/mg of protein), layered in a 10—40% second sucrose
gradient, and sedimented at 24000 rpm for 16 h. Fractions were
collected as before and analyzed by Western blot.

Polyacrylamide gels loaded with the same volumes as for the
Western blots were run in parallel and silver stained (Bio-Rad,
161-0449).

Coimmunoprecipitation Studies. The vesicle-containing
Usher proteins were concentrated (see Electron Microscopy
section) and immunoprecipitated as described before (52).
Briefly, the concentrated vesicles were resuspended in a small
volume of the same buffer and mixed with 40 uL of a 50% slurry
suspension of protein A—Sepharose beads (P3391; Sigma, St.
Louis, MO) that were precoated with normal rabbit IgG or with
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1 ug of the specific rabbit antibodies against the following Usher
proteins: VLGR-1 C-terminus, usherin C-terminus, harmonin,
and SANS. The incubations were conducted for 2 h at 4 °C
with constant rocking. After several washes the immunopreci-
pitates were resuspended in sample buffer and analyzed by
Western blot.

Western Blot. The 14 samples from the first and second
sucrose gradients were incubated with sample buffer in the
presence of reducing agents for 40 min at 55 °C and then resolved
in SDS—PAGE, transferred to PVDF membrane overnight using
35V at 4 °C, and blocked overnight at 4 °C in 10% nonfat dry
milk containing 0.2% Tween 20. The incubation with the primary
antibody was done in blocking solution overnight at 4 °C. The
dilutions used for each antibody were as follows: 1/2500 for anti-
myosin 7A; 3 ug/mL for anti-harmonin, anti-CDH23, and
anti-VLGR-1; 2 ug/mL for anti-PCDHIS5, anti-SANS, and
anti-clarin-1; 1/500 dilution for anti-whirlin and anti-LN domain
of usherin (usherin C-t was not used for immunoblotting as it did
not react with the denatured form of bovine usherin); 1/1000
dilution for anti-Na™/K™ ATPase beta 1 subunit and anti-rab5.
After two washes the membranes were incubated with the
secondary antibodies for 1 h in blocking solution (anti-rabbit
HRP-conjugated antibody 1/20000, anti-mouse, anti-rat, and
anti-goat HRP-conjugated antibodies 1/1000) at room tem-
perature. After four additional washes the specific protein
bands were revealed using the ECL system (Pierce 32209) or
SuperSignal West Femto system (Pierce 34094) in the case
of rab5 immunoblots and usherin second sucrose gradient .
Membranes were also incubated with preimmune rabbit serum
as a control for specificity of the Usher antibodies developed in
our laboratory.

The immunoprecipitates were boiled for 5 min in the presence
of sample buffer with reducing agents, and the proteins were
resolved in a SDS—PAGE and transferred to PVDF membranes
for 1 h using 100 V at 4 °C. Incubations with anti-CDH23, anti-
PCDHI15, and anti-LN domain of usherin were done as described
above. Membranes were also immunoblotted with goat anti-
harmonin 1/500 and rabbit anti-CDH23(—68) 1/1000.

Biochemical Estimation of the Usher Complex’s Mole-
cular Mass. (A) Bovine Serum Albumin (BSA) and Thyr-
oglobulin Standards. BSA fraction V (03117332001; Roche
Diagnostics, Indianapolis, IN) and thyroglobulin (T1001; Sigma,
St. Louis, MO) were layered in a 10—40% sucrose density
gradient and run in parallel with the second sucrose gradient of
the vesicular fraction. Again, 14 samples were collected from the
bottom to the top of the gradient, but in this case the fractions
containing the protein standards were detected by Coomassie
Blue staining of polyacrylamide gels.

