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The flagella of mammalian sperm display non-planar, asymmetric beating,

in contrast to the planar, symmetric beating of flagella from sea urchin
sperm and unicellular organisms. The molecular basis of this difference is
unclear. Here, we perform in situ cryo-electron tomography of mouse and
human sperm, providing the highest-resolution structural information to
date. Our subtomogram averages reveal mammalian sperm-specific protein
complexes within the microtubules, the radial spokes and nexin-dynein
regulatory complexes. The locations and structures of these complexes
suggest potential roles in enhancing the mechanical strength of mammalian
sperm axonemes and regulating dynein-based axonemal bending.
Intriguingly, we find that each of the nine outer microtubule doublets
isdecorated with a distinct combination of sperm-specific complexes.

We propose that this asymmetric distribution of proteins differentially
regulates the sliding of each microtubule doublet and may underlie the
asymmetric beating of mammalian sperm.

Eukaryotic flagellaand motile cilia are whip-like organelles, the rhyth-
mic beating of which propels unicellular eukaryotes through fluids,
clearsdust particlesinrespiratory tracts and enables the swimming of
sperm cells of various species'. Most flagella from protozoa to mam-
mals sharea conserved core structure, the axoneme, composed of nine
doublet microtubules (doublets) arrangedinacircle around a central
pair complex of two singlet microtubules (the 9 + 2 configuration,
Fig.1a)**. Dyneins, microtubule-based molecular motors anchored on
the nine doublets, drive the relative sliding of neighboring doublets®’.
However, if all dyneins were active at once, forces around the circle of
the nine outer doublets would be canceled and the axoneme would
notbend*®. To produce rhythmic beating motions, non-motor protein
complexes are required to regulate dynein activities across the axo-
neme structure® . The largest and most critical of these regulatory

complexes are the radial spokes (RSs) that bridge the outer doublets to
the central pair complex and the nexin-dynein regulatory complexes
(N-DRCs) that cross-link neighboring doublets and regulate dynein
activities across the axoneme structure.

Flagella from different cells display a wide variety of beating pat-
terns, fromthe planar and symmetric waveforms observed in flagella of
unicellular organisms and seaurchin sperm, to the various non-planar
and asymmetric waveforms displayed by different mammalian sperm?.
The structural and regulatory mechanisms underlying these different
waveforms are poorly understood. Much of our current structural
understanding of axonemes is derived from studies of Chlamydomonas
and seaurchinsperm flagellausing advanced cryo-electron tomogra-
phy (cryo-ET) and image processing'®®. Apart from minor variations
ofthe dyneins onasubset of the nine doublets, most of the other motor
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Fig.1| The consensus average of nine doublets in mouse sperm possesses
unique features in non-motor protein complexes including MIPs, N-DRCs
and RSs. a, Schematic of a cross-section view of the conserved (9 +2)
configuration of axonemes in motile cilia. One doublet is highlighted, and its
associated motor and non-motor protein complexes are labeled. The dyneins,
N-DRCs, MIPs and RSs are colored in pink, green, orange and cyan, respectively.
b-d, Three views of the consensus subvolume average of nine doublets in mouse
sperm axonemes. Different protein complexes are highlighted as described in a.
¢, The cleftsin the top of RS1and RS2 and the ‘S’-shaped head of RS3 are indicated

RS2 RS3 RS3

by the red arrowheads and dashed line, respectively. e, Schematic of the doublet
microtubule with individual protofilaments labeled. Two cross-sections of the
Atubule and one longitudinal view of the isolated MIP densities are shown. The
MIPs are colored in orange. The protofilaments connecting to the MIPs and the
periodicities for the connections are indicated. f,g, Comparison of densities of
N-DRCs and RSs from mouse sperm flagella (this study) and human respiratory
cilia (EMD-5950)*. f, Additional densities in the mouse sperm N-DRCs are
highlighted (light red). g, The unique densities of a barrel and an RS2-RS3 cross-
linker in the mouse sperm axoneme are highlighted in blue and red, respectively.

and non-motor protein complexes were found to be the same across
the nine outer doublets. Aunique bridge-like structure that cross-links
two neighboring doublets is proposed to constrain the plane of bend-
ing'®™". The pseudo-ninefold symmetry and the bridge structure are
thought tobeimportant for generating equivalent beating amplitudes
inthe oppositedirections, leading to planar and symmetric waveforms.

