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Figure S1: Mouse generation and genotyping

(A) Schematic representation (in scale) of the targeting vector used and all possible alleles of the 7#/3 gene. Orange bar:

genomic DNA. Black box: exons with their corresponding number. Green and purple arrowheads: LoxP and Flp
sequences, respectively. White bar: neo cassette, with the neomycin resistance gene (white box). Blue lines: zone of

sequence homology for homologous recombination, with the corresponding sizes. Black arrowheads: primers used for
PCR genotyping. (B) Schematic representation (in scale) of the targeting vector used and all the possible alleles of the

Ttll8 gene with all the elements the same as that described above. (C) List of primers used for genotyping PCRs.

(D) PCR protocols used for genotyping. (E) Representative genotyping results of both 7¢//3 and Ttll§ transgenes and their

knockouts used in this study. PCR products were separated on 2% TBE-agarose gels for 30 min.
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Figure S2: Loss of glycylation in ciliated tissues of Tt/[3”"Ttll8”" mice

(A) Immunostaining of whole-mount ventricle walls from PN15 wild-type, T¢/[37, TtlI8"", and TtI3”-Ttll8" ventricles
stained for acetylation (6-11B-1, green), glycylation (Gly-pepl, red), and DNA (DAPI, blue). While ependymal cilia in
wild-type, TtlI37- and T¢/I8”" mice are positive for glycylation, no glycylation was detected in cilia of T¢/[37 TtlI8"
ventricles, while cilia were still present as seen with acetylated tubulin. Scale bar in the crop images: 10 pm.

(B) Immunostaining of paraffin-embedded sections of trachea for glycylation (Gly-pepl, red) and the cilia membrane
(Arl13b; green) show the presence of epithelial cilia in both, wild type and Tt/[37°Ttll8", while glycylation is not detected
in TtlI37°Tt18" trachea. (C) Immunostaining of paraffin-embedded kidney sections for glycylation (Gly-pepl, red) and
the cilia membrane (Arl13b; green) show the presence of primary cilia in both, wild-type and Tt//37"TtI8” kidney
tubules, despite the absence of glycylation in the Tt/[37°Ttll8"" cilia. (D) Immunoblots of whole-cell lysates of cultured
ependymal cells, and from isolated trachea from wild-type, TtlI37-, TtlI8”- and Ttll37"TtlI§8”" mice probed with Gly-pepl
for glycylation, and with 12G10 for a-tubulin. As observed for sperm (Fig. 1B), glycylation was partially lost in T¢//3"
and T¢/I87, while the PTM was completely absent in T#//3”Ttll8”" mice.
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Figure S3: Absence of gross defects in Tt//37"Ttll8”" mice tissues

(A-C) Hematoxylin-Eosin staining of tissues from 6-month-old wild-type and Tt/[37-TtlI8”- mice revealed (A) no obvious
defects in the tissue architecture of the brain. The ventricles of Tt/I37"TtlI§”" mice looked normal and showed no signs of
hydrocephalus. Closer observation revealed regular arrangement of multiciliated ependymal cells along the wall of the
ventricle. The kidney of Tt/[37-Tt18” mice (B) showed no histological defects and absence of any cysts. The kidney
tubules appear properly distributed despite the absence of glycylation. The trachea (C) appears normal in both, wild-type
and TtlI37°Ttll8”- mice with proper arrangement of the columnar multiciliated epithelia. (D) Hematoxylin-Eosin stained
testes from 6-month-old wild-type, Ttl[37, TtlI8” and TtlI37-TtII8”- mice reveal no obvious defects in the tissue
architecture of testes. Seminiferous tubules were of the same size, and the arrangement of developing sperm cells within
the tubules appeared normal, indicating no defects in the process of spermatogenesis. (E) Numerical values of the litter
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sizes for the cross between Tt/[3" Ttll8"~ and TtlI37-Ttll8”~ mice (corresponding to Fig. 2A). A total of 24 litters were
quantified for each mating scheme. (F) Counting of mature spermatozoa obtained from the cauda epididymides of wild-
type and Tt/[37°Ttll8”- mice revealed no significant alteration in the total sperm count of Tt//37-Ttll8”- mice. (G) Sperm
viability analysis: Mature sperm isolated from wild-type and T¢//3”Tt/I8”- mice were stained with eosine-nigrosin and
counted. Sperm viability was slightly reduced in T#I3”Ttll8”* mice. (H) Smears of mature spermatozoa from wild-type
and T#/I37°Ttll8”" mice were stained with Coomassie brilliant blue. Note that 7#//37 Tt/l§”" spermatozoa show
morphological defects such as abnormal curving of the flagellum around the sperm head (red arrowheads, zoom panels 3,
4) and the retention of cytoplasmic droplets (brown arrowheads, zoom panels 5, 6).
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Figure S4: TtlI37"TtlI8”" mice are subfertile with sperm having reduced progressive motility