(B) Ribosomal Preparation. The large and small ribosomal
subunits were obtained as described by Napoli et al. (54) with
few modifications. Briefly, total mouse brain was homogenized
in ribosomal buffer (100 mM NaCl, 10 mM MgCl,, 10 mM
Tris-HCI, pH 7.5, 1 mM dithiothreitol, 30 units/mL Invitrogen
RNase OUT, 1% Triton X-100, and 10 uL/mL Sigma protease
inhibitor cocktail P8340), incubated 5 min on ice, and centri-
fuged at 10000g for 10 min at 4 °C. The cleared supernatant was
layered in a 10—40% sucrose gradient and run in parallel with
the second sucrose gradient containing vesicles. Fractions were
analyzed by absorbance at 260 nm. A sample of each fraction
was also assayed for the presence of the ribosomal protein S6
(a marker for the small ribosomal subunit) by Western blot
1/500 dilution.
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FIGURE 1: Anti-Usher antibody qualification. Left: Predicted structures of the different Usher syndrome related proteins with the immunogenic
regions for the antibodies produced indicated as a double arrow. There are three classes of harmonin isoforms. Harmonins a and b have three PDZ
domains while harmonin ¢ has only two. Harmonins a and ¢ have one coiled-coil (CC) domain. Harmonin b has an extra coiled-coil domain and a
serine- and threonine- (PST) rich sequence. Cadherin 23 and protocadherin 15 contain several extracellular cadherin (EC) repeats and a
transmembrane (TM) and a cytoplasmic (CT) domain. Multiple splice variants have been identified for both cadherins. SANS has three ankyrin-
(ANK-) like motifs, a central domain (cen) followed by a sterile alpha motif (SAM), and a PDZ-binding motif (PBM) at the C-terminus. Usherin
b contains a laminin G-like domain (LamGL), an N-terminal laminin domain (LamNT), 10 laminin-type EGF-like modules (EGF-Lam),
32 fibronectin type 11 (FN3) repeats spaced by two laminin G domains (LamG) followed by a TM domain, and a CT domain containing a PBM.
Right: Confocal microscopy of postnatal day 28 mouse retinas incubated with the indicated anti-Usher antibody alone (no peptide) or in the
presence of a 100-fold molar excess of the fusion peptide used to generate it (100-fold). IS: inner segment. Scale bar: 5 ym.

RESULTS

Antibody Specificity. To test the specificity of the anti-
bodies developed by our laboratory, we used a tissue for
which the expression of the Usher proteins has already been

retina immunostained with preimmune rabbit IgG was nega-
tive (data not shown).

Detection of the Usher Proteins in Bovine and Mouse
Tracheal Epithelia Cells. Bovine trachea rings were used for

well characterized (5, 19, 29, 45). Postnatal day 28 mouse
retinas were immunostained with the specific rabbit anti-
Usher protein antibodies alone or in the presence of a 100-
fold molar excess of the immunogen used to generate the
antibody (Figure 1). As shown by others (5, 19, 29, 45) there is
strong immunostaining in the inner segments (IS) of photo-
receptor cells for all five Usher antibodies. The signal dis-
appears in the presence of an excess of the fusion peptide,
demonstrating the specificity of these antibodies. Mouse

immunohistochemistry to analyze the expression and localiza-
tion of the Usher proteins. Figure 2 (panels A—G) shows that all
of the Usher proteins are present in the ciliated epithelia of
bovine trachea, with the most robust immunostaining consis-
tently observed near the ciliary axonemes (arrowheads). Given
the limitations of working with bovine tissue in terms of
morphology preservation and the fact that we could not find a
good ciliary marker for bovine ciliated epithelia, we also
analyzed the subcellular localization of the Usher proteins in
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FIGURE 2: Expression of the Usher proteins in bovine and mouse trachea. A—G: Immunofluorescence analysis of paraffin-embedded
sections of bovine tracheal rings. Magnification: 200x. A’—G’ and A”—G"": Dual confocal immunostaining of mouse tracheal rings with
the different Usher antibodies (green) and acetylated tubulin (red), a marker for the cilia axoneme. DAPI was used for nuclear
counterstaining (blue). Arrowheads denote the basal body region and arrows the immunostaining for usherin and VLGR-1 at the tip of

the cilia. Scale bar: 3 yum.
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FI1GURE 3: Western blot analysis of Usher proteins following sucrose gradient fractionation. Most of the Usher protein isoforms were found near
the top of the gradient (fractions 11—13). Specific isoforms of cadherin 23, protocadherin 15, and VLGR-1 sedimented further into the gradient.
The fractions were also assessed for the presence of the Na™/K" ATPase, beta 1 subunit, and rab5. Molecular weight markers are indicated.
B: bottom of the gradient. T: top of the gradient. Results represent one of at least four independent experiments.

mouse trachea by dual immunostaining with acetylated tubulin,
a marker for the cilia axoneme (Figure 2, panels A'—G’ and
A”—G"). Similar to the expression in bovine trachea, all of the
Usher proteins are present at the base of the cilia (arrowheads).
Harmonin, usherin, clarin-1, and VLGR-1 are also expressed at
the cilia, with harmonin and clarin-1 present all along the cilia
(shown by colocalization with acetylated tubulin) and usherin
and VLGR-1 only present at the tip (arrows). Myosin 7A and
whirlin are also expressed in trachea (refs 25 and 49 and data not
shown).

