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1 Abstract
2 The radial spoke (RS) transmits mechanochemical signals from the central pair
3 apparatus (CP) to axonemal dynein arms to coordinate ciliary motility. The RS head,
4 directly contacting with CP, differs dramatically in morphology between protozoan and
5 mammal. Here we show the murine RS head is compositionally distinct from the
6  Chlamydomonas one. Our reconstituted murine RS head core complex consists of
7  Rsphl, Rsph3b, Rsph4a, and Rsph9, lacking Rsph6a whose orthologue exists in the
8  Chlamydomonas RS head. We present the unprecedented cryo-EM structure of RS head
9 core complex at 4.5-A resolution and identified the subunit location and their
10  interaction network. In this complex, Rsph3b, Rsph4a, and Rsph9 forms a compact
11 body with Rsph4a serving possibly as an assembly scaffold and Rsph3b in a location
12 that might link the head with stalk. Interestingly, two Rsphl subunits constitute the two
13 stretching-arms possibly for optimized RS-CP interaction. We also propose a sawtooth
14  model for the RS-CP interaction. Our study suggests that the RS head experiences
15  profound remodeling to probably comply with both structural and functional alterations
16  of the axoneme during evolution.
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17 Introduction

18  The radial spoke (RS), consisting of at least 23 proteins, is a conserved T-shaped
19  structure. RS composes of a stalk anchoring on the A-tubule of peripheral doublet
20  microtubules (DMTs) and a head pointing toward the central pair (CP) of MTs (Luck
21 etal., 1977, Pigino et al., 2011). It acts as the mechanochemical transducer to transmit
22 signals from the CP of MTs to the dynein arms through mechanical and/or
23 mechanochemical interactions, which regulate the motility of flagellum/cilium
24 (Brokaw et al., 1982; Goodenough and Heuser, 1985; Huang et al., 1981, Mitchell and
25  Nakatsugawa, 2004; Warner and Satir, 1974, Witman et al., 1978; Yang et al., 2004).
26 It has been reported that the motility defect in a Chlamydomonas CP projection mutant
27  could be rescued by the addition of exogenous protein tags on RS heads, which also
28  suggests the mechanosignaling between CP and RS (Oda et al., 2014). Mutants lacking
29  the entire RS complex or part of the RS head will result in paralyzed or abnormal

30  motility of the flagella and cilia (Sturgess et al., 1979).

31 In the RS/CP signal transduction system, RS head is thought to interact with one
32 of'the several projections of CP (Kohno et al., 2011; Wargo and Smith, 2003). RS head
33  proteins are considered conserved from Chlamydomonas (containing RSP1, 4, 6, 9,
34 10) to mice (containing Rsphl, 4a, 6a, 9, 10b) and human (containing RSPH1, 4A, 6A,
35 9, 10B) (dbbasi et al., 2018, Diener et al., 2011, Piperno et al., 1981). In mammals,
36  mutations in RS head proteins have been linked to primary ciliary dyskinesia (PCD), a
37  genetically heterogeneous recessive disorder of motile cilia that results in neonatal
38  respiratory distress, chronic oto-sinopulmonary disease, male infertility, and organ
39 laterality defects (Barbato et al., 2009; Bush et al., 2007, Frommer et al., 2015;
40  Knowles et al., 2013; Leigh et al., 2009; Zariwala et al., 2007). Human patients with
41  mutations in RSPH4A and RSPH9 have PCD due to abnormalities in the RS and loss
42  of the CP MTs in some mutated cilia (Castleman et al., 2009). Mouse knockout (KO)
43 models confirmed that Rsph4a is essential for normal ciliary motility and the CP MTs
44  (Shinohara et al., 2015). Loss of function mutations in RSPH1 showed a similar
45  phenotype, with abnormal axoneme structures such as defects in the RS and CP of
46  microtubules (Knowles et al., 2014; Kott et al., 2013). RSPH6A, homolog of RSPH4A

47  (sharing 67% sequence identity), is specifically expressed in testes and required for
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48  sperm flagella formation and male fertility (Abbasi et al., 2018, Curry et al., 1992; Kott
49 et al., 2013). Mutations of RSPH3b, the homolog of Chlamydomonas stalk protein
50  RSP3, could also contribute to PCD (Jeanson et al., 2015). While in Chlamydomonas,
51  there is no evidence showing CP loss in the mutant strains of RSP4 and RSP9,
52 indicating that RS may have distinct mechanisms of RS-CP connection in
53 Chlamydomonas from that in mammals. Despites the importance of RS and RS head in
54  cilia/ flagella motility, the structural details of RS and the interactions between RS head

55 and CP remains poorly understood, especially in mammals (Smith and Yang, 2004).

56 The general shape of the in-situ RS structure in axoneme has been shown by
57  conventional electron microscopy (Goodenough and Heuser, 1985; Warner, 1970;
58  Warner and Satir, 1974) and cryo-electron tomography (cryo-ET) (Bui and Ishikawa,
59  2013; Knowles et al., 2014, Lin et al., 2014; Nicastro et al., 2006, Pigino et al., 2011).
60  These studies depicted a T-shaped structure of RS, composed of (1) an elongated stalk
61  that is anchored on the A-microtubule of a peripheral doublet, and (2) an orthogonal
62  head. However, the copy numbers of RS in the 96-nm repeat unit and the shape and
63  size of RS head in different species are different (Lin et al., 2012, Lin et al., 2014,
64  Pigino et al., 2011). For instance, it has been reported that there are three RSs (termed
65 RSI1, RS2, RS3) in human, sea urchin, and protozoa in the 96-nm repeat; while in
66  Chlamydomonas flagella, the density in the RS3 location appears in a much shorter
67  configuration, and lacks structural similarities with spokes RS1 and RS2 (Bui et al.,
68 2008, Lin et al., 2012).

