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Abstract

Electron cryo-tomography allows for high-resolution imaging of stereocilia in their native
state. Because their actin filaments have a higher degree of order, we imaged
stereocilia from mice lacking the actin crosslinker plastin 1 (PLS1). We found that while
stereocilia actin filaments run 13 nm apart in parallel for long distances, there were gaps
of significant size that were stochastically distributed throughout the actin core. Actin
crosslinkers were distributed through the stereocilium, but did not occupy all possible
binding sites. At stereocilia tips, protein density extended beyond actin filaments,
especially on the side of the tip where a tip link should anchor. Along the shatft,
repeating density was observed that corresponds to actin-to-membrane connectors. In
the taper region, most actin filaments terminated near the plasma membrane. The
remaining filaments twisted together to make a tighter bundle than was present in the
shaft region; the spacing between them decreased from 13 nm to 9 nm. Our models
illustrate detailed features of distinct structural domains that are present within the

stereocilium.
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Introduction

Our senses of hearing and balance depend on the mechanosensitive hair bundles of
the inner ear’'s sensory cells, the hair cells. A bundle protrudes from a hair cell’s apical
surface and consists of actin-filled stereocilia, which are arranged in a staircase
(Roberts et al., 1988, Gillespie and Miiller, 2009, Fettiplace and Kim, 2014). Each
stereocilium consists of a distal tip, a shaft, and a proximal taper region, with the plasma
membrane enclosing a highly-crosslinked actin filament core. About 400 actin filaments
are found in each mouse utricle stereocilium (Krey et al., 2016); they are thought to run
uninterrupted (Corwin and Warchol, 1991) from the tip along the shaft, parallel to the
stereocilium longitudinal axis, before they end near the plasma membrane in the taper
region (Tilney et al., 1986). The most central filaments condense into a rootlet structure,
which penetrates deep into the actin meshwork of the cuticular plate and provides a
pivot point that anchors the stereocilia (Tilney et al., 1980). In conventional transmission
electron microscopy images, the core of the taper region and the initial insertion of the
rootlet shows very high contrast when stained with osmium tetroxide, indicating either a

very high protein density, an unusually high affinity for osmium, or both.

Actin filaments are heavily cross-linked by plastin 1 (PLS1; fimbrin) (Sobin and Flock,
1983, Tilney et al., 1989, Daudet and Lebart, 2002), espin (ESPN) (Zheng et al., 2000,
Sekerkova et al., 2004, 2006), and fascin 2 (FSCN2) (Shin et al.,, 2010, Chou et al.,
2011, Hwang et al., 2015). Early transmission electron microscopy studies suggested
that stereocilia cores had a paracrystalline crosslinker pattern with full crosslinker
occupancy (DeRosier et al., 1980, Jacobs and Hudspeth, 1990, Hackney et al., 1993).
Mice lacking PLS1 display an actin filament core that is better ordered when compared

to wild type mouse stereocilia (Krey et al., 2016), and strongly resembles the
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hexagonally packed actin core of chick cochlea {Tilney et al., 1983, #54878} and chick
utricle {Shin et al., 2013, #26941}.

While hair cells with damaged hair bundles show some capacity for repair or
replacement (Robertson et al., 1980, Liberman and Dodds, 1987, Gale et al., 2002), the
stereocilia actin core is generally thought to be very robust. How the actin core is
maintained is not entirely clear. Fluorescence studies of transfected mammalian hair
cells in culture indicated that tagged actin or tagged ESPN incorporate into stereocilia
tips (Rzadzinska et al., 2004). These findings suggested a continuous treadmilling
mechanism, where actin is polymerized at the stereocilia tip and depolymerized near
the taper region membrane, thus resulting in a net movement of all actin-filaments and
their crosslinkers towards the proximal end of the stereocilia (Rzadzinska et al., 2004).
This model was challenged by a study that included multi-isotope imaging mass
spectrometry, differential temporal expression of labeled actin proteins in vivo, and
fluorescence recovery after photobleaching; these experiments showed that while
protein turned over rapidly at stereocilia tips, most protein remained stationary for
weeks in the shaft, arguing against treadmilling (Zhang et al.,, 2012). Moreover,
McDermott and colleagues used fluorescence imaging of genetically encoded in intact
zebrafish larvae ear and showed dynamic turnover of both fascin 2b and actin B
throughout the hair bundle (Hwang et al., 2015), further questioning the treadmilling

model of actin turnover in stereocilia.

Quantitative mass spectrometry analysis in combination with electron tomography of
high-pressure frozen, freeze-substituted, and resin-embedded tissue samples provided
an estimated inventory of stereocilia proteins in chick utricle and showed that actin
crosslinkers were not as abundant and regularly spaced as expected for a

paracrystalline array (Shin et al., 2013). In the taper region, peripherally located actin
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84 filaments ended in close proximity to the plasma membrane whereas the central actin
85 filaments of the actin core extended through the rootlet region into the cuticular plate. In
86 resin-embedded samples, the rootlets appear as dark structures, which prevents

87 discrimination of internal features.