(A) Schematic representation of sperm motility parameters analyzed by computer-assisted sperm analyses (CASA). The
real swimming path (blue) of a single sperm cell is sampled at the acquisition frequency of the recording camera as the
curvilinear path (pink). This swimming path is further averaged into a smooth curve (orange) and superimposed onto the
wiggling path due to the periodic beating of the cell. The net forward motion of the sperm cell after a specific time
interval (typically 1 s in CASA) is the straight-line path (green). The velocities corresponding to these different paths are
depicted in the scheme, which include curvilinear velocity (VCL), straight-line velocity (VSL) and average path velocity
(VAP). The ratios of these velocities are used to quantify the path linearity (LIN; VSL/VCL) and straightness of the
average path (STR; VSL/VAP). CASA also analyses the displacement of the sperm head, determined as the amplitude of
lateral head displacement (ALH), and the time-averaged frequency at which the curvilinear path crosses the average path:
the beat-cross frequency (BCF). (B) In vitro fertilization test: Individual experiments of the in vitro fertilization analysis
performed with wild-type and T#[3”Tt/18”- mice. An average of all the experiments depicted here is shown in Fig. 2B.
(C) Analysis of the motility of wild-type and T#//37-Ttll§8”- sperm by CASA: Various parameters of sperm motility were
analyzed for both wild-type and Tt/[37-Ttll8"- mice. TtlI3”"Ttll8"- mice showed a clear increase in the proportion of static
sperm in comparison to wild-type sperm while there was no change in the mean linearity and straightness.



>

curvature amplitude (mm-")

mean curvature (mm-')

Y mean (um)

Y amplitude (um

peak frequency (Hz

250 — wild type 250 — TtI37/-Ttis/-
E
£ 200
[}
g 150
=
§ 100
e
=]
'g 50
3
T T T T T T 1 0 Ll T T T T T 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120
arc length (um) arc length (um)
midpiece principle piece midpiece principle piece
100 — wild type 100 — T3/~ TtiI8/-
E
£
[l
S
©
2
3
j =
@
@
€
-50 + T T T T T 1 -50 T T T T T 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120
arc length (um) arc length (um)
midpiece principal piece midpiece principal piece
100 - — wild type 100 - — THI37/-TtI87-
3
2
=
®
Q
£
>
50 T
100 T T g T T ] -100 T T T T T 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120
arc length (um) arc length (um)
midpiece principal piece midpiece principal piece
180 1 — wild type 180 1 — THI3/- T8/
B
120 1 21204
()
°
2
=
60 £
>
0+
0 20 40 60 80 100 120 0 20 40 60 80 100 120
arc length (um) arc length (um)
midpiece principal piece midpiece principal piece
50 — wild type 50 - — TtI3/-TtlI8"-
40 - ™
<
3
=
[}
3
o
Y
<
©
(9]
O o eeerer e e 0
-10 T T T T T 1 -10 T T T T T 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120
arc length (um) arc length (pm)
midpiece principal piece midpiece principal piece



€Figure S5: Extended data for 2D analyses of the flagellar beat

(A) Individual traces from both, wild-type and T#//3”Ttl[8”- sperm, showing the flagellar curvature range. (B) Individual
traces from wild-type and 7t//37"Tt/18” sperm used to calculate the mean (+SD) for the analyses of mean flagellar
curvature (Fig. 3B). (C) Individual traces from wild-type and T#/[3”-Tt/[8"- sperm for the time-averaged flagellar position
in the direction perpendicular to the head-midpiece-axis (Y average). (D) Individual traces from wild-type and Tt//3”
Tt118” sperm used to calculate the mean (=SD) for the analyses of the flagellar amplitude in the direction perpendicular to
the head-midpiece-axis (Y amplitude; Fig. 3C). (E) Individual traces from wild-type and T#/3”"Tt/I8"" sperm used to
calculate the mean (+SD) for flagellar peak frequency (Fig. 3D).
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Figure S6: Extended data for 3D motility analyses