69 The spoke heads of RS1 and RS2 consist of two structurally identical, rotationally
70  symmetric halves that differ from RS3 in the following four species. In human and sea
71 urchin, the RS1 and RS2 spoke heads resemble a pair of ice skate blades (Lin et al.,
72 2014); while in the protists and Chlamydomonas, the RS heads of RS1 and RS2 have
73  lateral branches that form a connection between the two heads as well as larger
74  interfaces towards the CP. Moreover, the two symmetric halves of RS1 and RS2 appear
75  to have two copies of RS head subunits (Lin et al., 2012; Lin et al., 2014; Pigino et al.,
76  2011). Even though the structure revealed by cryo-ET retained biological activity, the
77  resolution is not sufficient to delineate the locations of individual RS subunits. Also,

78  for each of the RS head subunits, there is no available complete high-resolution
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79  structure yet. Therefore, a high-resolution structure of RS head complex is necessary to

80  provide a thorough picture of its assembly and how the RS coordinates with CP.

81 In the present study, our biochemical and functional analyses suggest that in
82  mouse, Rsph6a and Rsph4a may perform comparable functions in different tissues, and
83  Rsphl, Rsph3b, Rsph4a, and Rsph9 can form a stable RS head core complex. We also
84  present an unprecedented cryo-EM structure of the mouse RS head core complex at
85  near-atomic resolution. We unambiguously determined the subunit location and their
86 interaction networks by biochemical studies, electron microscopy analysis of subunit
87  deleted or epitope labeled core complexes, combined with cross-linking and mass
88  spectrometry (XL-MS) analyses. Moreover, based on the fitting of our cryo-EM map
89  of RS head core complex into the available cryo-ET map of human cilia, we propose a
90  sawtooth model in RS-CP interaction. Our results reveal the architecture of the RS head
91  core complex and its subunit interaction network, and provide a model for the
92  mammalian RS-CP interaction, beneficial for our understanding of the mechanism of

93  RS-CP coordination.

94  Results

95  Mouse Rsph1-Rsph3b-Rsph4a-Rsph9 can form a stable RS head core complex

96  We first examined whether all the mouse homologous RS head proteins (Rsphl, 4a, 6a,
97 9 and 10b) and RSP3 (Rsph3b) localize in the axoneme of motile cilia in multiciliated
98  mouse ependymal cells (mEPCs) (Delgehyr et al., 2015; Zhu et al., 2019). We found
99  that all these subunits except Rsph6a can be localized in the cilia of mEPCs (Figure
100 1A). Further sequence comparation showed that Rsph6a is homologous to Rsph4a (with
101  62.75% sequence identity, (Figure 1—figure supplement 1D). Previous reports have
102 suggested that RSPH6a is obviously enriched in the testis of mammals (Abbasi et al.,
103 2018). Consistently, our western blotting analysis demonstrated that Rsph6a was not
104  detected in the cell lysates of mEPCs, but was highly expressed in the sperm (Figure
105  I—figure supplement 1A). However, distinct from Rsph6a, Rsph4a was absent in the
106  sperm lysates, but enriched in the cell lysates of mEPCs (Figure 1—figure supplement

107  1A) (Abbasi et al., 2018). Furthermore, our immunofluorescent results showed that
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108  Rspho6a, but not Rsph4a, was localized at the axoneme of sperm flagella (Figure 1—
109  figure supplement 1B).

110 To elucidate the interaction network of the RS head subunits, we performed Co-
111 IP assays, which showed that Rsph4a has strong interactions with Rsph3b, Rsphl, and
112 Rsph9 (Figure 1—figure supplement 1C). Also, we found that Rsph4a and Rsph6a,
113 respectively, can form a stable subcomplex with Rsphl, Rsph9, and Rsph3b (Figure
114  1—figure supplement 1C). Altogether, our data indicate that in mammals, Rsph6a and
115  Rsph4a may perform comparable functions, and the RS head may contain either Rsph4a
116  or Rsphé6a in the motile cilia of mEPCs or the sperm flagella. Therefore, murine RS
117  head is compositionally distinct from the Chlamydomonas one which consists of both

118  RSP4 and RSP6.

119 Furthermore, to examine whether all RS head proteins can form a stable complex
120 in vitro, we expressed Flag-tagged Rsph3b together with Rsphl, Rsph4a, Rsphé6a,
121  Rsph9, and Rsph10b in 293T cells, and used Flag beads to pull down the complex. The
122 immunocomplex was further subjected to a 10-30% glycerol gradient. It appears that
123 Rsphl, Rsph3b, Rsph4a, and Rsph9 can be purified as a stable complex, whereas
124 Rsph6a and Rsph10 could hardly be detected (Figure 1B, C). We then only expressed
125  the four subunits (Rsphl, Rsph3b, Rsph4a, and Rsph9) that can form the stable RS head
126  core complex for subsequent cryo-EM study (Figure 1D).

127 Overall structure of the mouse RS head core complex by cryo-EM

128  In the sample vitrification process, to overcome the preferred orientation problem
129  associated with the RS head core complex, we used graphene oxide (GO) covered grid
130  with trace amount of detergent (DDM, OG) or polylysine to reduce this effect (Figure
131  2—figure supplement 1D) (Ding et al., 2017; Ding et al., 2019; Jin et al., 2019). We
132 determined the cryo-EM structure of RS head core complex at the nominal resolution
133 of 4.5 A, which revealed the detailed architecture of the complex for the first time
134 (Figure 2 and Figure 2—figure supplement 1). The map appears to be ~220 A in height,
135 ~105 A in length, and ~80 A in width (Figure 2A-B). This complex has a compact body
136  with two arms stretching out. The two arms are both ~75 A in height and resembles

137  each other very well, with the lower one (arm 2) slightly better resolved than the upper
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138  one (arm 1, Figure 2B). Moreover, visualized from the top, the map appears to have a
139  central canyon dividing the map into two portions (an upper portion and a lower one,
140  Figure 2A), resulting in a pseudo two-fold symmetry of the structure. Interestingly, the
141  front side of the map appears to have a serration-shape with a groove in the middle of

142 this side (Figure 2C).

