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ABSTRACT: TRIOBP is an actin-bundling protein. Mutations of TRIOBP
are associated with human deafness DFNB28. In vitro, TRIOBP isoform 4
(TRIOBP-4) forms dense F-actin bundles resembling the inner ear hair cell
rootlet structure. Deletion of TRIOBP isoforms 4 and S leads to hearing loss
in mice due to the absence of stereocilia rootlets. The mechanism of actin
bundle formation by TRIOBP is not fully understood. The amino acid
sequences of TRIOBP isoforms 4 and S contain two repeated motifs, referred
to here as R1 and R2. To examine the potential role of R1 and R2 motifs in
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F-actin binding, we generated TRIOBP-4 mutant proteins deleted for Rl

and/or R2, and then assessed their actin-binding activity and bundle formation in vitro using actin cosedimentation assays, and
fluorescence and electron microscopy. Cellular distributions of the TRIOBP-4 mutants were examined by confocal microscopy.
We showed that deletion of both R1 and R2 motifs completely disrupted the actin binding/bundling activities of TRIOBP-4 and
impaired its localization to cellular actin cytoskeleton structures. By contrast, TRIOBP-4, lacking only R2 motif, retained its F-
actin bundling ability and remained localized to actin filaments in cells, similar to full length TRIOBP-4. On the contrary, the R1
motif-deleted TRIOBP-4 mutant, which mainly consists of the R2 motif, formed thin F-actin bundles in vitro but failed to
colocalize to actin filaments in cells. These results indicate that R1 motif is the major actin-binding domain of TRIOBP-4, and the

binding of R2 motif with actin filaments is nonspecific.

TRIOBP is an actin-bundling protein associated with hearing
loss." ™ The human and mouse TRIOBP genes encode a long
isoform and two nonoverlapping short isoforms of TRIOBP
proteins, referred to as TRIOBP-S, TRIOBP-4, and TRIOBP-1,
respectively. Transcription of TRIOBP-1 (previously named
TARA) begins from a downstream open reading frame of
TRIOBP-5 and is essential for embryonic development.”’
Studies have shown that it binds F-actin directly as well as
associates with trio guanine nucleotide exchange factor to
regulate actin filament organization* and adherens junctions® in
TRIOBP-4 and -5 are transcribed from the same
promoter upstream of TRIOBP-1, but the translation of
TRIOBP-4 stops at the end of exon 6 (in human) or exon 8 (in
mouse). Thus, there is no sequence in common between
TRIOBP-1 and -4. In addition, TRIOBP-1 is ubiquitously
expressed, while TRIOBP-4 and -$ are predominantly restricted
to the inner ear and the retina.>> In humans, mutations of the
TRIOBP gene are associated with nonsyndromic deafness
DFENB28.>® Surprisingly, all of the mutations identified in
human deafness DFNB28 to date are located in exon 6,
affecting only TRIOBP-4/-S. In mice, joint deletion of Triobp-
4/-S leads to profound hearing loss without other obvious
abnormalities, recapitulating the phenotype seen in human
DFNB28 deaf individuals.'

Hearing depends on the sound-stimulated deflection of the
mechanosensitive organelle known as stereocilia, which are

cells.
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actin-based microvilli-like protrusions on the apical surfaces of
inner ear hair cells. The core of stereocilia contains parallel
actin filaments that are cross-linked into bundles by F-actin
interacting proteins including espin, fimbrin, and fascin.®" 1% At
the base of stereocilia, the actin filaments are organized into
even denser structures called rootlets extending into the hair
cell body."> We have previously reported that TRIOBP is an
actin-bundling protein localized at the rootlets and is
responsible for the dense actin bundle formation of the
rootlets." In vitro, purified TRIOBP-4 protein packs actin
filaments into dense bundles resembling the in vivo structure of
rootlets. The stereocilia of Triobp-4/-S deficient mice failed to
form rootlets, which is considered to be the primary cause of
hearing loss in these mice. Unlike espin 3A, an actin cross-
linker in the core of stereocilia which intercalates between actin
filaments to generate interfilaments spaces, TRIOBP-4 forms
much more condensed F-actin bundles, and no interfilament
space is detected." How TRIOBP-4 forms such dense F-actin
bundles is unknown. Nevertheless, this unique bundle feature
implies that the manner in which TRIOBP-4 regulates actin
bundle organization is different from other previously studied
actin-bundling proteins, including espins.
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Figure 1. Structural analysis of TRIOBP-4 and generation of TRIOBP-4 truncated proteins. (A) Protein disorder prediction by IUPred and
FoldIndex. (B) Amino acid sequences of repeated motif 1 (R1) and motif 2 (R2). The underlines indicate the repeated amino acid sequence in R2
motif. (C) Diagram of GFP-TRIOBP-4 protein (GFP-T4) and its mutants lacking R2 motif (GFP-T4,_gs), or R1 motif (GFP-T449_ogo and GFP-
T4a357_605), or both motifs (GFP-T4,_35). (D) Representative SDS-PAGE of purified TRIOBP-4 full-length and truncated proteins. M, protein