Gallery of 3D swimming paths of individual wild-type and T#//37-Ttll§8”- sperm recorded using high-speed in-line
holography. Time is color-coded.
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Figure S7: Distribution of axonemal dynein isoforms along flagella is not affected in T#/37 Ttll8" sperm
Immunostaining of wild-type and Tt//37-Ttll8”~ sperm smears for (A) ODAs: DNAH17 (B-heavy chain; red) and DNAHS
(y-heavy chain; red), and (B) IDAs: DNAH2 (IDA-fB; red) and DNALI1 (light intermediate chain; red). MTs are
visualized by a-tubulin staining (DM1A; green), and DNA with DAPI (blue). Nuclear staining shows normal sperm head
morphology. The negative greyscale images for DNAHS8 and DNAH17 (A), as well as for DNAH2 and DNALII and
show that the distribution of ODAs and IDAs is identical in flagella of wild-type and T¢/[37"TtlI8"" sperm.
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Figure S8: Inner dynein arms (IDAs) are affected in T#I3”TtI8" sperm

(A) Subtomogram average of IDAs from wild-type (top) and T#[37 TtlI8”~ (bottom) sperm axonemes. The average from
the TtlI37°Ttll8”~ sperm indicate that all IDA heavy chains are shifted towards the MT plus-end (+) as compared to wild
type. For clarity, the different IDAs are only marked by their subtype-classifying letter (a: IDA-a etc.). The largest shift is
observed for IDA-fa. Similar shifts are known from the post-powerstroke conformation of IDAs in sea urchin sperm



(34). Dashed lines: approximate position of the AAA domain center of IDAs in wild-type axonemes; arrows: shift of the
AAA domains between wild-type and T#I37Ttll8”~ axonemes. (B) Slices through class averages generated from IDA
classification showing their overall transition between pre-powerstroke and post-powerstroke conformations (left).
Particularly consistent rearrangements of IDA-f subspecies (encircled in red) between the two classes are shown in the
right panels. (C) Incidence of the distinct IDA conformations in wild-type (n=960) and Tt//37°Ttll8”- (n=600) axonemes.
Unclassifiable subtomograms were excluded. T#/[37Ttll8”- flagella have particularly increased percentage of post-
powerstroke conformations. (D) Distribution of the different IDA conformations visualized in wild-type and Tt/[37 Ttll8"
axonemes shows clear reduction of pre-powerstroke conformations, coupled to increased post-powerstroke
conformations in T#//37Ttl[8”- sperm (color coding of dots as in C).
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Figure S9: Loss of glycylation leads to increased glutamylation in 7137 TtlI8”" sperm

(A) Paraffin-embedded testes sections stained for tubulin acetylation (6-11B-1; green), glutamylation (PolyE; red), and
DNA (DAPI). Nuclear staining shows normal sperm head morphology and a normal arrangement of sperm heads of
different developmental stages in the seminiferous tubules of wild-type, T#3”, TtI8”" and TtlI37"Ttll8"" testes. Flagella
from Tt/[3”7-TtlI8" sperm show increased polyglutamylation compared to the wild-type and the single knockout sperm.
(B) Immunoblot of sperm samples from wild-type, Tt//37, Ttll8”~ and Ttl[37-Ttll8”- mice. Note that compared to the wild-
type and the single knockout mice (7t/[37, Ttll§8”), there is a substantial increase in polyglutamylation (PolyE) of
o-tubulin and a mild increase in B-tubulin in the T/[37°Ttll8”- sperm. The anti-a-tubulin antibody 12G10 confirmed equal
tubulin load.
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Figure S10: Resolution estimation of ODAs and 96-nm repeat subtomogram averaging maps