143 Subunit identification for the RS head core complex by the PA-NZ-1 epitope
144 labeling strategy and XL-MS analysis

145  To unambiguously locate individual subunit within the complex, we performed cryo-
146  EM analysis on the subunit deleted or epitope labeled RS head core complex based on
147  our previously developed subunit PA—NZ-1 tag-Fab labeling strategy (Wang et al.,
148  2018a; Wang et al., 2018b), in combination with XL-MS analysis. To determine the
149  location of Rsph1, we first expressed the complex without Rsph1 (termed RSH!). Our
150  reference-free 2D analysis and 3D reconstruction on RSH”! both showed that the
151  compacted body remains while the two stretching arms disappeared in comparation to
152 the wild type (WT) core complex (Figure 3A-B, and Figure 3—figure supplement 1A).
153  This result suggests that there are two copies of Rsphl in the RS head core complex,
154  and each locates in one of the arm position. We then sorted to locate Rsph9 in the map
155 by adopting our PA—NZ-1 epitope labeling strategy. We inserted a dodecapeptide PA
156  tag in the N-terminus of Rsph9 and expressed the PA-labeled core complex (termed
157  RSH’>P%). By adding the Fab of the NZ-1 antibody, they can then form a complex,
158  termed RSH>PA-NZ-1. Subsequent reference-free 2D analysis and 3D reconstruction
159  on RSH*PA-NZ-1 both showed an obvious extra density, most likely corresponds to
160  the NZ-1 Fab, exposed outside the lower portion of the body and adjacent to arm2,
161  indicating that Rsph9 may locate in the lower portion of the body close to arm2 (Figure
162 3C, Figure 3—figure supplement 1B). We then tried to locate Rsph3b in the complex.
163  Inspection of the map depicted a two-long-helix bundle in the lower portion of the body
164  adjacent to the central canyon (Figure 3—figure supplement 2B). Correlatively,
165  sequence analysis by Phyre2 also suggested that, among the four subunits, only Rsph3b
166  contains two extremely long o-helices (~154 aa to 278 aa) (Figure 3—figure
167  supplement 4B, indicated by red underline) (Kelley et al., 2015). Thus, Rsph3b might

168  also locate in the lower portion of the body but close to the central canyon. Finally, to


https://doi.org/10.1101/867192
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/867192; this version posted December 9, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

169  locate the remaining Rsph4a subunit, we also followed the PA—NZ-1 epitope labeling
170  strategy. Similar analyses on RSH**PA_NZ-1 depicted an extra density attached to the
171  back side of the body in the middle upper portion of the map. Considering that Rsph9
172 and Rsph3b have been located in the lower portion of the body, our analysis suggested
173 that Rsph4a may occupy the upper portion of the body in the complex (Figure 3D,
174  Figure 3—figure supplement 1C).

175 Taken together, these structural analyses enabled us to locate the four subunits in
176  the RS head core complex, with two copies of Rsphl residing in the two arms, Rsph9
177  in the lower portion of the body close to arm2, Rsph3b also in the lower portion of the
178  body close to the central canyon, and the remaining Rsph4 in the upper core position

179  of the complex (Figure 3E).

180 Furthermore, to identify the interaction network among the subunits, we
181  performed the XL-MS analysis on the RS head core complex (Figure 3F and Table S2).
182  Our XL-MS data revealed that Rsph4a can be unambiguously cross-linked with all the
183  other three subunits, indicating Rsph4a is likely located in the central position of the
184  complex, which is consistent with our epitope labeling as well as Co-IP assay results
185  (Figure 3D, and Figure 1—figure supplement 1C). Taken together, our data suggest
186  that Rsph4 is located in the core position of the complex, forming strong interactions
187  with all the other subunits (Figure 1—figure supplement 1C). The XL-MS analysis also
188  showed that Rsph3b has multiple cross-links, in the location corresponding to the two
189  long a-helices (~154 aa to 278 aa), with both Rsph4a and Rsph9 (Figure 3F). This is
190  substantiated by the relative central location of Rsph3b determined by our structural
191  analysis (Figure 3E). Moreover, the XL-MS data also revealed multiple interactions

192 between Rsphl and Rsph4a, in agreement with our structural result (Figure 3E).
193  Modeling and subunit interaction network of the RS head core complex

194  So far, there is no available high-resolution structure for any of the RS head proteins,
195  and consequently template information for homology model building is limited (Figure
196  3—figure supplement 3A). Also considering the map resolution is not sufficient for de
197  novo model building, the pseudo atomic model building for RS head core complex is

198  challenging. To fulfill this task, we first performed secondary structure element (SSE)
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199  prediction by Gorgon based on our cryo-EM map (Figure 3—figure supplement 2A)
200  (Baker et al., 2011). We also performed comparative or ab initial modeling through
201  Robetta server to predict the structures of the four subunits (Figure 3—figure
202  supplement 3B-E) (Kim et al., 2004). Here Gorgon analysis revealed that the two arms
203  appear to consist of a cluster of B-stranded structures (Figure 3—figure supplement 2A).
204  Corroborate to this, sequence analysis and the homology model of Rsph1 both showed
205  this subunit is mostly made up of B-stranded feature (Figure 3—figure supplement 3B,
206  Figure 3—figure supplement 4A). Moreover, our structural analysis has suggested that
207  the two arms are Rsphl (Figure 3B), we thus fit the Rsphl model into the two arm
208  regions, which matches the density reasonably well (Figure 3G and Figure 3—figure
209  supplement 2C).