Study of the Usher Protein Interactions and Their
Association with Vesicles. Bovine tracheal epithelium was
homogenized and cleared and then fractionated by sucrose
density gradient (20—39%), and fractions were analyzed by
Western blot for all of the Usher proteins. Figure 3 shows an
example of these results in which all of the Usher proteins
cosedimented between fractions 11 and 13 (the buoyant
fraction): Myosin 7A (200 kDa), harmonin (70 kDa), SANS
(45kDa), and clarin-1 (30 kDa) are present as single bands with
molecular masses that are similar to the ones already reported
for other species (see refs 5, 18, and 19 for reviews). Two
different isoforms of CDH23 (250 and 120 kDa) are detected in
the same fractions, likely corresponding to isoforms a and b,
respectively (55). There are three bands for PCDH15 (250, 130,
and 90 kDa) representing three different isoforms of PCHD15-
CD1 (30). The LN-domain antibody developed against usherin
detects a double band at 200 kDa corresponding to the short
isoform (isoform a). VLGR-1 shows one prominent band at
around 100 kDa, another at 170 kDa (probably isoform a), and
an undescribed isoform at 250 kDa. Finally, of the five
isoforms already described for whirlin (25) we only detect
two (75 and 50 kDa).

A distinct group of isoforms for CDH23, PCDHI5, and
VLGR-1 sediments between fractions 8 and 10, suggesting the
possible existence of a cytosolic complex between these three
proteins. Anti-CDH23 antibodies detect a 150 kDa band and a
doublet at 50 kDa, corresponding to isoforms b/d and c;_»,

FiGure 4: Electron microscopy confirmation of vesicles in the top
fractions of the first sucrose gradient. TEM image shows that the
pooled fractions (11—13) are rich in 100—200 nm vesicles, consistent
in size with transport vesicles. Bar: 100 nm.

respectively. PCDH15 Western blots show two bands at 110
kDa and the one at 90 kDa, and VLGR-1 shows a single band at
140 kDa.

The unrelated plasma membrane protein Na™/K™ ATPase
sediments differently in the gradient, demonstrating that plasma
membrane fragments are not present in the buoyant fraction of
our preparations, and thus the Usher proteins, which are in the
buoyant fractions, are either present as monomers or as vesicular
complexes.

Rab5, a vesicular protein involved in docking of the vesicles to
the plasma membrane (56) sediments in the same fractions
(11—13) as all of the Usher proteins. We focused our studies
on fractions 11—13 because we expected the Usher proteins were
forming complexes, and their position at the top of the gradient,
coordinate with the vesicle-associated protein rab3, could thus be
explained by their association with vesicles.
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FIGURE 5: Colocalization studies between the Usher proteins and the vesicular marker rab5. Isolated mouse tracheal epithelial cells
were double stained with anti-Usher protein antibodies (green) and anti-rab5 antibodies (red). DAPI was used for nuclear counterstain-
ing (blue). Arrowheads denote the transition zone/basal body area where all of the Usher antibodies show colocalization with rab5. Scale
bar: 3 um.
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FIGURE 6: Coimmunoprecipitation of Usher proteins from the vesi-
cular fraction. Panel I: The concentrated vesicles were immunopre-
cipitated with specific anti-Usher antibodies and probed with anti-
CDH23(—68) (top) or anti-PCDHI15-CD1 (bottom) antibodies.
Panel II: The pooled vesicles or fraction 5 was immunoprecipitated
and probed with anti-usherin (top) or goat anti-harmonin (bottom)
antibodies. Results represent an example of three independent ex-
periments. Asterisks denote specific coommunoprecipitated proteins.
The arrowhead in panel 1 denotes IgG heavy chain cross-reactivity.
Pool = IP of pooled fractions 11—13; 5 = IP of fraction 5 (negative
control, since fraction 5 contains no Usher proteins); NRS =
preimmune rabbit IgG.

To determine directly whether vesicles are present at the top of
the gradient, fractions 11, 12, and 13 were pooled, concentrated,
and processed for transmission electron microscopy. Results
shown in Figure 4 demonstrate indeed that these fractions are
enriched in 100—200 nm vesicles, consistent in size to transport
vesicles.