Comparable structural information for mammalian sperm,
which display varied non-planar asymmetric waveforms?°~?, has
lagged behind. A technical challenge in using modern cryo-electron
microscopy to investigate mammalian sperm flagella is their thick-
ness (>500 nm), which is close to the upper limit for the widely used
300-kV transmission electron microscopes (TEMs). Recently, cryogenic
focused ion beam-scanning electron microscopy (cryo-FIB-SEM)
and cryo-ET have been applied to study in situ macromolecular struc-
tures in sperm axonemes from mammals®. However, the limited data
obtained in the previous study precluded processing strategies to
analyze individual microtubule structures within the axonemes and
also their spatial relationships in situ.

Here, we combined cryo-FIB-SEM and in situ cryo-ET with
data-processing strategies to study the contextual assembly of dif*-
ferent microtubule-based structures within mouse and human sperm
flagella. Our data provide the highest-resolution information to
date for mammalian sperm axonemes. Furthermore, our datareveal
non-motor protein complexes in mammalian sperm that are not

found in axonemes of other mammalian cilia and non-mammalian
sperm. We show that each of the nine outer doublets is unique with
regard to the composition of regulatory complexes including RSs
and N-DRCs. The distribution of regulators varies between mouse
and human sperm. We propose that the asymmetric distribution of
these regulatory complexes across the axoneme could contribute
to the asymmetric and non-planar beating waveforms of various
mammalian sperm.

Results

Sperm-specific features revealed by subvolume averaging
Freshly extracted mouse spermwere vitrified on electron microscopy
(EM) grids and loaded into acryo-FIB-SEM device to generate lamellae
of ~300 nm in thickness (Extended Data Fig. 1a,b). The lamellae were
thenimaged using a Krios 300-kV TEM, and dose-symmetric tomo-
graphic tilt series (+48°) around the axoneme were then acquired
(Extended Data Fig. 1c). Our images showed detailed molecular fea-
tures including the double-bilayer membranes of the surrounding
mitochondria and individual microtubule protofilaments (Extended
DataFig.1e,f). Three-dimensional (3D) tomograms were reconstructed
fromthetiltseries, which revealed repetitive axonemal dyneins and RSs
alongthe outer doublets as well as periodic protrusions from the singlet
microtubules of the central pair complex (Extended Data Fig. 1h,i).
The periodicities of the RSs and central pair protrusions are ~96 nm
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Fig.2| The central pair complex presents asymmetric surfaces in different
directions. a-c, Three views of the central pair complex of the mouse sperm
axoneme.a,c, Periodic protrusions are indicated by red arrowheads and
highlighted by light red lines, and their periodicities are labeled. d, An average
of the entire axoneme was calculated by expanding the original subvolumes for
the central pair complex threefold and averaging without further alignment. At

high contour, densities of nine doublet microtubules are resolved at nine distinct
radial positions. e, The same average as in d is shown at low contour. Note that the
Atubules from doublet microtubules are distinguishable due to the presence of
extensive MIP densities. Smeared densities corresponding to where dyneins, RSs
and N-DRCs are located could be observed at lower occupancies than those for
the doublet microtubules.

and-32 nm, respectively (Extended Data Fig. 1i), consistent with those
described in Chlamydomonas and sea urchin sperm**%,

To overcome the low signal-to-noise ratio of raw cryo-ET data,
subvolume averaging of 96-nm-repeating units was used to reconstruct
consensus density maps (Extended Data Fig. 2a). Our consensus maps
of periodic units from all nine doublets revealed robust signals for
individual microtubule protofilaments and other associated protein
complexes that repeat every 96 nm (24 A at Fourier Shell Correlation
(FSC) = 0.143; n = 9,055 subvolumes; N = 69 tomograms) (Fig. 1b-d and
Supplementary Figs.1and 2).

Inside the A tubule of the outer doublet, we observed afilamentous
density of microtubule inner proteins (MIPs) that is very similar to but
more extensive than that recently assigned as Tektin filamentsin bovine
trachea cilia® (Fig. 1b and Extended Data Fig. 3). The densities of MIPs
have a periodicity of 48 nm, consistent with that of previously studied
Chlamydomonas flagellaand bovine trachea cilia®”. We thus calculated
asubvolume average of the 48-nm-repeating doublets, focusing on the
microtubule only (18 A at FSC = 0.143; n=18,153 subvolumes; N = 69
tomograms) (Extended Data Fig. 3). The filamentous components
have connections to12 protofilaments of the A tubule in mouse sperm
axonemes (except A4), in contrast to the more limited connections of
the Tektin filaments to the A9-A13 and Al protofilaments observed in
bovine tracheal cilia (Fig. le and comparisons in Extended Data Fig. 3b).
We observed three different modes of interaction between the MIPs
and the lumen of microtubules: (1) interaction with tubulins within a
single protofilament, (2) connections to the inter-protofilament space