molecular weight markers.

Since TRIOBP is important for hearing, understanding the
mechanism of F-actin bundling by TRIOBP-4 would provide us
essential information on human deafness DFNB28. As the first
step to investigate its F-actin bundling mechanism, we focused
on the exon 6 region of human TRIOBP-4/-5, where mutations
are associated with hearing loss. Exon 6 of TRIOBP-4/-§
encodes several copies of two repeated motifs called R1 and
R2." They are of particular interest, for among the 13 deafness-
causing point mutations identified, six nonsense mutations
leading to a premature stop of translation are found in R1 and
R2 motifs." Moreover, an additional missense mutation
encoding a mutant TRIOBP is also located in the R2 motif.
Mouse Triobp-4 has a similar structure to human TRIOBP-4
including the repeated motifs in exon 8, which is equivalent in
DNA sequence to exon 6 in humans. Despite the importance of
these motifs in hearing, their molecular and cellular functions
have not been revealed yet. Here, using microscopy methods
and biochemical analyses, we studied F-actin bundle formation
with TRIOBP-4 truncated proteins that are deleted for the R2
or/and R1 motifs. We provided evidence that the R1 motif is
the major actin-binding domain responsible for F-actin bundle
formation.

B EXPERIMENTAL PROCEDURES

Triobp-4 Constructs. The constructs encoding mouse
TRIOBP-4-FLAG and GFP-TRIOBP-4-FLAG in pFast-Bacl
vector were described previously.' cDNAs encoding truncated
proteins corresponding to the amino acid sequences 1-60S, 1—
356, and 599—980 of mouse TRIOBP-4, or mutant TRIOBP-4
lacking the amino acids 357—605 (see Figure 1B) with or
without a GFP-tag to their N-terminus were amplified by PCR
and subcloned into Spel/Notl sites of pFast-Bacl vector
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containing a FLAG tag (DYKDDDDK) !4 at the C-terminus for
baculovirus-Sf9 cell expression system. The GenBank number
(accession number) for TRIOBP-4 sequences reported in this
paper is DQ228002. For mammalian expression, mutant
Triobp-4 PCR products were inserted into HindIII/Sall sites
of pAc-GFP1 vector (Clontech). All of the constructs were
verified by DNA sequencing analysis.

RNA Purification and RT-PCR. Total RNA from cultured
cells were extracted using RNeasy kit (Qiagen), and the first
strand cDNA was synthesized using Superscript III reverse
transcriptase and random hexamers as primers (Life Tech-
nologies). Two microliters of 20 yL ¢cDNA reaction mixtures
was used for PCR. The primers for human TRIOBP-1
(accession number: NM007032) and TRIOBP-3/-5 (accession
numbers: DQ278603, DQ228003, and DQ228005) were
described previously.® The primers for human TRIOBP-4
(accession number: DQ228004) were forward, 5’-CTCTTC-
GCCCCCTCGCTATT-3'; reverse, 5'- CTTCACCTGTCC-
TGCTGCCGA-3'. The reverse primer of TRIOBP-4 is targeted
to its 3" UTR region.

Protein Preparation. The full-length and mutant Triobp-4
constructs in pFast-Bacl vector were used to generate
recombinant baculoviruses in Sf9 insect cells for protein
expression.' The proteins were purified from S cell lysates
using FLAG affinity chromatography followed by a gel filtration
column as described.' Purified proteins were stored in the
buffer containing 10 mM MOPS, pH 7.4, 100 mM KCI, 0.1
mM EGTA, and 2 mM MgCl,, and their concentrations were
determined by using the extinction coefficients (A,5—As50)
calculated from their cDNA sequences. The purity of each
protein preparation was examined by SDS-PAGE. Actin was
purified from rabbit skeletal muscle'® and was stored as G-actin
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in G-buffer (0.2 mM ATP, 1 mM NaN;, 0.2 mM CaCl,, 0.5
mM DTT, and 2 mM Tris-HCl, pH 8.0).