Results from Figures 3 and 4 strongly suggest that one or more
Usher complexes are been trafficked in transport vesicles in the
tracheal epithelia.

Dual immunostaining of isolated tracheal epithelial cells with
antibodies specific for the different Usher proteins and rab$
(Figure 5) suggests the Usher proteins may be present in rab5-
positive vesicles, since they all show overlapping staining with
rab5. There is intense dual immunostaining at the base of the cilia
(arrowheads) suggesting an accumulation of the Usher proteins
and rab5 at the transition zone/basal body area. There is also
staining, although varying in localization and intensity, in the
ciliary axoneme for all of the Usher proteins.

To assess directly the existence of a complex(es) of Usher
proteins, the concentrated vesicles were subjected to immuno-
precipitation with specific rabbit antibodies against some of the
Usher proteins. Protein interactions could be demonstrated by
immunoprecipitation using antibodies specific for usherin C-t,
VLGR-1, SANS, and harmonin. Rabbit preimmune serum was
used as a control for specificity. The results in Figure 6 (panel I)
show that VLGR-1, usherin b, SANS, and harmonin interact
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FIGURE 7: Western blot analysis of the Usher proteins following lyses
of the vesicles and resedimentation on a second sucrose gradient.
Panel I shows that SANS, VLGR-1, whirlin, and usherin sedimented
in the middle of the gradient, while harmonin, clarin-1, and the vesicle
marker rab5 (panel IT) remained at the top of the gradient. B: bottom
of the gradient. T: top of the gradient. Results represent an example of
at least three independent experiments.
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FIGURE 8: Western blot analysis of the Usher proteins following lyses
of the vesicles and resedimentation on a second sucrose gradient.
Panel I: Myosin 7A, CDH23, and PCDH 15 sedimented in the middle
of the gradient. Panel II: Silver-stained PAGE showing the total
protein present in the fractions from the second sucrose gradient.
Asterisks at the top denote lanes representing the fractions where
Usher proteins were detected on Western blots. Results represent an
example of at least three independent experiments.

with isoform “a” of CDH23 (250 kDa) and the 90 kDa isoform of
PCHD15-CD1. Both anti-CDH23 antibodies, the one developed
in our laboratory and the anti-CDH23(—68), recognize the same
isoform of CDH23 by coimmunoprecipitation. Only the immuno-
blot with anti-CDH23(—68) is shown. Harmonin complexes
with VLGR-1, SANS, and usherin b (Figure 6, panel II bottom)
are present in the vesicular fraction but not with usherin a.
However, there is an interaction between VLGR-1 and usherin a
(Figure 6, panel II top). Absence of these bands when immuno-
precipitations are performed using normal rabbit serum or a
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FIGURE 9: Estimation of the size of the Usher protein complex(es). Top: Ribosomes were fractionated on a 10—40% sucrose gradient. The intact
80S monosome, the 60S and 40S ribosomal subunits, and the mRNPs were detected by absorbance at 260 nm. Position and molecular weights (60)
are indicated. We included peak fractions and sedimentation coefficient values for thyroglobulin (TG) (61), bovine serum albumin (BSA), and the
Usher complex. Bottom: Immunodetection of the small ribosomal protein subunit S6 (rS6) from each ribosomal fraction by Western blot. The
Usher complexes peak at fractions 8 and 10.
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FiGURE 10: Schematic representation of the interactions between the Usher proteins. The interactions between VLGR-1, usherin, PCDH15,
CDH23, harmonin, and SANS are shown within the vesicle context. Double arrows indicate interactions that occur between specific domains or
with a specific orientation: Harmonin and SANS (present outside the vesicles) interact with the cytoplasmic domains of VLGR-1, usherin b,
PCDHI15, and CDH23. The interaction between harmonin and SANS occurs at the cytoplasmic face of the vesicles. The interaction between
VLGR-1 and usherin occurs in the lumen of the vesicles. Double dashed arrows indicate interactions that take place between the Usher proteins,
but the specific domains or the specific orientation was not established: VLGR-1 and usherin b interact with PCDH15 and CDH23. These
interactions can occur inside the vesicle or facing the cytosol. Harmonin connects the whole vesicular complex with the cytoskeleton network
directly through its PST domain or indirectly via its interaction with myosin 7A.

different fraction from the first sucrose gradient (labeled “5”)
confirms the specificity of the coimmunoprecipitation experi-
ments.