88 The actin core is connected to its surrounding plasma membrane via RDX near the
89 taper region (Kitajiri et al., 2004, Pataky et al., 2004, Zhao et al., 2012). In addition,
90 unconventional myosins also serve as actin-to-membrane connectors throughout the
91 stereocilium (Hasson et al., 1997). For example, MYO6 localizes towards the proximal
92 end of stereocilia (Hasson et al., 1997), MYO7A along the entire shaft (Morgan et al.,
93 2016), and MYO3A, MYO3B, and MYO15A at stereocilia tips (Belyantseva et al., 2003,
94  Schneider et al., 2006, Merritt et al., 2012). The location of MYOL1C is controversial; it is
95 either concentrated at the upper tip link insertion side (Garcia et al., 1998, Steyger et al.,
96 1998), where adaptation is thought to occur, or is found throughout the stereocilia

97 membrane (Belyantseva et al., 2005).

98 Electron cryo-tomography (cryo-ET) has emerged as a powerful method for examining
99 macromolecular structures in cellsin general (Baker et al., 2017, Oikonomou and
100 Jensen, 2017, Hutchings and Zanetti, 2018) and the cytoskeleton in particular (Jasnin et
101 al., 2013, Turgay et al., 2017, Mcintosh et al., 2018, Sun et al., 2018). We have
102  previously reported cryo-ET studies at ~3-4 nm resolution of frozen-hydrated individual
103  stereocilia, which were isolated by blotting them away from the sensory epithelia onto a

104  poly-lysine-coated grid (Metlagel et al., 2019).

105 Here we describe a simplified volumetric model of the actin core in the tip, shaft and
106 taper regions of stereocilia harvested from utricular sensory epithelia of murine Pls1”

107 mice. We present here an ultrastructural 3D analysis of unstained, frozen-hydrated
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108 samples in an unstained near-native state. Although actin filaments adopt a highly
109 ordered 3D organization in the shaft region, we also found significant longitudinal gaps
110 along the actin filaments, indicating that actin flaments do not run uninterrupted from
111  taper to tip. Examining the actin-actin crosslinker distribution, we found that only a
112 fraction of possible crosslinking sites were occupied. In the tapered region, actin
113  filaments adopt a complex 3D organization; the central core of the actin-filament bundle

114  twists along the filament axis, which leads to a compacted, dense rootlet structure.

115 Results

116  While we collected and reconstructed 26 tomograms of vestibular stereocilia from Pls1”
117  mutant mice, our in-depth analysis was focused on four tomograms, two for the tip and
118 shaft region and two for the taper region. Our quantitative results presented here stem
119 from one tomogram each of the shaft and taper region and the conclusions derived from
120 these data were confirmed by the other two tomograms. All Plsl” stereocilia
121  reconstructed and examined displayed a higher degree of order for the actin core when
122 compared to wild-type samples (Krey et al., 2016, Metlagel et al., 2019), with Fourier
123 analysis yielding an estimated 4.3 nm resolution for the Pls1” density maps examined.
124  This limited resolution prevented us from docking atomic models into the density maps,
125  but allowed us to build simplified volumetric ball-and-stick models into the density map,
126  and to determine filament and cross-link numbers, dimensions, curvature, distances,

127  and spacings.

128 Manual model building followed by refinement

129 We obtained cryo-tomograms of structurally intact stereocilia that were blotted from
130 utricles of Plsl” mice. Examination of a single ~1 nm cryo-tomogram slice central

131  overview of the tip and shaft region (Fig. 1A), as well as a 10 nm cryo-tomogram slab
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132  close-up of the shaft region (Fig. 1B), revealed regularly spaced filamentous densities,
133  which become more easily visible when tilting the 10 nm slab by ~75 degrees out of
134 plane (Fig. 1C). Tilting of the density maps along the stereocilia axis made it much
135 easier to detect the actin-filament axis and place a ball-and-stick starting model onto the
136 map. Rather than placing individual models one-by-one for each filament into the
137 density maps, we simultaneously placed up to 17 parallel strands with an original
138  center-to-center spacing of 12.5 nm (Fig. 1D). Once we obtained by visual inspection an
139  acceptable global fit for an individual actin model layer to the ~10 nm density slab (Fig.
140 1D), we locally adjusted each of the filament models manually to be at the center of the
141  observed density maps (Fig. 1E). Length adjustments of the models in the tip region
142  (Fig. 1F) resulted in a first model for each actin filament layer (Fig. 1G). After such
143 longitudinal-orientation model building, we validated our model by replacing each cross-
144  sectional slice (Fig. 1H) by a slice that represents an average density over 30 nm of
145  slices (Fig. 1I-J) at the respective position, which greatly improved the signal-to-noise
146 ratio. We refined the position of each filament model for each 30 nm-cross-averaged
147  slice (Fig. 1K), resulting in a hexagonally close-packing 3D bundle (Figure 1L-M). We
148  cross-checked our manual model tracing using a semi-automated actin tracing
149  algorithm (Sazzed et al., 2018), which further improved the manual tracing. This
150 stereocilium is almost certainly not from the tallest row, as its prolate tip with an

151 asymmetric actin structure suggests that a tip link pulled on one side of the tip.