High- and Low-Speed F-Actin Cosedimentation
Assays. G-Actin was polymerized by addition of 100 mM
KCl, 5 mM MgCl,, and 1 mM ATP into G-buffer for 2 h at
room temperature or overnight on ice. Indicated amounts of
purified TRIOBP-4 proteins were incubated with 8 M of F-
actin for 1 h in the presence of 100 mM or 10 mM KCl, and the
reaction mixtures were centrifuged at 385000g, 15 min for high-
speed cosedimentation assay and 11000g, 15 min for low-speed
cosedimentation assay. All the above procedures were
performed at 23 °C. Equal volumes of supernatants and pellets
from the assays were analyzed by 4—20% SDS-PAGE. The
density of each protein band was measured by densitometry
(Gel-Doc, EZ, Bio-Rad) and normalized to TRIOBP-4 protein
alone. The actin-binding activity of each TRIOBP-4 protein was
quantified as described.'

Fluorescence Microscopy. The fluorescence microscope
was set up with an inverted microscope (IX81, OLYMPUS).
Three diode pumped lasers (473 nm, 556 nm, and 655 nm
wavelength; OEM Laser, MI) were introduced from the right
side port of a cube turret into the IX81. Each laser was
individually focused by a biconvex lens at the back focal plane
of objective lenses (x60, N.A.:1.49, APON, OLYMPUS) and
set up in a total internal reflection fluorescence (TIRF) mode,
which increases the signal-to-noise ratio. F-actin was
fluorescently labeled with rhodamine-phalloidin using a stand-
ard method.'® GFP-TRIOBP-4 proteins were incubated with
rhodamine-phalloidin-labeled F-actin at 1:10 (2 M TRIOBP:
20 uM F-actin), 1:1 (2 uM TRIOBP: 2 uM F-actin), and 10:1
(10 uM TRIOBP: 1 uM F-actin) ratios in the presence of 10 or
100 mM KCl and applied to a flow cell as described"” followed
by epifluorescence microscopy. Images were acquired by an
EMCCD camera (ImagEM, model: C9100—13, Hamamatsu
photonics USA) through relay lenses (x2 and x4). The
fluorescence intensity of F-actin bundles was analyzed by
using MetaMorph (Molecular Devices). The data were
normalized to the intensity of a single actin filament.

Transmission Electron Microscopy (TEM). For EM
imaging, G-actin was polymerized as described above. F-actin
bundles were prepared by incubating TRIOBP-4 proteins with
F-actin at 1:10 (2 uM TRIOBP: 20 uM F-actin), 1:1 (2 uM
TRIOBP: 2 uM F-actin), and 10:1 (20 M TRIOBP: 2 uM E-
actin) ratios in the presence of 10 or 100 mM KCl for 1 h at
room temperature. The protein samples (total protein 0.2—4
mg/mL) were applied to 400-mesh Formvar carbon grids
(FCF400-Cu, Electron Microscopy Sciences), absorbed onto
the grids for 30s, washed with 1X PBS buffer, and negatively
stained with 1% aqueous uranyl acetate for 1 min. The images
of a F-actin bundle with TRIOBP-4 or its mutants were taken
using transmission electron microscope (TEM, JEOL-2010) at
100 keV and various magnifications as described.""®

Cell Culture, Transfection, and Confocal Fluorescence
Microscopy. HEK293, HepG2, HPAC, and HeLa cell lines
were obtained from ATCC and cultured in media supple-
mented with 10% fetal bovine serum (Life Technologies).
pAcGFP1-TRIOBP-4 (GFP-T4) or its mutant constructs were
transfected into HeLa cells using lipofectamine 2000 (Life
Technologies) according to the manual. Eighteen hours after
transfection, cells were fixed with 4% paraformaldehyde for 15
min, followed by incubation with 0.1% Triton X-100 for 10
min. Actin filaments were stained with Alexa Fluor 633-labeled
phalloidin (1:40 dilution) for 20 min. The stained cells were
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mounted with ProLong Gold Antifade Reagent (Life
Technologies). All the procedures were performed at room
temperature. Confocal images were taken using a Leica
microscope (model: Leica TCS SPS).