210 Regarding Rsph9, it has been suggested to locate in the lower portion of the body
211  adjacent to arml (Figure 3C, E). Additional SSE prediction indicated a 3-stranded -
212 sheet also locates in this region, which is supported by the modeling result showing that
213 Rsph9 has a 3-stranded B-sheet feature in the 199-276 aa region (Figure 3—figure
214 supplement 2A, D, and Figure 3—figure supplement 3D). All together, we then placed
215  the Rsph9 model into the lower portion of the body in the map (Figure 3G), which
216  resulted in the reasonable fitting of several small a-helices of Rsph9 into the density
217  (Figure 3—figure supplement 2D). As for Rsph3, our above analyses have located a
218  characteristic 2-helix bundle in the lower portion of the map close to the central canyon,
219  and the model fits in this the corresponding density very well (Figure 3—figure
220  supplement 2B and E). Based on this fitting, the remaining N and C termini of Rsph3b
221  may both reside in the central back side of the map (Figure 3G). Within this complex,
222 the largest subunit Rsph4a however has the least available structural information
223 (Figure 3—figure supplement 3A). Our epitope labeling analysis has located Rsph4a in
224 the upper central portion of the body (Figure 3E), and further SSE analysis suggested
225  the existence of a several stranded -sheet in this region (Figure 3—figure supplement
226  2A, indicated by @). This was substantiated by our modeling result showing Rsph4a
227  has a 6 stranded B-sheet, which fits in the map well with visible (3-strand separations

228  (Figure 3—figure supplement 2F).
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229 In this configuration (Figure 3G-H), Rsphl, with a cluster of B-stranded feature,
230  has two copies occupying the two arm regions. The two Rsphl subunits take up ~60%
231  of the height of the complex, resulting in a stretching-out configuration of the RS head
232 complex, which may serve as a spacer between consecutive RSs and also enlarge the
233  interaction of RS with the apparatus of CP (discussed below). Rsph3b has a two-long-
234 helix bundle passing through the lower central region of the complex. Moreover,
235 Rsphda is the largest subunit localized in the upper core portion of the complex,
236  interacting with all the other subunits, which may serve as a scaffold for the proper

237  assembly and be important for the function of the RS head core complex.

238  The cryo-EM map of RS head core complex matches well with the RS1 and RS2

239  head envelope density from previous cryo-ET human cilia structure

240  Within the 96-nm repeat of doublet microtubule (DMT), there are 3 copies of RS
241  complexes (RS1, RS2, and RS3) in the cilia of mammalian systems (Lin et al., 2014).
242 We then fit our RS head core cryo-EM map into the head region of the T-shaped RS
243 density from previous cryo-ET map of human cilia (EMD-5950) (Figure 4A) (Lin et
244 al, 2014). 1t appears that the pair of ice-skate-blade-shaped cryo-ET density of the RS
245  head can hold two copies of our RS head core cryo-EM map very well (Figure 4A).
246 This is substantiated by previous cryo-ET studies indicating there might be two copies
247  of RS head subunits in RS1 and RS2 in various systems (Lin et al., 2012; Pigino et al.,
248  2011). In our fitting, the RS head core is in an orientation allowing Rsph3b to contact
249  with the stalk of RS. Also considering that RSP3, the ortholog of Rsph3b in
250  Chlamydomonas, was regarded as a stalk protein essential for the assembly of the entire
251 RS (Gaillard et al., 2001; Wirschell et al., 2008), it is possible that in mammalian RS,
252  Rsph3b may serve as a bridge linking RS head with stalk. Interestingly, although our
253 RS head core structure matches well with the corresponding cryo-ET densities of RS1
254  and RS2, it doesn’t match the head density of RS3 very well (Figure 4—figure
255  supplement 1). This less well matching to the RS3 head might be due to the following
256  reason: the component of RS3 may not be exactly the same as in RS1 and RS2, related
257  to which, there are only two RSs in Chlamydomonas cilia (Lin et al., 2014, Pigino et
258 al, 2011). Still, we cannot exclude the possibility that RS3 is rather dynamic and was
259  not fully captured by cryo-ET.

10
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260 Furthermore, to better visualize the interaction interface between RS and CP, we
261  combined the cryo-ET maps of DMT (EMD-5950, in cooperated with our fitted RS
262  head core complex) with CP (EMD-9385) based on their relative geometry (Figure 4B-
263  C) (Carbajal-Gonzalez et al., 2013; Ishikawa, 2013). Based on this fitting, the
264  contacting interface between the RS head core and the CP appears to share a serrated
265  configuration (Figure 4C-D and movie 1). We then speculate that the RS head may rely
266  on the serrated contacts to stabilize CP and to receive signals from CP for further signal

267  transduction through RS head to RS stalk and the inner dynein.

268  Discussion

269  The radial spoke head, the distal of RS close to CP, plays vital roles in the RS-CP
270  interaction. Here, our biochemical and functional results suggest that Rsph6a and
271  Rsph4a may perform comparable functions in different tissues, and mouse RS head is
272 compositionally distinct from the Chlamydomonas one. Mouse RS head core complex
273  consists of Rsphl, Rsph3b, Rsph4a, and Rsph9, lacking Rsph6a whose orthologue
274  exists in the Chlamydomonas RS head. Consistently, Rsph6a was not expressed in
275  multiciliated murine ependymal cells. We also showed that Rsph3b, usually considered
276  as a stalk protein in Chlamydomonas, is a component in the mouse RS head complex.
277  We resolved the cryo-EM structure of the RS head core complex revealing the
278  unforeseen architecture of the complex. Through subunit deletion and PA-NZ-1 epitope
279  labeling strategies, we located the subunits within the complex, and further delineated
280  the subunit interaction network by XL-MS, Co-IP, and structural modeling analyses. In
281  this configuration: (1) two copies of Rsphl stretch out forming two arms that may
282  enlarge the interaction between RS and CP apparatus; (2) Rsph3b, Rsph4a, and Rsph9
283  form the compact body, with Rsph4a interacting with all the other subunits and may
284  serve as a scaffold for the complex assembly; (3) Rsph3b is in a location which may
285  bridge the RS head with the stalk. Our study reveals the complete architecture and
286  subunit locations of the RS head core complex, and enabled us to propose a sawtooth
287 model in RS-CP interaction, which together facilitates our understanding on the

288  mechanism of RS-CP interaction and the role of RS head in cilia motility.