152  For the tapered region of the stereocilia (Fig. 1N), we took a different approach,
153 reflecting the fact that individual actin filaments in the bundle undergo a more complex
154 path in the rootlet portion of density map. We started out by placing an array of
155 20 x 20 x 30 balls onto the corresponding density map (Fig. 10). Corresponding balls
156  were then connected along the filament axis. All model balls that fell outside the actin

157  core density map were eliminated (Fig. 1P-Q). For each of the 30 cross-sectional layers
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158 spaced 20 nm apart we adjusted the position of balls using a 20-slice average at each

159  of the positions (Fig. 1R).

160 Using our semi-automated filament tracing approach (Sazzed et al.,, 2018), we
161 confirmed the manual model building approach and, in addition, carried out the fitting at

162  smaller increments along the actin filament axis (Fig. 1S).

163 Global bending of the actin filament core and actin filament gaps

164  Actin filaments in the stereocilia were parallel to one another throughout the shaft and
165 tip region, and in the shaft region did not deviate from the stereocilia main axis (Fig. 2a).
166 However, near the tip, all actin filaments deviated from the main axis towards the side of
167 the lower stereocilium by 5 degrees on the side adjacent to a shorter neighboring
168  stereocilium, and up to 8 degrees on the tall neighbor’s side (Fig. 2B). All filaments were
169 bent in the same direction, which was obvious when viewing the volumetric ball-and-
170  stick model head on (Fig. 2C). This curvature resulted in a displacement of the filament
171  tips by ~10-15 nm, which is hardly noticeable in longitudinal views (Fig. 2A), but
172  becomes more obvious when viewed at an angle along the filament axis (Fig. 2B), or
173  head-on (Fig. 2C). Note that all filaments underwent the same curvature and thus

174 remained parallel to one another.

175 A thorough analysis of a map where each XZ slice was replaced by its 30 nm-slab
176  average (Fig. 2D-H) revealed holes in the density map, both in longitudinal (Fig. 2D, 2F-
177 H) and in cross-sectional (Fig. 2E) orientations. We overlaid our actin filament model
178 onto the 30 nm averaged map and color-coded the model red in the gap regions where
179 the density was missing (Fig. 2G). Gaps typically ranged in length from ~20 to ~75 nm,
180 and are shown in Fig. 2l for an individual model layer or in Fig 2J for the entire actin

181 filament core. There was no obvious pattern to the distribution of the gaps, and they
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182  were found throughout the stereocilium; there did appear to be more gaps near the tip

183  of stereocilium, however (Fig. 2J).

184 Membrane-to-actin connectors in tip and shaft regions

185 To better understand the interaction of actin filaments with macromolecules in the
186  stereocilia tip region, we divided the density in our structure that lies between the top of
187 the actin filaments (yellow lines) and the tip membrane (blue) into two regions, which we
188 color-coded golden and maroon. Maroon-colored structures correspond to density
189  within 10 nm of the distal end of the actin filaments, and thus constitutes the density
190 map for proteins that may bind directly to actin filaments (Fig. 3A). In Fig. 3A, a 10-nm
191 slab of the density that corresponds to a single actin model layer is shown. Fig. 3B
192  shows the density as a 3D object in longitudinal orientation; the actin paracrystal was
193  omitted in this view. When rotated 90° around the X-axis, one obtains an en-face view
194  of the maroon-colored density that resides in close proximity to the actin filament ends.
195 Note that there are a number of maroon-colored shapes of similar dimensions that are
196 located near the actin filaments, whose ends are indicated by small dots (Fig. 3C, D). In
197 Fig. 3D, the balls have a diameter of 6 nm, in accordance with the dimensions of actin

198 filaments.

199 In addition to connectors at stereocilia tips, we also studied the space between the actin
200 filament core (yellow lines) and the plasma membrane (blue) in the shaft region (Fig.
201  3E-F). Our analysis was restricted to about one-third of the entire stereocilia membrane
202 due to the missing wedge of data collection and the resulting data anisotropy. Fig. 3E
203 shows the densities in the space between the plasma membrane and the most outer
204 layer of actin filament in profile. Rotation around the Y-axis by 90° allows an en-face
205 view of the density, which appears to be very complex. In order to simplify the scenery,

206  we color-coded the density map within 10 nm proximity to the most outer actin filament
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207 layer (Fig. 3G-H). For a section of 115 nm x 400 nm, we counted ~120 structures that
208 are both close to the actin filaments and to the membrane (Fig. 3H), which extrapolates
209 to ~9000 actin-to-membrane connectors for a stereocilium of 5 um. While the resolution
210 is insufficient to determine molecular identity, many of the densities seen in Fig. 3H
211  show similarity in size and shape to myosins visualized at similar resolution (Whittaker

212 et al., 1995, Jontes and Milligan, 1997a, 1997b).

213  Actin crosslinkers

214  To determine the 3D organization of the actin core, we created a simplified ball-and-
215  stick model that represents actin filaments and crosslinkers. For quantitative analysis
216  we focused on the layer direction in this hexagonally packed actin core, which was the
217 least affected by the missing wedge-related data anisotropy. We examined the density
218 map for three different stereocilia regions at a slab thickness of 10 nm, containing one
219 layer of actin filaments (Fig. 4A-C). We adjusted the actin-filament model to best fit
220 locally the density map. While we represented the actin filament as a round uniform
221 cylinder, this is a gross simplification; the native actin filament is a helically-wound
222 polymer, and at any point along the filament it has an elliptical cross-section, with

223  periodically thicker and thinner densities.