B RESULTS

Structural Analysis of TRIOBP-4 and Generation of
Mutant TRIOBP-4 Proteins. As a first step to identify the
actin-binding sites in TRIOBP-4, we applied web-based
software Phyre2'® to predict the secondary structure of
TRIOBP-4. In the sequence, 99% of the amino acid residues
were predicted to be disordered. We further analyzed the
sequence using [UPred’® and FoldIndex.”' Both programs
predict that TRIOBP-4 is an unfolded protein (Figure 1A).
Since there is no information regarding its secondary structure,
we decided to investigate the R1 and R2 motifs, because their
primary sequences contain several copies of characteristic
repeats (Figure 1B,C) and are the targets for hearing loss
mutations in humans. The R1 motif contains six copies of a 24-
amino acid repeat, while the R2 motif consists of five copies of
a shorter repeat with 16-amino acids (Figure 1B, red
underscore) in a S0-amino acid interval. These two motifs
are enriched in residues arginine (20.1% in R1), serine (11.9%
in R1 and 12.4% in R2), and proline (14.9% in R1 and 22.4% in
R2), which is the characteristic of a disordered protein (Figure
1B).* Although R1 and R2 motifs are predicted to have highly
disordered structure (Figure 1A), the calculated pI values
between R1 and R2 motif are different, 11.7 and 5.4,
respectively. This may affect the binding activity of TRIOBP-
4 to F-actin.

As such, we generated truncated mouse TRIOBP-4 (T4)
proteins missing either R2 (T4,_4s), or R1 (T44357_605), both
R1 and R2 (T4,_;56), as well as the fragment majorly composed
by R2 (T499_og0) using the baculovirus expression system in
Sf9 insect cells (Figure 1C). GFP was fused to the N-terminus
of these proteins, and a FLAG tag was introduced at their C-
terminus. We confirmed the purity of the expressed proteins by
SDS-PAGE (Figure 1D) and examined their actin-binding and
bundling activities by sedimentation assays described below.
The molecular weights of GFP-T4 proteins were higher on
SDS-PAGE than expected (Figure 1D). We interpret that this
was caused by the high content of proline residues in these
fragments (see Discussion).

Actin-Binding Activities of TRIOBP-4 Mutants. The F-
actin binding affinity of TRIOBP-4 was examined by high-speed
cosedimentation assay with increasing amounts of TRIOBP-4
proteins and a constant concentration of F-actin (8 4M) at 100
mM KCl, followed by SDS-PAGE analysis. None of the
truncated fragments of TRIOBP-4 sediment in the absence of
F-actin, confirming that the GFP-T4 fragments were not
aggregated (Supplemental Figure S1, Supporting Information).
Some degradation fragments were seen in the SDS-PAGE
(Figure 2A—E). The GFP-T4 proteins, except for GFP-T4,_5,
pelleted with F-actin in a dose-dependent manner, while most
of the GFP-T4,_;55 protein was detected in the supernatant
fraction, and very little pelleted with F-actin (Figure 2A—D).
The pelleted GFP-T4, 35 may be caused by nonspecific
trapping of excess F-actin. Strikingly, the Rl-containing
fragment GFP-T4,_gs showed much higher saturated binding
activity than the intact GFP-T4, and the stoichiometry between
GFP-T4,_4s and actin was 2-fold higher than that of intact
GFP-T4 and actin (1.2 + 0.11 vs 0.39 + 0.1). On the other
hand, the ratio between TRIOBP-4 and actin of the R2-
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Figure 2. High-speed F-actin cosedimentation assays of full-length and
mutant TRIOBP-4 proteins. (A—E) Representative Coomassie blue
staining images of SDS-PAGE from high speed cosedimentation assay
of GFP-T4,_g05 (A), GFP-T4sg9 959 (B), GFP-T44;57 s (C), GFP-
T4,_35 (D), and GFP-T4 (E) in the presence of 100 mM KCL. S,
Supernatant; P, pellet. Arrows represent the intact TRIOBP-4
proteins. (F) Quantitative analyses of actin-binding activities obtained
from high-speed cosedimentation. Data were fit by hyperbolic function
and represent means =+ standard deviation from at least four
independent experiments.