across two neighboring protofilaments and (3) connections spanning
multiple protofilaments (Fig. 1e and Extended Data Fig. 3a,b). Notably,
the A9-A10 junction is where the microtubule seam of the A tubule
is located®, and we observed several sperm-specific densities span-
ning protofilaments A9 and A10 that are absent in the map of bovine
respiratory cilia (Extended Data Fig. 3b). In addition, we observed
striated densities along the helical pitch of the microtubule inside the
B tubule (Extended Data Fig. 3b,c). These striations are separated by
8 nm and cover the intradimeric interface between the acand 3 tubu-
lins. Together, our averages revealed sperm-specific MIPs that form an
extensive interaction network inside the doublets.

Our consensus map of the mouse sperm axoneme reveals outer
and inner arm dyneins similar to those observed in sea urchin sperm
(Fig.1b—d and Extended Data Fig. 4a,b). However, we observed several
unique non-motor protein complexes in the mouse sperm axoneme
that do not have equivalent counterparts in the reported structures
from Chlamydomonas, Tetrahymena and humanrespiratory cilia (Fig.
1f,g)""**2°-31 While the N-DRC in human respiratory ciliahasa‘V’shape®,
our consensus map reveals extra densities that extend to the microtu-
bule surface, creating a square-shaped structure (Fig. 1f). The RSs are
comprised of three tower-like densities, with two adopting similar
morphology (RS1and RS2) and athird, distinct RS3 (Fig.1b,c,g). When
viewed from the ‘head’ of the towers, RS1and RS2 both exhibit a cleft
and aC2symmetry axis that extends through the ‘tower’, while RS3 has
adistinctive S-shaped surface with two holes (Fig. 1c), similar to the
ones observed in human respiratory cilia®.. By contrast, the heads of
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Fig. 3| Thediverse interfaces between RSs and the central pair. a, The
arrangement of the central pair complex and nine doublet microtubules (dmt1-9)
isbased on averaging relative positions deduced by multibody refinement. The
different protrusions of the central pair complex are colored in accordance with
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data from Carbajal-Gonzalez et al.”. The interface between the RSs from doublet
8and the central pair complexisindicated (red rectangle). b-d, Three different
views of the interface between the RSs from doublet 8 and the protrusions from
the central pair complexes (P1, P2 and P3).

RS1and RS2 from Chlamydomonas and Tetrahymena do not have the
deep cleft %% the RS3 stump from Chlamydomonasis muchshorter,
and RS3 from Tetrahymena has a smaller surface area of the head™”
(Extended Data Fig. 4c). Multiple additional densities, not found in
respiratory cilia or unicellular organisms, were observed between the
three spokesinthe mouse sperm axoneme (Fig. 1g). First, we observed
an-20-nm-sized barrel-shaped density between RS1and RS2, consist-
ent with extra densities in sperm axonemes reported recently”*2,
Our higher-resolution map revealed that the barrel is composed of
ten rod-shaped strands arranged in a right-handed twist configura-
tion (Supplementary Video 1). Furthermore, densities were found
to cross-link RS2 and RS3, hereafter named the ‘RS2-RS3 cross-linker’
(Fig.1g). Of note, all these extra densities in the MIPs, N-DRCs and RSs
are apparent even when our maps were low-pass filtered to 50 A, a
resolution lower than that of the published map of the humanrespira-
tory ciliaaxoneme that does not possess these features (Extended Data
Fig. 4d-f). Therefore, the additional densities found in mouse sperm
arenotdueto higherresolutioninthis work but most likely reflect the
presence of additional sperm-specific proteins.