224  Fig. 4D-F show three central planes of the resulting model. For the best oriented plane,
225  which contained 19 actin filaments of 146 nm (four half turns) length, we found 47 actin-
226  actin crosslinkers that were at multiples of 37 nm, as well as nine links that did not fit
227  this pattern. Because of the elongation of the density map along the direction of the
228 electron beam (data anisotropy), counting cross-linkers in the other two principle
229 directions was less reliable and led to overestimates of the number of crosslinkers.
230 Using the above crosslinker density and a total of 340 actin filaments (321 filament

231  pairs), the extrapolated total number of crosslinkers is 78,000 for the 4.5 um shaft of a
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232 prototypical stereocilium of 5 um length. The 340 actin filaments, each of 4.5 um, will
233 comprise ~554,000 actin monomers, yielding a crosslinker/actin monomer ratio of 0.14.
234  The theoretical maximum is 0.23 crosslinkers/monomer (DeRosier and Tilney, 1982),
235  which suggests a crosslinker occupancy of 61%. Fig. 4G shows a 70 nm thick slab of a

236 model of actin core including the actin-actin crosslinkers.

237  Fig. 5A shows a 30 nm-averaged cross-sectional central slab through the stereocilium,
238 which makes the hexagonal pattern of the actin core very obvious and allows the three
239 main axes to be easily determined. In Fig. 5B, a corresponding model of a 10 nm
240 central slab is shown with actin-filaments shown head on as yellow circles; red, firebrick
241 red, and salmon colored crosslinkers signify actin-actin crosslinkers for each of the main
242  three axes. A central portion of the three planes is shown in Fig. 5C. A single actin
243  filament with all its crosslinkers to adjacent actin filaments is shown in various
244  orientations in Figs. 5D-H. As is most obvious from Fig. 5G-H, there is no obvious
245 pattern of clustering, and only a fraction of all possible positions for actin-actin

246  crosslinking are occupied.

247  Actin 3D organization in the shaft regions

248 Filaments remained straight and therefore parallel to one another along the main
249  stereocilia axis. We measured the actin-actin spacing at different locations of the actin
250 core in the shaft region (Figs. 6A-D). The average spacing was 12.6 £ 1.2 nm (mean *
251 SD; n=2803), and did not differ at various positions along the stereocilium shaft (Fig.
252  6E). Distributions were fit well with a single Gaussian model, which indicates uniformity

253  of crosslinking through the stereocilium.
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254  Actin 3D organization in the taper and rootlet regions

255 Fig. 1N suggests that our model contains not only the stereocilia taper, where the
256  number of actin filaments is reduced before the stereocilium meets the hair cell soma,
257  but also part of the rootlet, which normally extends into the soma and cuticular plate,
258 anchoring the stereocilium to the cell (Furness et al., 2008). Examination of Fig. 1N
259 shows that the membrane remains in close proximity to the actin core most of the
260 distance to the stereocilium base, but abruptly disconnects from the cytoskeleton and
261 forms a bubble around the last part. We suggest that the membrane is anchored to the
262  stereocilium in the taper region (Tilney et al., 1986) but does not bind to the rootlet
263  proper, which is fully intracellular and has no exposure to the plasma membrane

264  (Furness et al., 2008).

265  Actin filaments in the taper region (Figs. 6F-1) adopted a more complex 3D organization
266 than they did in the shaft. The spacing of actin filaments decreased from ~13 nm near
267 the shaft region to majority spacing of ~9 nm in the rootlet (Fig. 6J). Many peripheral
268 filaments end near the taper region membrane (Fig. 6K), whereas the inner actin core
269 continues, with many but not all filaments adopting a curved or twisted trajectory (Figs.
270  6L-N), most apparent in a color-coded path-tracing of each actin filament (Fig. 6L). As
271 can be seen in Fig. 6M-N, actin filaments transition from a loose organization in the
272  taper region just above the rootlet (Fig. 6M) to a tightly packed arrangement in the
273  rootlet region (Fig. 6N). The rootlet is osmiophilic, as is the central core of the
274  stereocilium actin through the taper and up into the stereocilium shaft (Furness et al.,
275 2008). Our density maps did not reveal any structural correlates of this central

276  osmiophilic core beyond the compacting of actin filaments.
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277 Discussion

278 We focused here on the 3D structure of Plsl” mutant mouse utricle stereocilia; a
279  preliminary comparison of wild-type and knockout tomographic data sets revealed the
280 higher order of the actin core in Pls1” knockout stereocilia (Metlagel et al., 2019), which
281 improved our model of the 3D organization of the actin core. The resolution in our
282  tomograms was limited to 4.3 nm, however, which did not allow us to directly reveal the
283  molecular identity of features visible in the density maps. Nevertheless, we were able to
284  build simplified geometrical (volumetric) models, such as ball-and-stick models, into the
285 density maps, which allowed us to determine the 3D organization and quantify the

286 number of the actin filaments, actin-actin crosslinkers, and actin-membrane connectors.