containing fragments GFP-T499_o59 and GFP-T4,35,_g05 Were
close to that of GFP-T4. By contrast, the GFP-T4,_;, fragment
lacking both R1 and R2 motifs showed little F-actin binding
activity with a low F-actin binding ratio of 0.18 (Figure 2F and
Table 1). The dissociation constant (K;) of GFP-T4,_¢s for E-
actin (2.9 + 0.31 uM) is higher than that of GFP-T4 (091 +
0.22, Figure 2F and Table 1). The actin-binding activity is very
different between the two R2 containing fragments. The Ky of
GFP-T499_og0 (0.98 + 0.23 uM) is similar to that of GFP-T4,

while the Kj of GFP-T4,557_gos (421 + 0.83 uM) is much
higher than that of GFP-T4 (Figure 2F and Table 1).

We also performed high-speed assay in an alternative way,
that is, using fixed amount of GFP-TRIOBP-4 or TRIOBP-4
fragments in the presence and the absence of a GFP tag and
increasing concentrations of F-actin with different ionic
strengths (Supplemental Figures S1 and 2). Consistent with
the results of Figure 2, at 100 mM KCI, most of GFP-T4,_3
protein did not pellet with F-actin. The Ky's of GFP-T4,_¢ys
and T4,_gys were similar at 2.46 + 0.22 yM and 2.41 + 0.26
UM, respectively. The saturation of GFP-TRIOBP-4,_4 (0.98)
is also similar to that of T4,_ss (0.82, Supplemental Figures 1C
and 2C). The R2-containing fragments (GFP-T4g99_og0,
T4499_950 and GFP-T4A357_g05) showed about 50% saturation.
However, their Kys greatly varied. The Kgs of T4g9_og (6.36 =
0.47 uM) and GFP-T4 ;57 g5 (4.85 + 0.12 uM) are much
higher than that of GFP-T459_ g5 (1.25 £ 0.09 uM)
(Supplemental Figure S1, Supplemental Figure S2, and
Supplemental Table 1). Furthermore, decreasing the ionic
strength to 10 mM KCl significantly increased the actin-binding
activity of GFP-T4,_gos and T4;_g5 (Kg: 0.52 + 0.15 yM and
0.56 + 0.10 uM, respectively) but not GFP-T4 o, and
Teooso (Kgp 129 + 0.12 uM and 4.55 + 038 uM,
respectively, Supplemental Figure S1, and Supplemental
Table 1), indicating that the R2 motif interacting with F-actin
is likely hydrophobic.

F-Actin-Bundling Activities of TRIOBP-4 Mutants.
Unlike unbundled F-actin, which requires high centrifugal
forces for sedimentation, actin bundles sediment at low
centrifugal speeds. We next performed low-speed F-actin
cosedimentation assay to assess the F-actin bundling activity
of the above TRIOBP-4 fragments using variable amounts of
TRIOBP-4 proteins and a constant concentration of F-actin.
Similar to actin binding experiments above (Figure 2), very
little F-actin was pelleted in the presence of the TRIOBP-4
fragment GFP-T4, ;5 even when higher concentrations of
GFP-T4,_;5, were used (Figure 3D). More F-actin was pelleted
in the presence of the R1 motif-containing fragment GFP-
T4, _¢s than in the presence of the R2 motif-containing
fragments GFP-T4gy9_ogp and GFP-T4,357_g0s (Figure 3A—
C,E). Interestingly, the majority of the F-actin pelleted by 2 uM
GFP-T4,_¢s (Figure 3A), meaning that most of the actin was
bundled by the R1 motif at low ratios of fragment: actin.
Additional TRIOBP-4, 4y protein could be added to the
bundle as the concentration was increased. This result suggests
that R1 motif may have a different mechanism of F-actin
bundling (see Discussion). In addition, GFP did not affect the
actin bundling activity of both GFP-T4,_¢5 and GFP-T4g9_gg0
(Figure 3E and Supplemental Figure S3C). Taken together, the
high and low-speed F-actin cosedimentation assays indicate that
the amino acid sequence 357—598 of TRIOBP-4, which is
mainly composed of R1 motif, is the major domain responsible
for TRIOBP-4’s F-actin binding and bundling activities.

Table 1. Dissociation Constant and the Stoichiometry from High- and Low-Speed Co-Sedimentation Assays

GFP-T4
dissociation constant (K, #M) 091 + 0.22
stoichiometry (high-speed cosedimentation) 0.39 £ 0.10
stoichiometry (low-speed cosedimentation) 029 + 0.01¢

“Data are Figure 3C in Kitajiri, S,, et al,, 2010, Cell, 141, 786.