289  The homologous Rsph4a and Rspho6a are tissue specific components in RS head
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290  Here we showed that the expression of the homologous Rsph4a and Rspho6a is tissue
291  specific (Figure 1A and Figure 1—figure supplement 1A-B). This suggests that RS
292  head may have different compositions in distinct tissues, which is substantiated by
293  previous report showing that Rspho6a is testis-specific in human and mice (4bbasi et al.,
294 2018, Kott et al., 2013). The motility patterns of cilia in mammalian tissues are distinct,
295  e.g. it adopts planar beating pattern in the airway, brain and oviduct multiciliated cells,
296  whip-like beating pattern in male efferent duct multiciliated cells, undulatory beating
297  pattern in matured sperm, and rotation pattern of node cilia in mouse embryo (Brokaw,
298 2009, Hirokawa et al., 2006, Satir et al., 2014, Shinohara et al., 2015). We thus
299  propose that the motility pattern difference may be to some extend related to the
300 compositional differences of RS in different tissues, i.e. the nodal cilia lacking of RS
301  shows arotational moving pattern (Hirokawa et al., 2006), the ependymal cells in brain
302  lacking of Rsph6a shows a planner beating pattern, the matured sperm lacking of
303  Rsph4a shows an undulatory beating pattern. (4bbasi et al., 2018). Future structural
304  study of RS head containing Rsph6a could help to understand the mechanism of
305  different motility pattern of cilia and flagella. In addition, previous study demonstrated
306 that the size of RS head is dramatically distinct between mammalian cilia and protozoan
307 (Linetal, 2014). The different size of RS head may play diverse mechanical contacting
308 role in RS-CP interaction, which indicates that cilia in different species may use varied
309  compositions of RS head subunits to form dissimilar shape to function in RS-CP

310 interactions.

311  Rsphl may play an important role in enlarging the RS-CP interaction

312 It has been documented that deletion of any of the four subunits (Rsphl, Rsph3b,
313 Rsph4a, Rsph9) of the core complex is related to PCD diseases, indicating all these
314  subunits may be involved in direct or indirect interactions with CP for receiving signals
315  from CP (Castleman et al., 2009, Jeanson et al., 2015, Kott et al., 2013). Our structural
316  study showed that Rsph3b, Rsph9, and Rsph4a form a compact body. Deletion of any
317  ofthese subunits may affect the assembly of the body and the attachment of two copies
318  of Rsphl to the body, and eventually disrupt the proper assembly of RS head.

319 Moreover, our structure suggests that the two Rsphl arms occupy ~60% of the

320  height of the complex, which may act as a spacer between neighboring RSs and also
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321  greatly enlarge the interaction between RS and the central pair apparatus. Based on our
322 current cryo-EM structure as well as the previous cryo-ET structures (Lin et al., 2014,
323 Pigino et al., 2011), the enlarged sheet-like RS head may act as the pad of the bicycle
324  breaks, that can form close contact with the CP apparatus, and together with the stalk
325  to support the CP. We also showed that when the two Rsphl arms are deleted, the
326  remaining body of RS head appears smaller (Figure 3B), which might affect the proper
327  interaction between RS and CP apparatus and also with the neighboring RS3, which
328  together may eventually lead to PCD disease (Knowles et al., 2014). Correlatively, the
329 RS heads of RS1 and RS2 appear invisible in the cryo-ET map of human cilia with
330 deleted RSPHI1 (Lin et al., 2014), which may be due to the reduced size of RS head and
331  thus reduced interaction with CP apparatus and the neighboring RS, the reaming
332 compact body attached with stalk become dynamic, and hardly be resolved through
333 cryo-ET analysis. Consequently, the CP could have various abnormalities, even
334  completely disappeared (Lin et al., 2014). Altogether, Rsphl may play a role in
335 enlarging the interaction between RS and CP.

336 Also in that study in human cilia, the head of RS3 remains although that of RS1
337  and RS2 disappeared when RSPH1 was deleted (Lin et al., 2014). This indicates that,
338  compared with RS1 and RS2, the head of RS3 may have a distinct composition without
339  Rsphl, and it is possible that Rsph10b, sharing the common MORN motif with Rsphl,
340  may replace Rsphl in RS3(Yang et al., 20006).

341  Rsph3b is coordinated into the RS head and may connect the RS head with stalk

342 Previous study suggested that in Chlamydomonas, RSP3 subunit (homologous to
343  Rsph3b) is a stalk protein located near DMT, and RSP3 may form a dimer essential for
344  the assembly of the entire RS (Gaillard et al., 2001; Jivan et al., 2009; Wirschell et al.,
345  2008). Here we showed that the mouse Rsph3b is coordinated into the RS head and
346  locates in the core region of the head bridging the head with stalk (Figure 3H), and
347  Rsph3b is considerably shorter than that of Chlamydomonas RSP3 (Figure 4—figure
348  supplement 2). Taken together, in different species, the same subunit may occupy
349  distinct locations within the complex and hence play different roles in the assembly or
350  function of the complex. Still, how many copies of Rsph3b in the complete RS complex

351  and how Rsph3b interacts with other RS stalk proteins remain to be elucidated.
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352  Mechanism of RS-CP interactions