287  Volumetric model building, first by manual fitting and then further refined by semi-
288 automated fitting (Sazzed et al., 2018), resulted in actin models that ran parallel along
289 the full length of the shaft and into the tip region. No abrupt changes in the actin filament
290 orientation was observed. Accordingly, we averaged the map along 30 nm each of the
291 actin filament models and thus replaced each voxel in the density map with a 30 nm
292 average value. The resulting averaged map not only increased the signal-to-noise ratio
293 and thus made the refinement of the actin model position much easier, but it also
294 smoothed over fluctuations in map density caused by noise. A gap still visible in an
295 averaged map therefore corresponded to a lack of density that extended over a
296 significant length span, and therefore constitutes a gap in density. These gaps cannot
297 be explained other than by breaks in the underlying actin filaments. Actin filaments
298 throughout the shaft therefore run parallel to one another with a defined separation, yet
299 display significant gaps along their lengths. These results suggest either that actin
300 filaments are not formed continuously from taper to tip or that once the actin core has

301 formed, it undergoes changes that include depolymerization of significant stretches. The
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302 gaps we encountered support the recent finding that actin turnover occurs throughout
303 the stereocilium actin core (Hwang et al.,, 2015), and are not consistent with the

304 treadmilling model for stereocilia actin turnover (Rzadzinska et al., 2004).

305 Distinct structural features at stereocilia tips

306 We noticed several interesting features at stereocilia tips. For example, near tips, actin
307 filaments deviated significantly from the main stereocilia axis in the direction opposite
308 that of the tip link insertion site. While tip links were not present in the stereocilia model,
309 the insertion site for the tip link can be readily recognized by the prolate shape of the tip,
310 seenin all rows of stereocilia except for the tallest (Rzadzinska et al., 2004). This region
311  of the stereocilium is subject to dynamic actin remodeling, even in adult animals (Zhang
312 etal, 2012, Perrin et al., 2013, Narayanan et al., 2015), and actin's structure at the tips
313 is under the control of Ca®* entering through transduction channels (Vélez-Ortega et al.,
314 2017). While not conclusive, our results raise the possibility that transduction both
315 stimulates local actin polymerization but also deflects filaments to avoid the site of local

316 Ca*' entry.

317 Density corresponding to proteins fills a gap between the end of the actin core and the
318 plasma membrane; this distance is small opposite the putative tip link insertion, but can
319 reach 40-50 nm where the tip link is presumed to insert. This protein density likely
320 corresponds to the osmiophilic structure found underneath the tip link insertion, capping
321 the actin core (Furness and Hackney, 1985). When under tension, the stereocilia
322 membrane can be pulled away from this density by ~15 nm (Assad et al., 1991), which
323 was not seen in our model. Whether the density we observe includes tethers for the
324 transduction channels (Powers et al., 2012), which could correspond to the gating

325 spring (Corey and Hudspeth, 1983), is not known at present.
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326 MYO3A, MYO3B, and MYO15A localize to stereocilia tips (Belyantseva et al., 2003,
327 Schneider et al.,, 2006, Merritt et al., 2012). MYO15A in particular is thought to be
328 deposited at high levels at the ends of the actin core (Belyantseva et al., 2003); in the
329 shorter stereocilia rows, isoform 1 of MYO15A (MYO15A-L, the long form) is exclusively
330 present and is found just underneath the tip link insertions (Fang et al., 2015). In the
331 density maps corresponding to stereocilia tips, we observed structures that may
332 correspond to unconventional myosins. Moreover, protein density at stereocilia tips
333 could include the large N-terminal extension of MYO15A-L. Higher resolution is needed,

334 however, to reveal their respective macromolecular identity.

335 Actin-to-membrane connectors

336 We estimated that a 5 pum mouse utricle stereocilium has ~9000 actin-to-membrane
337 connectors, which could be RDX, myosins, or other proteins. While estimates for chick
338 stereocilia were somewhat less, 5800-7300 per 5 pum (Shin et al., 2013), chick
339 stereocilia are more narrow and hence have a smaller membrane circumference. Many
340 of these connectors were tadpole-shaped, similar to how myosins appear at a similar
341 resolution (Whittaker et al., 1995, Jontes and Milligan, 1997a, 1997b). Future high-
342 resolution cryo-tomograms should provide the opportunity for docking high-resolution
343  structures of the myosin motor domain on to the actin-to-membrane connectors seen

344  along the stereocilia shafts.

345 Membrane-to-actin connectors are likely essential for maintenance of membrane
346 tension in the stereocilia, which is important for controlling stereocilia shape (Prost et
347 al., 2007) and transduction-channel gating (Powers et al., 2012, 2014, Peng et al.,
348 2016). In most cells, the actin cytoskeleton and connectors that bridge it to the
349 membrane are necessary to establish and control membrane tension (Pontes et al.,

350 2017). Many membrane-to-actin connectors, including RDX and the myosin | family,
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351  bind strongly to PIP2, which is also essential for maintaining adhesion of the membrane
352 to the cytoskeleton (Raucher et al., 2000). Notably, PIP, is prominent in stereocilia
353 (Hirono et al., 2004, Effertz et al., 2017). Actin-to-membrane connectors occupy far
354 fewer than the theoretical maximum number sites on the periphery of the actin core,

355 which may be essential for minimal impediments to transport of proteins along the shatft.