The outer doublets are arranged in fixed radial positions

We next calculated asubvolume average for the 32-nm-repeating units
of the central pair complex (26 A at FSC = 0.143; n = 3,062 subvolumes;
N =69 tomograms) (Fig.2a-c, Extended Data Fig. 2b and Supplemen-
tary Figs.1and 2). Individual protofilaments of the two singlet micro-
tubules were clearly resolved (Fig.2b). Various proteins protrude from
both microtubules, giving rise to an asymmetric cross-section contour
of the central pair complex (Fig. 2b). We observed two distinct sets of
MIPs inside the two singlet microtubules, both of which repeat every
32 nm (Extended Data Fig. 5a). On the external surface of microtubules,
we observed both32-nm-repeating and 16-nm-repeating protrusions.
Notably, compared to the central pair complex of sea urchin sperm,
where MIPs were not observed, the overall shapes of the external
protrusions are very similar (Extended Data Fig. 5b), while both are

different compared to the central pair complex of Chlamydomonas
flagella (Extended Data Fig. 5¢)***"*. These comparisons suggest
that the central pair complex is likely conserved from invertebrate
to vertebrate sperm (animal sperm) but different from the ones from
unicellular protists.

To understand how the outer doublets are arranged relative to
the asymmetric central pair complex, we expanded our aligned sub-
volumes of the central pair complex three times to include the region
where the outer doublet microtubules reside and then calculated an
average without further alignment (Fig. 2d,e). Although the alignment
was only performed for the central pair complexin the expanded sub-
volumes, nine distinct doublet microtubule densities that are parallel
to the singlet microtubules could be resolved, indicating aremarkably
consistent radial arrangement of doubletsin the axonemes. The Aand
B tubules of doublet microtubule were clearly distinguishable based
onthestronger MIP signals in the former. By contrast, discrete external
complexes such as dyneins, RSs and N-DRCs were poorly resolved. The
lack of alignment along the longitudinal direction could be caused by
mismatch ofthe 32-nm periodicity of the central pair complex and the
96-nm periodicity of the doublet microtubules (Fig. 2d,e).

Tobetter understand the spatial relationship between the central
pair complex and the outer doublets, we performed multibody refine-
ment by treating the central pair protrusions and the doublet structure
astworigid bodies, refining them separately and remapping them back
to eachraw subvolume®. Their relative positions were then subjected
to principal-component analysis (Methods and Extended Data Fig.
2c). For all nine interfaces, we always observed that the first principal
component, which explains most variations (40-50%), was parallel
to the longitudinal axis of axonemes (Supplementary Video 2), sug-
gesting that the doublets and the central pair complex from different
tomograms meet at different longitudinal offsets.

The multibody refinement also yielded a map with the two rigid
bodies placed at their average positions, allowing us to examine how
the nine doubletsinteract with different protrusions of the central pair
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Consensus average (all nine doublet microtubules):

Individual averages for each doublet microtubule:

Fig. 4| Asymmetric distribution of sperm-specific features in RSs from the
nine doublet microtubules in mouse sperm. Three orthogonal views of the
consensus average of doublets in mouse spermare shown asin Fig. 1b-d. At the
bottom, densities corresponding to RSs from the nine per-doublet averages

i

are shown around a schematic of a cross-section view of the (9 +2) axoneme.
Common features are colored in gray, while the barrel, the RS2-RS3 cross-linker
and RS3 scaffolds are highlighted in cyan, red and orange, respectively.

complex (Fig. 3a). Interestingly, we observed that most RS heads were
separated by ashort distance from the central pair protrusions, without
any resolved densities between them (Extended DataFig. 5d). However,
at the central pair interface with doublet 8, we observed protrusions
from the central pair complex fit into the ‘cleft’ of RS1and RS2 and
also the two holes of the ‘S curve’ of the head of RS3 (Fig. 3b-d). Such
complementary shapes may limit the sideways movement of doublet
8 and stabilize its radial position.

Asymmetric distribution of sperm-specific regulators

We then sought toinvestigate whether the outer doublets themselves
differ from each other. We grouped doublet subvolumes based on
their radial positions relative to the central pair complex (numbered
1-9 as in refs. ***®). The subvolumes were aligned, and the averages
were calculated for each of the nine doublets (n = 810-954 subvol-
umes; N =58-64 tomograms). This processing strategy identified
unique densities emerging from the inner arm dyneins of doublet 5
and connecting to the B tubule of doublet 6 (Extended Data Fig. 6).
These connecting densities are similar to the ‘5-6 bridge’ observed
in the sea urchin at lower resolutions'®, validating our assignment of
doublets and processing strategies. Interestingly, the RSs and other
96-nm-repeating features on both doublets 5 and 6 could be resolved
concurrently after local refinement, indicating that there is arelatively
consistent longitudinal offset (~20 nm) between these two doublet
microtubules throughout different axonemes (Extended Data Fig.
6d). The correlation of the unique bridge densities and the consistent