5259

GFP-T4,_gs GFP-T4s99_950 GFP-T4357_605
291 + 031 0.98 + 0.23 4.21 + 0.83
1.20 + 0.11 0.33 + 0.07 0.46 + 0.09
1.10 + 0.18 0.26 + 0.13 0.41 + 0.09
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GFP-T4599_og9 and GFP-T4,_gos; Do Not Functionally
Interact. GFP-T4,_¢ys binds somewhat more weakly to F-actin
and with a high stoichiometry than does full-length TRIOBP-4
(Table 1 and Supplemental Table 1). To test the possibility
that the GFP-T4499_og, fragment may have a regulatory role in
the F-actin binding activity of GFP-T4, ¢ in vitro, we
performed “co-binding” experiments to see whether the
presence of GFP-T4s99 o9 would inhibit the binding of GFP-
T4, _gs to F-actin. Briefly, 10 uM GFP-T4,_4s and 8 uM F-
actin were mixed with various concentrations of GFP-T499_gg0,
followed by high-speed F-actin cosedimentation assays. As seen
in Supplemental Figure S4A, the binding activity of GFP-
T4, s to F-actin was not significantly changed by the
increased amounts of GFP-T4y9_ogp. Therefore, these results
do not support a direct interaction of the two fragments for
modulating the binding of GFP-T4,_ s to F-actin under our
current in vitro conditions. We also performed low-speed F-
actin cosedimentation assay for the “co-binding” experiment as
described above. Similar to the high-speed assay, the F-actin
bundling activity of GFP-T4,_¢s was not significantly changed
by the increased concentrations of GFP-T4g9_og either
(Supplemental Figure 4SB). The Ky of GFP-T4s99_gg is higher
in “co-binding” experiment than in GFP-T4s99 o4 alone
experiment (5.4 uM vs 0.98 uM), presumably resulting from
the less free binding sites for GFP-T4g9_oq in the presence of
GFP-T4,_gs
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R1 is the Major Actin-Binding Domain of TRIOBP-4 for
F-Actin Bundle Formation in Vitro. We next directly
visualized F-actin bundle formation by GFP-T4,_4s and GFP-
T4s99_930 under the same conditions as the low-speed
cosedimentation assays. First, we imaged actin filaments
bundled with GFP-T4, 45 and GFP-T4s99 o5y using fluores-
cence microscopy. Truncated GFP-T4 proteins were incubated
with rhodamine-phalloidin-labeled actin filaments in a molar
ratio of 1:1, and the binding of GFP-T4 proteins (green) with
F-actin (red) were observed under an epi-fluorescence
microscope (Figure 4A). In the presence of 10 mM KCl,
GFP- T4,_4s formed thick F-actin bundles containing about 10
actin filaments in a bundle (Figure 4A, left middle panels and
4B). Similar to the biochemical assays, the size of the GFP-
T4,_gos-F-actin bundles was influenced by ionic strength. When
adding KClI to a final concentration of 100 mM to the GFP-
T4,_gos-F-actin mixture, the number of actin filaments
decreased to about five in a bundle (Figure 4A, left bottom
panels, and 4B), and some of the F-actin disassociated from the
preformed bundles (Figure 4A, yellow square 1, which is
enlarged in Figure 4C, 1). By contrast, GFP-T4ge_og, formed
needle-like, thin F-actin bundles whose structures were not
affected by increasing the KCl concentration to 100 mM
(Figure 4A, right middle and bottom panels). The GFP-
T4599_ggo-F-actin bundle contained about five actin filaments
under both high and low KCl conditions (Figure 4B), and no
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Figure 4. Fluorescence microscopy analysis of F-actin bundle formation with GFP-TRIOBP-4 mutants. (A) Fluorescence images of rhodamine-
phalloidin-labeled F-actin bundles (red) with GFP-T4,_ss (left panels) and GFP-T4s9_og, (right panels) in a ratio to F-actin at 1:10 and 1:1 in the
presence of 10 mM KCI (top and middle rows) or 1:1 in the presence of 100 mM KCl (bottom rows). Scale bar: 200 nm. (B) Quantitative analysis
of actin filament numbers within a bundle. The signal intensity of rhodamine-phalloidin labeled F-actin bundles was measured in a rectangle region
of interest (200 X 500 #m, n = 30—40) and was normalized to the intensity of single actin filament. Data represent means + standard deviation. (C)