(A) Fourier Shell Correlation (FSC) curves from 96-nm repeat and ODA averages provides an estimation of the
reliability of the alignment performed on the different datasets and an estimation of their resolution at the typical 0.143
cut-off (indicated by the horizontal dashed line). The inverse of the spatial frequency at which the FSC first crosses the
cut-off defines the resolution. The higher the spatial frequency, the better the structural resolution. The inverse of the
spatial frequency is here expressed in nm. (B) FSC curves from class averages generated from filtered wild-type and
TtI137"Ttl18" particles. The reduction in particle number due to the splitting of the dataset into classes still does not hinder
dynein heavy-chain resolvability.
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Table S2: Antibodies used for immunoblotting and immunocytochemistry

Primary Reference n° Antigen Dilution Dilution
Antibody (Western blot) | (Immuno-
cytochemistry)
Branch point glycylation
Gly-pepl AdipoGen AG-25B-0034 on f-tubulin C-terminal | 4,4 509 1:15,000
yPep tpobEl tail, rabbit polyclonal ’ ’
acetylated a-tubulin from 1 :1000
6-11B-1 Sigma Aldrich T7451 the outerarm of sea |
urchin, mouse
monoclonal.
linear chains of 4 and
PolyE Adipogen AG-25B-0030 more glutamate residues, | .14 g9 1:10,000
rabbit polyclonal
Developed by J. Frankel and
M. Nelson, obtained from the
Developmental Studies
12G10 Hybridoma Bank, developed a-tubulin, mouse 1:500 | e
under the auspices of the monoclonal
NICHD, and maintained by the
University of lowa.
Fusion protein amino
Arl13b NeuroMab 75-287 acids 208-427(C- | 1:1,000
terminus) of mouse
Arl13b, mouse
monoclonal
Recombinant axonemal | ---------
DNAHS Sigma Aldrich HPA028447 | dynein heavy chain 8 1:500
epitope with signature
tag (PrEST), rabbit
polyclonal
Recombinant axonemal | ---------
DNAH17 Sigma Aldrich HPA024354 | dynein heavy chain 17 1:200
epitope with signature
tag (PrEST), rabbit
polyclonal
Axonemal dynein heavy | ---------
DNAH2 Sigma Aldrich HPA067103 | chain 2, rabbit polyclonal 1:100
Recombinant axonemal | ---------
DNALII Sigma Aldrich HPA028305 | dynein light intermediate 1:50
chain | epitope with
signature tag (PrEST),
rabbit polyclonal
DMI1A Sigma Aldrich T9026 a-tubulin, mouse | --—---—-- 1:500

monoclonal
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Dilution
Secondary Reference n° Antigen Dilution (Immuno-
Antibody (Western blot) cytochemistry)
Goat-anti rabbit | Bethyl Laboratories Inc. A120- | Rabbit whole IgG 1:10,000 | -
IgG-HRP 201P
Goat-anti Bethyl Laboratories Inc. A90- | Mouse whole IgG 1:10,000 | —--—mee-
mouse IgG- 516P
HRP
Goat-anti Mouse Gamma
mouse IgG Thermo Fisher Scientific. 1mmgnoglobms heavy | 1:1,000
Alexa Fluor and light chains

A11001

488
Goat-anti
mouse IgG2a Thermo Fisher Scientific. Mouse [gG2a | - 1:1,000
Alexa Fluor A21131
488
Goat-anti rabbit Rabbit Gamma
IgG Alexa Thermo Fisher Scientific. 1mmgnoglobms heavy | 1:1,000
Fluor 568 A11036 and light chains

13




Legends to Tables

Table S1: Quantification of sperm quality, swim pattern and in vitro fertilization index:
Tables showing the data from individual experiments for the different motility parameters
determined by CASA (Fig. 2C, fig. S4C), the sperm count (fig. S3F), sperm viability (fig. S3G),
swimming behaviour (Fig. 4F), and the in vitro fertilization index (Fig. 2B, fig. S4B).