offset thatis observed only between doublets 5 and 6 suggest that the
bridge could limit the relative sliding between this outer doublet pair
(in comparison to another doublet pair in Extended Data Fig. 6g,h).
Next, we systematically compared motor and non-motor or
regulatory protein complexes across the nine doublets. Outer arm
dyneins across all nine doublets were indistinguishable from those of
our consensus average (as shownin Fig. 1d). The densities of inner arm
dyneins were also generally similar, with two exceptions. For doublet 5,
densities corresponding to dyneins e and g (nomenclature definedin
Chlamydomonas') were shifted compared to those of the other dou-
blets (Extended DataFig. 7a), while, for doublet 9, densities for dynein
bwere notresolved (Extended DataFig.7b). Theseresults indicate that
the motor proteins are largely the same with only minor variations.
We next examined the RSs from each doublet. Strikingly, we
observed that the sperm-specific features were asymmetrically dis-
tributed across the nine doublets (Fig. 4). The barrel density was not
observedindoublet1or9and was present atalower occupancyindou-
blet 3. In the remaining six doublets, the occupancy of the barrel was
comparable to that of other repeating structures (for example, RS1).
The RS2-RS3 cross-linkers are absentin doublets 3and 8 but present in
the remaining doublets. In addition, for doublets 2 and 3, we resolved
extra densities close to the base of RS3 (RS3 scaffolds) that were not
observed in our consensus averages or previously reported consensus
averages, in which subvolumes from all nine doublets were averaged
together??*?, Thisis likely because only one or two of the nine doublets
possess these features (11-22%) and averaging smeared the signals.
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Consensus average (all nine doublet microtubules):

Fig. 5| Asymmetric distribution of sperm-specific features in N-DRCs from
the nine doublet microtubules in mouse sperm. Top, two orthogonal views
ofthe consensus average of doublets in mouse sperm. Bottom, densities

Ps

_‘—._-_

corresponding to N-DRCs from the nine per-doublet averages are shown around
aschematic of a cross-section view of the (9 +2) axonemes. Common features
among the N-DRCs are colored in gray, while the unique features are highlighted.

Our processing strategy allowed us to isolate these subvolumes based
on cellular contextual information, and the high occupancies of these
unique structures in the respective doublets suggest their consistent
presence in these specific doublets.

We also examined the N-DRCs that cross-link neighboring dou-
blets (Fig. 5). All nine N-DRCs share the common ‘V’-shape density,
but the extra connections to the microtubule show heterogeneities.
Interestingly, N-DRCs from doublets 2-4 share an arch-shaped density
perpendicular to the microtubules, while the ones from doublets 6-8
have 45°-tilted thin strands. Doublets 1,5 and 9 all have distinct densi-
ties, leadingto five different N-DRCs. Note that all these features were
observed at similar signal-to-noise levels, and because they resulted
from averaging of more than 800 subvolumes sampled in -60 different
axoneme tomograms, they represent the commonly shared features
within eachindividual doublet.

To test whether the bending states of the axonemes affect the
features of RSs and N-DRCs, we curated subvolumes from tomograms
with and without apparent curvatures and calculated per-doublet
averages. The same set of features of RSs and N-DRCs were observed. In
addition, wealso collected a dataset of demembraned sperm axonemes
(48 tomograms) that were not actively beating. The RSs and N-DRCs
in these non-motile sperm have the same asymmetric features high-
lightedin Figs. 4 and 5, suggesting that the asymmetric densities were
not caused by biasinmacroscopic curvatures but likely reflect intrinsic
compositional heterogeneities in the nine doublets.

Ourinsitu dataalso allowed us to separate axonemes of the mid-
piece and principal piece based on the presence of mitochondrial and
fibrous sheaths, respectively. We averaged subvolumes from these
two regions for each doublet and found only subtle differences in the

base of RS3 of doublet 2 and also RS1 of doublet 7 (Extended Data Fig.
8a).Inthese per-doublet averages, we did not resolve robust densities
corresponding to the connections between outer dense fibers and the
respective doublets. Previous studies suggest that averages of all nine
doubletsin the proximal principal region from afew tomograms have
such attachments?. However, our raw tomograms of the proximal
principal piece showed that some outer dense fibers are close to the
corresponding doublets and some are further away (Extended Data
Fig. 8b). Such variations require per-doublet averages to be consid-
ered. However, the subset of tomograms in the proximal principal
region is small, and per-doublet averaging resulted in anisotropic 3D
reconstructions. An even larger datasetis required to resolve structures
with such a specific and complex distribution pattern. We also calcu-
lated an average of subvolumes from the nine doublets near the begin-
ning of axonemes (within 2 um) and found no significant difference
when compared to the overall consensus average, suggesting that the
sperm-specific features are established very close to the basal region of
the flagella (Extended Data Fig. 8c,d). Together, these data highlighted
the overall consistency of the axoneme structure along the flagella.