Estimation of the Size of the Usher Complex. To deter-
mine approximately the size of the Usher complex, the vesicles in
the pooled fractions were lysed in the presence of phenylbutyric
acid (PBA) and then fractionated in a second 10—40% contin-
uous sucrose density gradient. PBA is a chemical chaperone that
helps to maintain hydrophobic interactions between molecules
due to its amphiphatic properties (57, 58). Figures 7 and 8 show
that when the vesicles are lysed, VLGR-1, usherin a isoform,
myosin 7A, CDH23, and PCDHI5 sediment well into the

gradient mostly between fractions 7 and 9, suggesting that they
may participate in the formation of a macromolecular Usher
protein complex. A second smaller potential Usher protein
complex comprised of SANS, whirlin, and a 250 kDa isoform
of VLGRI1 sediments to fractions 9 and 10. Only harmonin and
clarin-1 remain at the top (Figure 7), suggesting that under these
conditions they are not present in an Usher protein complex(es).
Figure 6 shows that harmonin coimmunoprecipitates with
VLGRI1, SANS, and usherin b, implying that harmonin is indeed
forming complexes with several Usher proteins; however, these
interactions apparently dissociate under the conditions used for
the second sucrose gradients. Upon vesicle disruption rab5
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remains in the top fractions, demonstrating that it is not part of
a large protein complex.

The 14 fractions were also resolved in a SDS—PAGE and
silver stained to gain an appreciation of the complexity of the
proteins present in these fractions. The results shown in Figure 8
(panel IT) demonstrate that these fractions (fractions 7, 8, and 9)
do indeed contain a large number of proteins, but most at a low
abundance. It is notable that these are the only fractions that
contain very high molecular mass proteins (some of them larger
than 250 kDa).

Thyroglobulin, BSA, and a brain ribosomal preparation
were fractionated on 10—40% sucrose gradients in parallel as
sedimentation coefficient standards to estimate the size of
the Usher complex(es). Figure 9 shows the positions of intact
80S ribosome (peaks at fraction 4) and the two ribosomal
subunits, 60S (peaks at fraction 6) and 40S (peaks at frac-
tion 10), as well as the very light messenger ribonucleoprotein
particles (mRNPs). The positions of thyroglobulin (19S) and
BSA (4.9S) are also indicated. Western blots for the small
ribosomal protein S6 (part of the 40S ribosomal subunit)
were run in parallel to independently confirm the fractions
containing 80S intact ribosomes and the 40S ribosomal sub-
units. The Usher protein complex(es) (black arrowhead) sedi-
ments between the 60S (MW 2.4 x 10°) and the 40S subunits
(MW 1.4 x 10%). While sucrose gradients are not entirely linear
with respect to molecular mass of complexes, we expect the
complex to be around 50S with a molecular mass of the larger
Usher protein complex of approximately 2 x 10° Da. The
smaller complex would be close to the size of the 40S ribosomal
subunit (about 1.4 x 10° Da). These data confirm that these
proteins are sedimenting as a macromolecular complex(es) and,
in combination with the findings presented in Figure 6, strongly
support the existence of native Usher protein complex forma-
tion in tracheal epithelial cells.

DISCUSSION

Earlier work suggesting Usher proteins interact to form
complexes is based on colocalization studies in hair cells and
photoreceptors and on interactions between specific domains of
the different Usher proteins overexpressed as fusion peptides in
heterologous cell lines (29, 42, 44, 47, 49, 59). Our study provides
evidence for native Usher protein interactions.

Deretic and Papermaster (52) demonstrated that it is possible
to isolate transport vesicles by continuous sucrose density
gradients. Using the same approach we were able to discriminate
between two different classes of possible Usher protein com-
plexes. The first was found in the top fractions of the gradients
colocalizing with rab5-positive transport vesicles. Although we
suggest one Usher complex in the buoyant fraction, we cannot
rule out the possibility of more than one independent Usher
complex, packed in the same or distinct transport vesicle sub-
pools, with some of the proteins (i.e., harmonin) present in more
than one complex.

The second Usher complex detected after the first sucrose
gradient is smaller and appears to be cytosolic (i.e., not vesicle
associated), involving the association of specific isoforms of
CDH23, PCDHI5, and VLGR-1.