Enlarged images of the insets shown in A.

obvious F-actin disassociation was observed under 100 mM
KCl (Figure 4A yellow square 3, which is enlarged in Figure
4C, 3). We also examined the actin bundle formation with
TRIOBP-4 mutants by changing the protein/actin ratio at 10
mM KCl. When the TRIOBP protein to F-actin ratio was
decreased to 1:10, GFP-T4,_4)s was still able to form thin F-
actin bundles (Figure 4A, left top panels), whereas GFP-
T4599_0g0 lost F-actin bundling activity (Figure 4A, top panels,
yellow square 2 is enlarged in Figure 3C, 2).

F-actin bundle formation with GFP-T4 mutants were also
examined by electron microscopy (Figure S). Consistent with
those obtained from fluorescence microscopy (Figure 4), TEM
imaging also revealed that GFP-T4,_4ys formed much thicker F-
actin bundles than did GFP-T4s49_ogp when protein to actin
ratio was 1:1 and 10:1 in the presence of 10 mM KCI. Similarly,
at lower protein to actin ratio (1:10), GFP-T4,_4 bundles
actin filaments, while GFP-T499_gg, was unable to do so.

Together with the biochemical assays, the microscopy results
indicate the R1 motif is responsible for F-actin bundle
formation. The thin F-actin bundle formed by GFP-T4s99_og,
which contains R2 motif (amino acids 684—939), is most likely
caused by the nonspecific binding to actin (see Discussion).

R1 Motif but not R2 Motif Is Essential for Actin
Cytoskeleton Localization in Cells. To verify our results
obtained in vitro, we examined the cellular distribution of
TRIOBP-4 mutant proteins with respect to actin cytoskeleton
structure. RT-PCR revealed that TRIOBP-4 is expressed in
several human cell lines, including HeLa cells, which do not
express the long isoform TRIOBP (Figure 6A). We transiently
overexpressed GFP-TRIOBP-4 full-length (GFP-T4) and its
three mutants, GFP-T4,_qy5, GFP-T4,_35¢, and GFP-T4499_og
in HeLa cells and observed their colocalization with actin
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Figure 5. Transmission electron microscopy images of F-actin bundles
with full-length and mutant GFP-TRIOBP-4. Representative images of
F-actin bundle structures formed by GFP-TRIOBP-4 mutants in the
presence of 10 mM KCIl. Three different ratios between TRIOBP-4
fragment and F-actin are shown. F-actin alone and full-length GFP-T4
images were shown at the bottom as controls. Scale bar, 100 nm,
except for the 10:1 ratio of GFP-T4,_gs-F-actin bundle as asterisk is
300 nm.

filaments by confocal microscopy. Cells with the lowest
expression level of TRIOBP-4 and intact actin filaments were
chosen for analysis. Both the GFP-T4 full-length and GFP-
T4,_g0s are shown to localize in actin cytoskeleton structure
including filopodia, where parallel actin bundles are formed
(Figure 6B). In contrast, GFP-T4,_;5s and GFP-T4g9_og, are
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uniformly expressed within the cytoplasm of the cells, showing
no specific localization to F-actin (Figure 6B). Thus, consistent
with our in vitro observations of actin bundle formation
described in Figures 4 and S, these results indicate that the R1
motif of TRIOBP-4 is the major domain for actin filament
assembly in cells, while the R2 motif alone was unable to form
detectable filamentous structures in cells.

B DISCUSSION

Collectively, our results demonstrate that the R1 motif is the
major F-actin binding domain of TRIOBP-4, an actin-bundling
protein mutated in human deafness DFNB28. Through
deletion mutagenesis, we show that the R1 motif is crucial
for the binding activity and F-actin bundle formation of
TRIOBP-4, as well as its proper cytoskeleton localization in
cells.