Overall, our per-doublet averages showed that the distributions
of various sperm-specific features for both the RS complexes and the
N-DRCs follow distinct patterns, such that every doubletis decorated
by aunique combination of non-motor proteins.

Adistinct asymmetric patternin human sperm

We next examined whether the unique outer doublet features observed
in mouse sperm were also conserved in other mammalian sperm. We
collected tilt series of intact human sperm without milling, focusing on
thethinner principal piece of the flagella (Extended Data Fig. 9a,b and
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Consensus average
(human sperm)
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Fig. 6| Human sperm have a different distribution of barrels compared to
thatin mouse sperm. a, A consensus average map of the RS for human sperm
axonemes. The barrel density appears to have lower occupancy than the RSs
(indicated by the red arrowhead), whichis not the case in mouse sperm shown
inFig.1g.b, The consensus average map of the central pair complex for human

-

T o A Ak
sperm axonemes (gray) is overlaid with one from mouse sperm axonemes (blue).
¢, Densities corresponding to RSs from the per-doublet averages are shown
around a schematic of the (9 +2) axonemes. Common features among the RSs are
colored ingray, while the barrel, the RS2-RS3 cross-linker and the RS3 scaffold
are highlighted in cyan, red and orange, respectively.

Supplementary Figs.1and 2). We then calculated consensus averages
of doublet microtubules and the central pair complex (23 Aand 31 Aat
FSC=0.143;n = 6,613 and 2,365 subvolumes, N=56 and 59 tomograms,
respectively) (Fig. 6a,b). These consensus averages of human sperm
were similar to the ones from mice, with the notable exception that the
relative occupancy of the barrel between RS1and RS2 was much lower
inhumansperm. Using the per-doublet processing approach described
above, we then calculated averages for each of the nine doublets indi-
vidually. Although the per-doublet averages from human spermwere
noisier than those from mouse sperm due to greater sample thick-
ness (>400 nm versus ~330 nm as shown in Extended Data Fig. 9c-e),
they were sufficient to identify the sperm-specific features (Fig. 6c).
Inparticular, the 5-6 bridge, RS2-RS3 cross-linkers and RS3 scaffolds
show similar asymmetric distributions between human and mouse
sperm. However, we observed that the barrel density only exists in
four of nine doublets, in contrast to seven of nine doublets in mouse
spermaxonemes (Fig. 6¢). Thisis consistent with the lower occupancy
of barrel densities in our consensus average (Fig. 6a). In particular,
doublets 2-5 appear to be different in human and mouse axonemes
in terms of the presence of the barrel, while the rest of the doublets
aresimilar. We also examined the N-DRC from each doublet and found
five distinct structures like those in mouse sperm (Extended Data
Fig. 9f). In summary, our data indicate that the asymmetric architec-
ture of axonemesis a general feature of mammalian sperm axonemes,

although there are intriguing variations of distribution for the barrel
in human and mouse sperm.

Discussion

Our in situ tomography studies of mouse and human sperm revealed
alarge ensemble of macromolecular complexes in their native cel-
lular environment. In particular, we observed various sperm-specific
features in the MIPs, RSs and N-DRCs that were not observed in mam-
malianrespiratory ciliaand non-mammalian sperm. Furthermore, we
reconstructed the entire axoneme using cellular contextual informa-
tion and uncovered the asymmetric architecture of the mammalian
sperm axoneme, where every microtubule-based structureis decorated
by aunique set of non-motor proteins (Fig. 7a,b). As these non-motor
proteinsregulate dynein activities based on previous studies, we pro-
pose that the asymmetries of non-motor protein complexes could
modaulate the sliding of the nine doublets individually to shape the
species-specific asymmetric waveforms observed for mammalian
sperm, as discussed below.