356 Actin-actin crosslinkers

357 We also studied extensively the number and distribution of actin-actin crosslinker and
358 they were similar to estimates previously made from our correlative study incorporating
359 quantitative mass spectrometry and electron tomography of chick utricle stereocilia
360  (Shin et al., 2013). In a model 5 um long mouse utricle Pls1” stereocilium, we estimated
361 the presence of ~78,000 crosslinkers for 554,000 stereocilia actin monomers in 340
362 actin filaments. These values compare to 60,000-90,000 crosslinkers and 400,000
363  stereocilia actin monomers in a chick stereocilium of the same length, albeit with 210
364 actin filaments (Shin et al.,, 2013). Targeted proteomics of CD-1 mouse stereocilia
365 suggested the presence of 30,500 PLS1, 16,100 FSCN2, and 14,800 ESPN in a
366  stereocilium of 400,000 actin monomers (Krey et al.,, 2016). Removing the PLS1
367 molecules (because we are modeling Pls1” stereocilia) and extrapolating to the larger
368 number of actin monomers in our model stereocilium, those mass spectrometry
369 experiments predict a total of 45,000 non-PLS1 crosslinkers per stereocilium,
370 reasonably close to the 77,000 we counted. Several actin crosslinkers increased in
371 abundance, albeit not significantly, in targeted proteomics measurements comparing

372 wild-type and PIs1” stereocilia (Krey et al., 2016).

373  The uniformity of actin-actin spacing throughout the stereocilium suggests either that
374 one crosslinker controls that spacing or that multiple crosslinkers have similar

375 properties. Rigidity of actin-fascin crosslinks and flexibility of actin-espin crosslinks
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376  suggests that the uniform actin-actin spacing is set by ESPN crosslinkers rather than
377 FESCN2 {Shin et al.,, 2009, #95951}, although they should be present at similar

378 abundance.

379 We noticed that individual actin layers showed little sign of clustering of actin-actin
380 crosslinkers. Together with the results from gap analysis, this results argues that the
381 actin core’s 3D organization is more gel-like than paracrystalline, consistent with the

382 dynamic nature of actin exchange within the core (Hwang et al., 2015).

383 As we noted in our preliminary study (Metlagel et al., 2019), the actin-actin spacing
384 measured here (~13 nm) is considerably larger than the ~8 nm we measured previously
385 for PIs1” mutants (Krey et al., 2016). One of the major advantages of the electron cryo-
386 tomography approach we used here is that we prepare samples by rapid freezing, with
387 no fixation, dehydration, and staining steps that could distort stereocilia dimensions. For
388 this reason, we believe that the 12.6 nm actin-actin spacing is an accurate estimate for
389 actin cores crosslinked by a combination of FSCN2 and ESPN. In addition, this
390 comparison also demonstrates how much tissue distortion conventional electron

391 microscopy techniques introduce.

392  Actin filaments in the taper region

393  We found that actin filaments in the taper region adopt a twisting path that results in the
394 compaction of the filaments in the rootlet region. The compression we observed of the
395 actin core corresponds to the absence of actin-actin crosslinkers previously reported for
396 mouse utricle (Krey et al., 2016). Several membrane or membrane-associated proteins,
397 including PTPRQ and RDX (Goodyear et al., 2003, Pataky et al., 2004, Zhao et al.,
398 2012), are associated with the taper region, as is the protein TPRN (taperin), which

399 could be binding protein for actin pointed ends (Rehman et al., 2010). It is not clear,
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400 however, what brings the actin filaments together. TRIOBP is a good candidate; it has
401 been proposed to wrap around actin filaments in the rootlets (Kitajiri et al., 2010).
402  Although our density maps do not provide evidence for a filamentous protein playing
403  this role, higher-resolution data could provide evidence for TRIOBP and other actin-
404  associated proteins. We believe that improvements in resolution will be accomplished
405 by motion-correction of tomographic data sets and subsequent sub-tomogram

406  averaging of repeated volume.

407 Implications

408 We took advantage of the Pls1” mutant mouse line, which allowed a more direct
409 comparison to our previous work on chick utricle stereocilia (Shin et al., 2013).
410 Moreover, the high order of the Pls1” cytoskeleton (Krey et al., 2016) improved our
411  ability to accurately develop our stereocilium model. This model improved substantially
412  on our previous model for chick stereocilia, which used resin-embedding processing for
413  transmission electron microscopy (Shin et al., 2013). In chick utricle stereocilia, which
414 have low levels of PLS1 as compared to FSCN2, the dominant actin-actin crosslinker
415 distance was ~8 nm. This distance corresponds well to the predominant actin-actin
416  spacing in mouse utricle stereocilia prepared from Pls1” mutants using conventional
417  processing, but is much smaller than the ~13 nm measured here. Electron cryo-
418 tomography using rapidly frozen samples, as we used here, provides the ability to see
419 the cytoskeleton in near-native dimensions with little or no distortion. Future modeling of
420 stereocilia structure will include those of wild-type mouse utricle, as well as stereocilia

421 from inner and outer hair cells of the mouse cochlea.
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422 Materials and Methods