In general, actin-bundling proteins contain at least two actin-
binding sites per monomer or exist as a dimer or higher
oligomer, and are intercalated between actin filaments to form
hexagonally packed bundles.”>™>’ For example, fimbrin, espin
3A, and fascin are monomeric and contain two actin-binding
sites.”®* 3! In contrast, @-actinin and spectrin are dimers, and
each peptide chain has one actin-binding site.””*>*> In both
cases, interfilament spaces in an F-actin bundle are generated,
which are affected by the space between the two actin-binding
sites. However, the bundles formed by TRIOBP-4 could not be
explained by an “intercalation” model because they lack obvious
interfilament spaces." Previously, we proposed that TRIOBP-4
“wraps around” the surfaces of actin filaments so that filaments
are aligned closely enough without any spaces within a bundle.
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Our current studies strongly support this model. First,
structural analyses predict that TRIOBP-4 is an unfolded,
disordered protein without any known secondary structures
(Figure 1A). Moreover, EM images did not show any globular
structures of TRIOBP-4 or its mutants between filaments in the
bundle (Figure S), further supporting the prediction. This
structural property of TRIOBP-4 makes it possible to function
as an unfolded “string” which flexibly “wraps around” the
filaments through its actin-interacting domain located in the R1
motif. Second, F-actin binding/bundling activities and bundle
formation by the RI motif are regulated by ionic strength
(Figure 4 and Supplemental Figures S1 and S2), suggesting that
binding of the Rl motif to F-actin is more likely to be an
electrostatic interaction mediated by a certain region of Rl
rather than specific binding sites as found in other actin
bundling proteins such as espin 3A and fascin. In this regard, it
is interesting that the pI of the R1 motif (11.7) is much higher
than that of actin (pl 4.8), which could lead to strong
electrostatic interaction under the assay condition (pH 7.4).
Third, the affinity of TRIOBP-4 for F-actin is much weaker
than that of espin3A as evidenced by a F-actin dissociation
constant Ky of 0.9 uM for TRIOBP-4 compared to 0.15 uM for
espin."*’ This may reflect a nonspecific “wrapping” type of
binding through electrostatic interactions that is not as strong
as an intercalated cross-linker between filaments through
specific binding sites. Finally, our low-speed sedimentation
assay demonstrated that though most of the F-actin bundles
were formed at low ratios of GFP-T4,_4s to actin, additional
GFP-T4,_4ys was still able to bind actin when GFP-T4,_¢,; was
further increased, indicating that binding of the R1 motif with
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actin is not through specific actin-binding sites. F-actin bundles
formed by the “wrapping” model are dense and may also be
flexible, which can explain the elasticity of rootlets which is
needed in response to the wide range of mechanical stresses
imposed on stereocilia pivots during sound stimulation.* It
would be of great interest to directly measure the rigidity and
stiffness of TRIOBP-4 formed bundles.

Though the R2 motif exhibited some F-actin binding/
bundling activities and formed thin bundles (Figures 2—S5,
Supplemental Figures S1—3), the F-actin dissociation constant
(Ky) of the GFP-T4g9_og, is significantly increased in a longer
fragment having additional amino acids (GFP-T4x35,_e0s) and a
shorter fragment with deletion of GFP (i.e., T4s49_og protein),
suggesting that the actin-binding activity of R2 motif is not
correlated with the size of the R2-containing fragments, and its
biochemical property or structure may be easily affected by
addition or deletion of other amino acids nearby. Moreover,
when overexpressed in cells, in contrast to the colocalization of
R1 motif with F-actin including in filopodia where parallel F-
actin bundles are present, the R2 motif did not localize to any
cellular actin cytoskeleton structures (Figure 6), further
supporting the hypothesis that the in vitro binding of R2 to
F-actin is due to nonspecific interaction.

The mobility of TRIOBP-4 fragments on SDS-PAGE is not
consistent with their expected molecular weights (Figure 1D).
We think this is caused by the high content proline content
(>10% of total amino acids) present in all the TRIOBP-4
fragments tested. As the structure of proline is not compatible
with the necessary phi and psi backbone torsional angles of the
a helix, thus it would inhibit the a-helical structures that are
typically induced by SDS in its denatured proteins.

In addition to expression in inner ear hair cells, TRIOBP-4 is
also detected in the retina, testis, and kidney, but the function
of TRIOBP-4 in these other tissues is not yet known.”> Our
RT-PCR results indicate a broader expression of TRIOBP-4 in
several human cancer cell lines (Figure 6A). Intrinsically
disordered proteins have been implicated in cell division and
cancer-associated diseases.>>™” Thus, our studies examining
the actin bundling mechanism by TRIOBP-4 will provide useful
information not only for understanding the molecular basis of
deafness caused by mutation of TRIOBP, but also its role in
resilient cytoskeleton structures in other tissues and patho-
logical processes.
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