Sperm-specific structures added mechanical couplings

Mammaliansperm flagellaare generally much longer and wider than fla-
gellafromunicellular organisms or respiratory cilia (lengths of >45 pm
versus ~10 pm and diameters of >0.5-1 um versus ~0.3 pm). Sperm
axonemes are also surrounded by additional subcellular structures,
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protrusions of the central pair complex. Our multibody refinement is consistent
with the sliding hypothesis, and potential longitudinal movements of dmtlare
indicated by the two red arrows. The model is analogous to ‘nine train moving on
nine tracks’. d, Schematics showing gradual accumulations of offsets of periodic
structure units between two filaments in a curved axoneme (left) and consistent
offset between doublet 5-doublet 6 (right). e, The constant offset within
tomograms and among tomograms (N = 63) would be consistent with limited
horizontal bending in sperm flagella.

such as outer dense fibers and mitochondrial and fibrous sheaths,
which likely present additional mechanical challenges during rhythmic
beatings. Previous studies also suggested that larger bending torques
are associated with mammalian sperm compared to other cilia®’, but
it has remained unclear how sperm axonemes have evolved specific
mechanisms to withstand the additional mechanical stress. Our aver-
ages of in situ cryo-ET revealed many additional non-motor proteins
that cross-link the known axonemal components. We propose that these
additional proteins function to strengthen the mechanical rigidity of
the corresponding components to accommodate higher mechanical
requirements of sperm axonemes.

The microtubules themselves must be able to withstand vigorous
bending, and the seam is the weakest point*®*., Our data revealed the
most extensive MIP interaction network in microtubules observed
in axonemes to date. The proteins between the A9 and A10 protofila-
ments could stabilize the lateral interfaces within the seam. Also, the
proteins that form the striations inside the B tubule could cross-link
the tubulins within B2-B6 protofilaments and also couple these proto-
filaments laterally along the helical pitch. We also observed extensive
filamentous structures withinthe A tubule that likely provide additional
mechanical stability. Tektin-1to tektin-4 have been knownto assemble
into three-helix bundles that pack along one another laterally inside the
microtubule doublets of bovine tracheal cilia* and likely compose a
partofthe filamentous densities observed in sperm. Mammalian sperm
also contain an additional tektin (tektin-5; Supplementary Table 1)*,

whichis acandidate for some of the additional sperm-specific densities
(asshownin Extended DataFig. 3b), although the assignment requires
confirmation with higher-resolution reconstructions.

We also observed unique sperm-specific densities on the exterior
of the microtubules, specifically the barrel and RS2-RS3 cross-linker
between the three RSs, the RS3 scaffolds and extra densities in the
N-DRC. The RSs were previously observed to tilt relative to the micro-
tubule®. Additional connections between the three RSs and the scaf-
folds at the bases would integrate them together into a more rigid
unit. Another possibility is that the coupling could lead to coordinated
movement of the three RSs. The N-DRCs regulate the sliding between
the neighboring doublets and prevent splaying of axonemes™. Extra
densities linking to the microtubules could improve the stability of
N-DRCs under higher mechanical stress. Together, the additional
protein complexes in mammalian sperm would help to maintain the
geometric integrity of the (9 + 2) microtubule configuration of the
axoneme under mechanical stress during vigorous beating motions.

The arrangement of the doublets and the central pair complex
Previous studies suggested that the central pair complex cantwist radi-
ally relative to the nine outer doublets in Chlamydomonas flagella**. Our
observation of densities corresponding to the nine doublet microtubules
inthe average of the entire (9 +2) axoneme can exclude the possibility of
such free twisting in mammalian sperm as the doublet densities would
be smeared by averaging (Fig. 2d,e). Interestingly, we observed a cleft
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between the two halves of RS1and RS2 and holes in RS3 in mammalian
sperm axonemes (Fig. 1c), in contrast to the flatter surface of the RS
heads from Chlamydomonas flagella® ™ (Extended Data Fig. 4c). While
the flat surfaces may enable twisting in Chlamydomonas**, the comple-
mentary shapes of RSs and protrusions from the central pair complex
in mammalian sperm may restrict such radial movements (as shown in
Fig. 3b-d).Fixation of radial positions of the nine doublets also orients
eachofthe RS complexesin proximity to unique stripes of densities of the
central pair complex (Fig. 3a). This arrangement could allow functional
specialization and divergent evolution of each doublet microtubule,
such asthe distinct sets of sperm-specific features in the nine doublets.

Our multibody refinement suggests the existence of heterogenei-
ties in the longitudinal offsets between doublets and the central pair
complexintherandomly sampled axonemes that were combinedinthe
averages (Supplementary Video 2). This observationis consistent with
the sliding hypothesis for axonemal bending, in which active dyneins
generate displacement between the neighboring doublets®. Such
movement would also lead to displacement of the doublets relative
to the central pair complex along the longitudinal axis of axonemes,
as though there were nine trains (doublets) moving along nine tracks
(central pair protrusions) (Fig. 7c).