423  Blotting of stereocilia onto microscope grids, Vvitrification, cryo-tomographic data
424  collection and 3D reconstruction have all been described in detail previously (Metlagel
425 etal., 2019). In short, the sensory epithelium was blotted onto the lacey carbon support
426 film of an EM grid, transferring intact stereocilia to the grid. Samples were vitrified using
427  ultra-rapid plunge-freezing. Single axis cryo-tomograms were collected on a Krios TEM
428 (Thermo Fisher) operated at 300 kV with a nominal defocus of 3.5-4.5 um using a
429 Falcon 2 camera in integration mode at 0.47 to 0.59 nm pixel size. Typical dose for
430 single axis data collection was 80-100 electrons/A?. Tomogram 3D volumes were
431 reconstructed using IMOD (Kremer et al., 1996), using either weighted back-projection
432 or the SIRT method (Agulleiro and Fernandez, 2011). To improve contrast, we filtered
433 tomograms with recursive median or bilateral filtering in Priism (Chen et al., 1992) or
434 IMOD. We used UCSF-Chimera software (Pettersen et al., 2004) for tomographic 3D
435 volume visualization, model building and quantitatively analysis. Where mentioned in
436  the results section we created a map where each stereocilia cross-section density map
437  slice was replaced with a 30 nm average along that axis, which simplified manual and
438 semiautomated tracing and trace refinement (Sazzed et al., 2018). Tracking of actin
439 filaments in the taper/rootlet region was carried out with the assistance of Trackmate

440 (Tinevez et al., 2017).
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664 Figure Legends

665 Figure 1. Volumetric model building of actin-filaments into tip and shaft, or shaft
666 and taper region. (A) Cryo-tomographic grayscale map of a Pls1” stereocilium; slice of
667 ~1 nm thickness in longitudinal (XY) orientation. (B) Solid rendering of a central portion
668 of the shaft region, depicting a complex scenery of parallel actin filament and cross-
669 linker densities. (C) Same shaft region as depicted in B, but rotated around the X-axis
670 by 85°, which allows to view almost precisely along the filament axis, making the
671 filamentous nature of the densities more obvious. (D) Manual fitting of one layer of a
672 simplified balls-and-sticks-model of parallel, tube-like actin filaments. (E) After global
673  fitting for an individual model layer of parallel actin-filament tubes, the position of each
674 ball was adjusted to achieve a local fit of each of the actin-flament tubes to their
675 respective density. (F, G) Single layer model shown with (F) or without (G) a central
676 slab density map. (H) Single slice of density map in cross-sectional (XZ) orientation.
677 Note that the map is very noisy and periodicity is difficult to see. (I, J) A 30 nm Y-axis-
678 averaged cross-sectional (XZ) slice showing clear periodicity of hexagonal packing of
679 actin filaments in orthogonal view (1) and perspective (J) view. (K) Longitudinal single
680 actin layer model superimposed onto single slice of a 30 nm-averaged cross-sectional
681 map. Note that the model can be very accurately positioned into the density map shown
682 in cross-sectional orientation. (L) The entire actin bundle model superimposed onto
683  single slice of 30 nm-averaged cross-sectional map. (M) Entire model of actin filaments
684  of the stereocilia actin core shown in perspective orientation. (N) Single ~1 nm slice of
685  cryo-tomographic 3D reconstructed volume in taper and rootlet region. (O) Rectangular
686  prism containing 20 x 20 x 30 balls, with 20 x 20 balls spaced ~12 nm apart in the cross-
687 sectional plane of the taper region/rootlet and spaced 20 nm apart in the longitudinal
688  stereocilia axis). (P, R) Corresponding balls along the filament axis were connected by

689  sticks. Only balls inside a cylinder with a radius of the stereocilia membrane in the shaft
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690 region (top) were retained. (Q) Only balls corresponding to features of the density map
691 inside the confines of the stereocilia membrane were retained. (S) Final coarse model of

692 actin filament core, including the shatft, taper, and rootlet regions. Scale bars = 100 nm

693 Figure 2. Actin core curvature and gaps. (A) Single central actin-layer model and
694 plasma membrane surface rendering in longitudinal orientation. Dotted line indicates
695 main axis of actin filaments and stereocilia. (B) Same single actin layer model as in A
696 rotated around the X-axis to emphasize small deviations of 5-8 degree near the tip of
697 stereocilia (C) En-face view of the actin filament model reveals that all actin filaments
698 curve near the tip into the same direction, i.e., away from lower tip link insertion site. (D)
699 Slab of 10 nm through 3D volume where each pixel inside the stereocilia membrane
700 along the Y-axis has been replaced by a 30 nm Y-axis average to increase the signal-
701 to-noise ratio in the direction of the filament. Note that significant gaps exist in the 30
702 nm averaged map. (E) Cross-sectional view of 30 nm averaged map rotated around X-
703  axis. Note the periodicity of the density map and several gaps in the periodic pattern. (F)
704  Close-up view of D. (G, H) Model of actin filament superimposed onto 30 nm averaged
705 map. Care was taken to refine position of the model to reflect that 30 nm average map.
706 Three map thresholds were chosen; we used cutoffs of ~20% above, exactly at, and
707 ~20% below the average of the density map at the filaments and at the space between
708 the actin filaments. Red color-coding reflects actual density value of the ball position
709 with red being well below the average density, and thus a gap in the density map
710 averaged for 30 nm along the actin filament axis. (I, J) Gap model (red) of actin filament

711  core in single 2D layer (I) and the 3D bundle (J). Scale bars = 100 nm.