Coimmunoprecipitation studies using the concentrated vesi-
cles from the buoyant fraction allowed us not only to confirm the
in vivo relevance of some of the Usher protein interactions (29, 45)
but also to establish new ones (see Figure 10 for a schematic
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representation). The coimmunoprecipitation of PCDHIS,
CDH23, and harmonin with antibodies that recognized the
cytoplasmic domains of VLGR-1 and usherin b implies a
cytosolic localization for these domains in the vesicular context,
with their ectodomains facing the lumen of the vesicles. Harmo-
nin and SANS face the cytosol where they interact with VLGR-1
and usherin b through their cytoplasmic domains. Harmonin
associates with usherin b but not usherin a, which lacks the PDZ-
binding motif that was previously shown to interact with
harmonin by GST pull-down assays (21, 24, 29, 44).

We show a novel interaction between usherin a and VLGR-1,
which likely involves cell matrix binding motifs, and would thus
be predicted to occur in the vesicular lumen (Figure 10). It has
already been shown that usherin a is a basement membrane
component that associates specifically to type IV collagen and
fibronectin in retinal basement membranes (33, 34) and also to
heterodimeric transmembrane receptors like integrins (unpub-
lished data). The fact that VLGR-1 is the only Usher protein
that is also located at the basal aspect of the tracheal ciliated
epithelia where usherin a is expressed (3/) suggests a biological
relevance of this interaction at the basal aspect of the ciliated
epithelia.

We speculate that the Usher proteins are associated with
the transition zone/basal body area and possibly involved in
the docking of proteins destined for transport into the cilia and/or
the regulation of cilia motility.

One of the limitations of our approach is the amount of
manipulations needed to concentrate the vesicle fraction for
coimmunoprecipitation. It is possible that some of the Usher
protein associations are unstable and dissociate during the
procedure. We also might be disrupting some of the secondary
and all the tertiary/quaternary associations, which might explain
why we were unable to coimmunoprecipitate the 250 and 130
kDa isoforms of PCDH15 or the 120 kDa isoform of CDH23
with any of the Usher proteins tested. Alternatively, it is also
possible that as the high molecular weight isoforms of PCDH15
and CDH 123 are present at low concentrations, they have been
missed in the coimmunoprecipitation experiments.

Of all the Usher proteins that appear in the buoyant fractions
of the first sucrose gradient, only harmonin and clarin-1 remain
at the top of the gradient after the second sucrose gradient. We
were surprised by these results, since harmonin is considered a
principal scaffold protein for Usher protein complex formation,
and since our coimmunoprecipitation experiments clearly de-
monstrate interactions between harmonin and other Usher
proteins. This is likely due to disruption of the harmonin
interactions following addition of nonionic detergent.

It is worth noting that harmonin and clarin-1 are the only
Usher proteins expressed all along the full length of the cilia of the
tracheal epithelia. This might reflect a distinct function for these
two proteins in airway cilia.

The Usher complexes sediment between the 60S and the 40S
ribosomal subunits after the second sucrose gradient. Although
this is merely an estimation of the size of the complexes, we are
able to suggest a molecular mass of approximately 2 x 10° Da for
the larger complex and 1.4 x 10° Da for the smaller complex (60).
It is quite possible that the two complexes may be part of a larger
complex that fragmented during the processing and sedimenta-
tion procedures. This may explain the disparity between the
coimmunoprecipitation data, which shows SANS interacting
with the 90 kDa isoform of PCDH15 and the 200 kDa isoform
of CDH23, and the sedimentation data, which shows SANS
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sedimenting with the smaller complex and CDH23/PCDHI5
sedimenting with the larger complex.

In summary, all Usher proteins are expressed in ciliated
tracheal epithelial cells, forming large protein complexes highly
concentrated in the vesicular subfraction that can be specifi-
cally immunoprecipitated with anti-Usher protein antibodies.
Disruption of the vesicles in the presence of a chemical
chaperone allowed the identification of at least two distinct
Usher protein complexes (or fragmented products of a larger
complex) with sedimentation coefficients near 40S and 50S
containing multiple isoforms of various Usher proteins. Thus,
this work provides direct evidence for the existence of large
native Usher protein complexes both in vesicles and in the
cytosol of tracheal epithelium. Understanding the nature of
native Usher protein interactions is a critical step toward
unraveling the function of these complexes in hair cells and
photoreceptors, which will be important for deciphering the
molecular pathobiology of Usher syndrome.
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