353  Based on the fitting of our cryo-EM map into the framework of DMT-CP density of
354  previous cryo-ET studies (Carbajal-Gonzalez et al., 2013; Lin et al, 2014), the
355  serration-shaped front side of the RS head appears to face the CP projections (Figure
356  4). Interestingly, we also observed the serration-shaped feature in the CP projections
357  from the previous cryo-ET result (Carbajal-Gonzalez et al., 2013). Altogether, we
358  propose a sawtooth mechanism in RS-CP interaction, that is RS head may use the
359  serrated contacts formed between RS head and CP projections to stabilize the RS-CP
360 interaction and receive signals from CP, which could lead to cilia motility by

361  cooperating with dynein arms (Figure 4B-D).
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362 Materials and Methods

363  Protein expression and purification

364  The full-length cDNAs for Rsphl (NM_001364916.1), Rsph3b (NM_001083945.1),
365 Rsph4a (NM 001162957.1), Rsph6a (NM_001159671.1), Rsph9 (NM_029338.4), and
366  RsphlOb (XM _006504895) were amplified by PCR from total cDNAs from mouse
367  testis or murine tracheal epithelial cells (MTECs) and constructed into pMlink-His,
368  pMlink-HA, pcDNA3.1-NFLAG to express FLAG tagged Rsph3b, His tagged Rsphl,
369  HA tagged Rsph6a and no tagged Rsph4a and Rsph10b.

370 When the HEK293T cells density reached 80-90% confluency, the cells were
371  transiently transfected with the expression plasmids and polyethylenimines (PEIs)
372 (Polysciences). For expressions of the RS head component, the plasmids for each of the
373  individual RS head subunit were premixed in equal proportion leading to a total plasmid
374  of 20 ug, then mixed with 60 pg of PEIs in 1 ml of OPTI-MEM for 20 mins before
375  application. For transfection, 50 ml of the mixture was added to 50 dishes of cell culture
376  and then replaced medium after 8 hrs. Transfected cells were cultured for 48 hrs before
377  harvest. For purification of the RS head core complex, the HEK293T cells were
378  collected and resuspended in the lysis buffer containing 25 mM Tris pH 8.0, 150 mM
379  KCl,0.1% NP-40, | mM EDTA, 10 mM NasP>07, 10% Glycerol, and protease inhibitor
380  cocktails (Calbiochem, 539134, Billerica). After sonication on ice and centrifugation at
381  20,000g for 1 hr, the supernatant was collected and applied to anti-Flag M2 affinity
382  resin (Sigma). The resin was rinsed with wash buffer containing 20 mM HEPES pH
383 7.5, 150 mM KCl, 10% Glyceol, and protease inhibitors. The protein was eluted with
384  wash buffer plus FLAG peptide (1 mg/ml).

385 The eluent was then crosslinked with 0.1% glutaraldehyde (Sigma) for 3 hrs and
386  neutralized by adding glycine (pH 7.5) to a final concentration of 50 mM for 1 hr at
387  4°C. After concentrated to 0.5 mL, the protein was further purified by gradient
388  centrifugation using a 10-30% (w/v) glycerol gradient. The resulting gradients were
389  subjected to ultracentrifugation at 4°C for 14 hrs at 41,000 rpm in an SW41 Ti rotor
390 (Beckman), and then fractionated. The fractions were concentrated for biochemical and

391  cryo-EM analyses.
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392 Cell culture and immunofluorescent

393  Cells were maintained at 37°C in an atmosphere containing 5% CO;. Unless otherwise
394  indicated, the culture medium was Dulbecco's Modified Eagle’s medium (DMEM)
395  supplemented with 10% fetal bovine serum (Biochrom, Cambridge, UK), 0.3 mg/ml
396  glutamine (Sigma), 100 U/ml penicillin (Invitrogen), and 100 U/ml streptomycin
397  (Invitrogen). Multiciliated mouse ependymal cells were obtained and cultured as
398  described (Zhu et al., 2019). Briefly, the telencephalon taken from the PO C57BL/6J
399  mice were digested and spread onto laminin coated flasks. After neurons were shaken
400  offand removed, the cells were transferred to laminin coated 29mm glass bottom dishes
401  (Cellvis, D29-14-1.5-N) and then starved in serum free medium to induce

402  differentiation into ependymal cells.

403 For immunofluorescent, spermatozoa collected form the 6 weeks C57BL/6J mice
404  were diluted in PBS, then spread onto laminin-coated 29-mm glass-bottom dishes
405  (Cellvis, D29-14-1.5-N). Then Spermatozoa and mEPCs were pre-extracted with 0.5%
406  Triton X-100 in PBS for 30 secs, followed by fixation with 4% paraformaldehyde in
407  PBS for 10 min at room temperature and permeabilization with 0.5% Triton X-100 for
408 15 min. Immunofluorescent staining was carried out as described (Zhao et al., 2013).

409  Antibodies used are listed in Table S3.

410 Confocal images were captured by using Leica TCS SP8 system with a 63%/1.40
411  oil immersion objective and processed with maximum intensity projections. A 592-nm
412 depletion laser was used for Alexa Fluor 488 dye. A 660-nm depletion laser was used
413  for Alexa Fluor 546, -555, and -594 dyes. Images were processed by Leica LAS X

414  software.

415  Co Immunoprecipitation (Co-IP) and Western blot

416  Co-IP was performed as described previously (Zhao et al., 2013). Briefly, HEK293T
417  cells transfected for 48 hr were lysed with the lysis buffer [20 mM Tris-HCI (pH 7.5),
418 150 mM KCIl, 0.5% NP-40, 1 mM EDTA, 10 mM Na4P207, 10% Glycerol]. Pre-
419  cleared cell lysates were incubated with anti-FLAG beads (Sigma, A2220) or anti-HA
420  beads (Sigma, E6779) for 3 hrs at 4°C. After three times of wash with the lysis buffer
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421  and wash buffer [20 mM Tris-HCI (pH 7.5), 150 mM KCl, 0.5% NP-40, 1 mM EDTA,
422 10 mM NagP>07, 10% Glycerol], proteins were eluted with 30 ul of 1 mg/ml FLAG
423  peptide or HA peptide.