Table S3: Quantifications from analysis using SpermQ software: Tables corresponding to the
SpermQ analysis of mean curvature (Fig. 3B, fig. SSA and S5B), flagellar amplitude (Fig. 3C, fig.
S5D) and peak frequency (Fig. 3D, fig. S5E) of individual sperm cells from different wild-type
and TtH37TtlI8" mice.
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Legends to Movies
Movie S1: Flagellar beat of sperm tethered at their heads

Dark-field microscopy of head-tethered sperm recorded at 250 frames-per-second (fps). (A)
Symmetric and asymmetric flagellar beat for wild-type and Tt/137Ttll8" sperm, respectively (top).
The symmetry of the beat is clearly shown in the corresponding color-coded flagellar beat
projections (bottom panels from Fig. 3A). (B to D) Flagellar beat analyses of tethered sperm (panels
from Fig. 3, B to D): Tt/I37°TtlI8”- sperm have a more than three times higher curvature (B) and less
than half the beat amplitude (C). The beat frequency (D) is asymmetric: it is lower near the sperm
head, but more than double in the rest of the flagellum.

Movie S2: Swimming behaviors of sperm

Dark-field microscopy of free-swimming sperm from wide-field images (A and B) were recorded at
50 fps. Single-sperm transitions (C to E) were recorded at 250 fps. Wild-type sperm swim almost
exclusively along an elongated curvilinear path (A and C). In contrast, most T¢//37TtlI8" sperm
(~86%) swim in circular paths (B and E), with a small fraction (~14%) showing incidental
progressive motility (B and D).

Movie S3: Helical and circular swimming of T#[37TtlI8” sperm

Dark-field microscopy of free-swimming sperm recorded at 250 fps in custom-made observation
chambers of 100 um depth. Upon reaching the wall of the observation chamber, the Tt/137Ttl18"
sperm transitions from helical to circular swimming (still panel from Fig. 4D).

Movie S4: Absence of glycylation results in altered conformations of axonemal ODA heavy
chains

(A) Fitting the crystal structures of the dynein motor domain onto isosurface renderings of the 96-nm
repeats in sperm axoneme shows an altered conformation of both pB-heavy chain (magenta) and vy-
heavy chain (green) when the dynein shifts from pre-powerstroke to the post-powerstroke condition.
(B) Predominant conformations of the ODAs observed in the wild-type and Tt/[37-Ttl[8"- sperm
(panels from Fig. 6A). (C) Comparison of the transition of the ODAs shows a coordinated transition
from pre-powerstroke (blue) to post-powerstroke (yellow) in the wild-type axonemes, whereas in the
Ttl137°TtlI8”- axonemes intermediate conformations, pre-post (orange) and post-pre (brown) are more
commonly found (bottom panels from Fig. 6B).
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Movie S5: IDA-f conformational reconfiguration is linked to the tilting motion of the nexin-
dynein regulatory complex (N-DRC)

(A) Slices through class averages generated from IDA classification showing their overall transition
between pre-powerstroke and post-powerstroke conformations (left). Particularly consistent
rearrangement of IDA-f subspecies (encircled in red) between the two classes are shown in the right
panels (from fig. S§B). (B) The conformational reconfiguration of IDA-f occurred synchronously
with an opposing tilting motion of the nexin-dynein regulatory complex and the radial-spoke heads.
This tilting motion was perpendicular to the MT axis and associated with a displacement of the next
MT doublet. (A tub: A-tubule; B tub: B-tubule; N-DRC: nexin-dynein regulatory complex; RS:
radial spoke; ODA: outer dynein arm; IDA: inner dynein arm)

Movie S6: Absence of glycylation has no apparent effect on the beating of ependymal cilia

(A) Representative video recordings of ependymal cilia acquired from 100-200-pum sagittal sections
of wild-type and T#I37"Tt/I8” brain ventricles. Recordings were performed at 100 fps for 3 s using a
60x objective. The videos were slowed down 20x to scrutinize the ciliary beat waveform (one
representative video in original speed is shown on the left). Visual inspection does not reveal any
changes in the beat patterns of multicilia in the absence of glycylation. (B) Scatter plots showing the
analysis of cilia beat frequencies from three independent experiments with each point representing an
individual cell recorded from the same brain slice (number of cells are given). Median (+tSEM) is
indicated, p-values are determined by Student’s t-test. All three experiments coherently show no
differences between wild-type and Tt/[37TtlI8" cells. Note that overall values vary between different
experimental days, most likely due to slight variations in imaging conditions (e.g. temperature).
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