712 Figure 3. Actin-membrane crosslinkers in the tip and shaft regions. (A) Central
713  density slab of the tip region with the most distal portion of the corresponding central

714  actin-filament model layer. Note complex density near the lower tip link insertion site
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715  (left third of stereocilia tip), in stark contrast to the close proximity of the actin filament
716  on the opposite stereocilia tip side. Red colored density rendering depicts map density
717  within 10 nm proximity to the end of the actin filament. (B) 3D density corresponding to
718 A. (C) En-face view onto the density map in 10 nm proximity to the actin filaments,
719 showing a number of density lobes of similar size and what appears to be a non-random
720 distribution. Small balls depict center location of each actin filament. (D) Same view as
721  C but with blue balls representing the approximate actin filament diameter. Note that
722  most but not all actin filaments show a corresponding red-colored density map. (E)
723  Stereocilia in longitudinal orientation with the outermost layer of the actin filament of the
724  corresponding circumferential membrane stretch of the entire stereocilia (~one third).
725 Density between outermost actin layer and membrane is depicted in golden color. (F)
726  Corresponding en face view of the shaft region by rotating the right portion of E by 90
727  degrees around the Y-axis. (G, H) Close up views of F with red density corresponding to
728 those in close proximity (10 nm) to the outermost actin filament layer and transparent
729 purple density corresponding to density between the red density and the membrane
730 plane. Note that the membrane is depicted as a single plane. (H) Outermost actin layer
731  (yellow) and red density map within 10 nm proximity to the actin filaments. Note that the
732 red densities are similar and size, shape and orientation with the densities seen in C

733 and D and are consistent with models of unconventional myosins. Scale bars = 100 nm

734  Figure 4. Actin-actin cross-linkers in all three longitudinal directions. Models
735 showing a single actin filament plane in longitudinal orientation. (A-D) Actin-actin links in
736  near-horizontal orientation. (E) Actin-actin links in a central plane oriented -60 degrees
737 from the horizontal orientation. (F) Actin-actin links in a central plane oriented +60
738 degrees from the horizontal orientation. Note that this orientation is close to the Z-axis in
739 data collection and thus along the path of the electron beam, where the densities are

740 most affected by data anisotropy. Note the much higher density of crosslinkers as
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741 compared to the other two directions. (G) A ~70 nm thick slab of the actin models and
742  crosslinkers, which should resemble a projection TEM view though a ~70 nm resin
743  section. Note that there are some areas that appear more regular than others, whereas
744  no obvious patterns are found in single actin filament model layers. Scale bars = 100

745 nm

746  Figure 5. Actin-actin cross-linkers in cross-sectional directions and 3D model for
747 one filament. (A) Cross-sectional view of 30 nm averaged map with the three main
748 directions superimposed: horizontal plane, as well as plane at -60 degrees and +60
749 degrees are colored red, firebrick red and salmon, respectively. (B) Cross-sectional
750 view of single actin filament layer (yellow dots) and corresponding actin-actin cross-
751 connectors in XZ orientation. (C) Perspective representation of a small region of the
752  actin cross-connectors in the three main regions. (D-H) Model representation of the
753 actin filament component in the three main directions in different orientation (D-F)
754  perspective views. (G) Close-up of a central region of the actin filament with its cross-
755 connectors. (H) The actin filament (depicted in D-F) in its entire length with its

756  associated cross-connectors. Scale bars = 100 nm.

757 Figure 6. Changes in actin-actin spacing and 3D organization from shaft region to
758 taper/rootlet region. (A-C) Stereocilia actin filament spacing in shaft region. (D-F)
759  Stereocilia actin filament spacing in taper region. (A) Longitudinal orientation with balls
760 in yellow, red, or blue at different locations of the shaft region. (B-D) Corresponding
761  cross-sectional views with ball-model superimposed, allowing quantification of actin-
762  actin spacing. (E) Histograms of actin-actin distance in shaft region. Single-Gaussian
763  fits with peaks at 13.1 nm (yellow), 13.1 nm (red), and 13.1 nm (blue). (F) Longitudinal
764  orientation with balls in yellow, red, or blue at different locations of the taper/rootlet

765 region. (G-lI) Corresponding cross-sectional views with ball model superimposed,
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allowing quantification of actin-actin spacing. (J) Histogram of actin-actin distance in
taper/rootlet region. Note the change of spacing between shaft and rootlet region.
Double-Gaussian fits with peaks at 12.8 and 20.0 nm (yellow); 9.2 and 12.5 nm (red);
and 9.5 and 14.3 nm (blue). (K-L) Traces of actin filaments are they travel from the
tapered region (blue) through the rootlet region (red). (M) Actin tube model in taper
region. (N) Actin tube model in rootlet region. Note compaction of actin filaments in
rootlet region and rotational twisting of actin filaments particularly around the core

region. Scale bars = 100 nm.
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