424 For western blot, proteins separated by SDS-PAGE were transferred to
425  nitrocellulose membranes (General Electric Company). Blots were pre-blocked with 5%
426  non-fat milk diluted in TBST (50 mM Tris-HCI, 150 mM NacCl, 0.05% Tween-20, pH
427  7.5) for 1 hr and then incubated with primary antibodies. After washing with TBST for
428  four times, membranes were incubated with secondary IgG-HRP antibodies. After three
429  times wash in TBST, protein bands were visualized with enhanced chemiluminescent
430 reagent (PerkinElmer) and exposed to X-ray films (Carestream) or Mini

431  Chemiluminescent Imager (MiniChemi 610 Plus, Beijing Sage Creation Science Co).
432  Cryo-EM sample preparation and data collection

433 Freshly purified RS head core complex (0.4 mg/ml) was placed onto glow-discharged
434 grids (Quantifoil R1.2/1.3 200 mesh Cu grids) and plunge-frozen into liquid ethane,
435  cooled with liquid nitrogen, using a Vitrobot Mark IV (FEIL, now Thermo Fisher
436  Scientific). The vitrified RS head core complex showed an obvious preferred problem.
437  To overcome this problem, we tried several vitrification conditions, including using
438  graphene oxide supports, grid coated with polylysine (Ding et al., 2019; Jin et al., 2019;
439  Zang et al., 2016), or sample with added detergent OG or DDM, which allowed a
440  slightly improved broader orientation distribution of the complex. For PA inserted RS
441  head core complex, the sample was incubated with NZ-1 Fab in a molar ratio of 1:2
442 (RS head core vs. NZ-1 Fab) on ice for 30 min, and then prepared for vitrification as
443  described.

444 Selected grids were imaged in a Titan Krios transmission electron microscope
445  (FEIL, now ThermoFisher Scientific) operated at 300 kV at liquid nitrogen temperature.
446 A total of ~5,500 movies were collected with a nominal magnification of 22,500x. The
447  images were recorded on a Gatan K2 Summit direct electron detector operated in super
448  resolution mode, yielding a pixel size of 1.02 A after 2 times binning. Each frame was
449  exposed for 0.2 s, with an accumulation time of 7.6 s for each movie, thus leading to a

450  total accumulated dose of 58 e/A? on the specimen.
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451 Image processing

452  We used command line MotionCor2 (Zheng et al., 2017) to align the 38 frames to
453  obtain a single micrograph with dose weighted, and CTFFIND4 (Rohou and Grigorieff,
454 2015) in Relion3 (Zivanov et al., 2018) to determine the contrast transfer functions.
455  Particles were picked in EMAN?2 (Tang et al., 2007) and imported into Relion3 for 2D
456  classification. To reduce the preferred-orientation problem, we performed another
457  round of 2D classification on the preferred-particles. After removing bad particles and
458  also randomly reducing the preferred-particles, we combine them with the particles in
459  other views. 740,463 particles were used for further multiple rounds of 3D classification,
460  with the initial model generated by utilizing EMANI1 (Ludtke et al., 1999). 186,398
461  good particles remained for 3D auto-refinement in Relion3, which were further refined
462  in ciSTEM (Grant et al., 2018), and sharpened by applying a negative B-factor of -90
463 A2 The overall resolution of 4.5 A was estimated based on the gold-standard criterion
464  using a FSC of 0.143 C (Rosenthal and Henderson, 2003, van Heel and Schatz, 2005).
465  The local resolution was estimated by using ResMap (Kucukelbir et al., 2014).

466  Model building

467  As described in the text, the available structural information for RS head proteins are
468  very limited, also the resolution of the map is not sufficient for de novo model building.
469  We first utilized Gorgon (Baker et al., 2011), an interactive molecular modeling system
470  specifically geared towards cryo-EM density maps of macromolecular complexes, to
471  build a density skeleton, which is a compact geometrical representation of the density
472  map using curves and surfaces (Baker et al., 2007). Combining the skeleton and SSEs
473  determined against the density map by Gorgon, with our results on the subunit locations
474  within the map and the predicted structures by Robetta server (Kim et al., 2004), we
475  were enabled to place most the structural models into the map (Figure 3G-H). Several
476  obvious features in the density match the corresponding models reasonably well,
477  including a cluster of B-strand in Rsphl, several small a-helices in Rsph9, the two long
478  a-helices in Rsph3b, and the six-turn-f-strand in Rsph4 (Figure 3—figure supplement
479  2C-F).

480  Cross-linking mass spectrometry
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481  The purified RS head core complex from glycerol gradient was cross-linked by
482  Bis[sulfosuccinimidyl] (BS3), with a final concentration of crosslinker at 2.5 mM on
483  1ice for 4 hours or RT for 1 hour. 50 mM Tris-HCI was used to terminate the reaction
484  after incubation. Cross-linked complexes were precipitated with cooled acetone and
485  lyophilized. The pellet was dissolved in 8 M urea, 100 mM Tris pH 8.5, followed by
486  TCEP reduction, iodoacetamide alkylation, and overnight trypsin (Promega) digestion.
487  Digestion was quenched by 5% formic acid. Tryptic peptides were desalted with
488  MonoSpin C18 spin column (GL Science) and then separated within a home packed
489  C18 column (Aqua 3 cm, 75 cm X 15 cm, Phenomenex) in a Thermo EASY-nLC1200
490  liquid chromatography system by applying a 60-minute step-wise gradient of 5-100%
491  buffer B (84% acetonitrile (ACN) in 0.1% formic acid). Peptides eluted from the LC
492  column were directly electrosprayed into the mass spectrometer with a distal 2 kV spray
493  voltage. Data-dependent tandem mass spectrometry (MS/ MS) analysis was performed
494  with a Q Exactive mass spectrometer (Thermo Fisher, San Jose, CA). Raw data was
495  processed with Plink software (Yang et al., 2012) and Proteome Discoverer 2.2 xlinkx
496  (Table S2).
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Figure 1. Rsph1-Rsph3b-Rsph4a-Rsph9 can form a stable RS head core complex and
be purified. (A) Immunofluorescence of mEPCs (mouse ependymal cells) showed that
radial spoke head components Rsphl, Rsph3b, Rsph4a, Rsph9, and Rsph10b localize in
ciliary axoneme except Rsph6a. Ace-tubulin served as a ciliary axoneme marker. Framed
regions were threefold magnified to show details. (B, C) Co-expressed RS head complex
in HEK293T cells, which was pulled down by flag-tagged Rsph3b followed by performing
10% to 30% glycerol gradient. Silver staining (B) and immunoblotting (C) results showed
Rsphl, Rsph3b, Rsph4a, and Rsph9 co-appear and generate a peak at the seventh fraction,
while Rsph6a and Rsph10b can hardly be detected. (D) Co-expressed RS head core com-
plex in HEK293T cells and purified using flag beads by flag-tagged Rsph3b and detected
by Coomassie-blue staining. Rsph3b carrying a flag tag and Rsphl carrying a 6xHis tag.

This purification was repeated more than three times with similar results.
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Figure 2. Cryo-EM density map of the RS head core complex. (A) Top view of the
cryo-EM map of the RS head core complex. There is a central canyon (indicated by an
orange ellipsoid) between the upper and lower portions of the map. (B, C) Side views of
the map, revealing the presence of (B) two stretched arms (indicated by red ellipsoid), a
body (with front and back side indicated), and (C) a groove (indicated by a black arrow)

like serration.
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Figure 3. Subunits identification and their interaction network of the RS head core
complex. (A-D) Determination of subunit locations by cryo-EM analysis on subunit de-
leted or PA-NZ-1 epitope labeled samples. Compared with the WT RS head core com-
plex (A) in both reference-free 2D analysis (left 4 columns) and 3D reconstruction (right
1 or 2 columns), (B) RSH*' (lacking of Rsph1) retains a compact body but with the two
arms missing (indicated by yellow arrow); (C) RSH***-NZ-1 shows an obvious extra
density exposed outside the lower portion of the body and adjacent to arm2 (indicated by
a yellow arrow in 2D analysis, and a density in blue in 3D reconstruction), corresponding
to the NZ-1 Fab attached to the PA tag inserted to Rsph9; (D) RSH***-NZ-1 shows an
extra density attached to the back side of the body in the middle upper portion of the map
(indicated by yellow arrow in 2D analysis, and a density in red in 3D reconstruction), cor-
responding to the NZ-1 Fab attached to the PA tag inserted to N-terminus of Rsph4a.

Figure 3 continued on next page
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(E) A cartoon diagram illustrating the potential subunit organization of RS head core
complex. Rsphl in blue, Rsph4a in yellow, Rsph3b in green, and Rsph9 in purple. The
color scheme is followed through out. (F) XL-MS analysis on RS head core complex,
identified cross-linked contacts between different subunits are shown as dotted lines. We
used Best e-value (1.00E-02) as the threshold to remove extra XL.-MS data with lower
confidence. (G) Model fitted into the RS head core cryo-EM density map. Here we only
fit the Robetta model pieces with high confidence in matching the map SSE features into
the density. (H) Segmentation of the RS head core cryo-EM map, illustrating the individ-

ual subunit location and their interaction network.
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Figure 4. Proposed model of interactions between RS head and central pairs. (A)
Longitudinal (proximal end of the axoneme to the left) view of RSs from the WT human
DMT (transparent grey, EMD-5950) fitted with our cryo-EM map of the RS head core
complex (in color, for RS1 and RS2), and the magnified views of RS2 fitted with our map
in different orientations. It appears the ice-skate-blade-shaped RS head density can hold
two copies of our RS head core complex very well. In this fitting, the core complex is in
an orientation allowing Rsph3b to contact with the stalk of RS. (B) Coordinating our RS
head core cryo-EM map (in red) into the frame work of DMT-CP based on previous
cryo-ET studies on sea urchin CP (EMD-9385, in dark cyan) and human DMT (EMD
-5950, in purple). Here the locations of outer dynein arm (ODA) and inner dynein arm
(IDA) are indicated. (C) Zoom-in view of the CP-DMT interaction network with the RS
head core coordinated into CP. (D) Based on this fitting, we proposed a sawtooth model

in RS-CP interaction (illustrated in the cartoon diagram).

32


https://doi.org/10.1101/867192
http://creativecommons.org/licenses/by-nc-nd/4.0/

	RS head-manuscript 20191209-elife
	Abstract
	Results
	Mouse Rsph1-Rsph3b-Rsph4a-Rsph9 can form a stable RS head core complex
	Overall structure of the mouse RS head core complex by cryo-EM
	Modeling and subunit interaction network of the RS head core complex
	Discussion
	The homologous Rsph4a and Rsph6a are tissue specific components in RS head
	Rsph1 may play an important role in enlarging the RS-CP interaction
	Rsph3b is coordinated into the RS head and may connect the RS head with stalk
	Mechanism of RS-CP interactions
	Protein expression and purification
	Cell culture and immunofluorescent
	Co Immunoprecipitation (Co-IP) and Western blot
	Cryo-EM sample preparation and data collection
	Image processing
	Model building
	Cross-linking mass spectrometry
	References

	fig.1 final
	fig.2
	fig.3-1
	fig3-2
	fig.4