The 5-6 bridge is a sperm-specific feature that appears to be con-
served between sea urchin'® and mammalian sperm. Previous studies
pointed out that, for two parallel inelastic microtubule filaments, bend-
ingwouldlead to gradualaccumulation of longitudinal offsets between
themifthey were at different radii of the bend (Fig. 7d)*>. As an estimate
based onthe reported curvature of mouse sperm*, the offsets between
neighboring doublets could differ by as much as A-28 nm within one
2 pm-long tomogram (details in the Methods). More importantly, the
initial offset of each tomogram varies depending on how much sliding
has happened upstream or downstream of theimaged area of the flagella.
Ontheother hand, theresolved periodic featuresinboth doublets 5and
6 suggest that there is a consistent offset between these two doublets
(Extended DataFig. 6), not just within each tomogram but also among
the 63 tomograms that contribute to the average. Due to the nature of
random sampling of our imaging areas of different cells (V=63 tomo-
grams), this could happen if there is generally limited bending along
the direction parallel to the plane of these two filaments (Fig. 7e). The
bundling of these two doublets can create a filament stiffer than that of
asingle doublet, with distinct elastic properties or bending propensi-
tiesin different directions. Such asymmetries of mechanical properties
withinthe nine doublets could also contribute to asymmetric waveforms.

Asymmetries of regulators may lead to asymmetric beatings
Our in situ data and processing strategies based on the contextual
informationrevealed that the axonemeitself, whichappeared to have
‘pseudo-ninefold symmetry’ in classical TEM images’, is highly asym-
metric atthe molecularlevel. As the axonemeis the underlying engine
that drives the flagellar beating motion, such asymmetriesinstructure
could lead to asymmetric beating waveforms.

Furthermore, the asymmetries lie mostly in the mammalian
sperm-specific non-motor protein complexes, including the RSs and
N-DRCs. These complexes are well-established regulators of dynein
motor activities, and defects in individual protein components can
lead to irregular beating®®'*". In mammalian sperm, we show here
that each of the nine doublet microtubules is decorated by a unique
composition of sperm-specific regulators. We speculate that the dis-
tinct molecular composition could lead to differences in the sliding
speeds or bending forces for each of the doublet pairs (Fig. 7). The
non-equivalent forces could lead to a deviation from the single plane
of beating characteristic of more symmetric axonemes. Thus, we
hypothesize that the non-uniform distribution of sperm-specific RS
and N-DRC regulators are important for asymmetric and non-planar
beating. Additionally, previous studies showed that human and mouse
sperm have different swimming waveforms (movies in refs. >*). Our

studies suggest that, although the RS barrels are conserved in human
and mouse, their distribution varies and the variations could create
diverse sperm swimming behaviors.

This study has revealed mammalian sperm-specific structures
within the microtubules, RSsand N-DRCs that are absentin seaurchin
and zebrafish sperm*®~*%, The still unknown proteins likely arose to
serve functions required by natural fertilization in mammals. Sperm
from different species are castinto aforeignenvironment and selected
for their ability to reach and fertilize an egg. Sea urchin and zebrafish
spermswim freely in water, whereas mammalian sperm swimin athin
layer of viscous liquid on uneven surfaces of female reproductive
tracts*. The viscous environment brought more mechanical chal-
lenges to the axonemes and hence the microtubule filaments inside.
In addition, asymmetric and non-planar waveforms of mammalian
sperm could be beneficial to navigate around 3D obstaclesin reproduc-
tive tracts. Furthermore, the dimensions and physical characteristics
of reproductive tracts vary among different mammals; therefore,
fine-tuning the underlying molecular features to produce specialized
waveformsis likely under evolutionary selection. In the future, system-
aticgenetic and proteomic analyses of mammalian sperm-specific pro-
teins would be valuable to connect sperm-specific axonemal structures
with their functions in sperm motility and reproduction.
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Methods
All chemicals were purchased from Sigma-Aldrich unless otherwise
noted.

Sample preparation
Mouse spermwere collected from10-16-week-old C57BI/6) mice based
onapublished protocol*’. Briefly, the sperm were stripped from vasa def-
erentiaby applying pressure to the cauda epididymis in1x Krebs buffer
(1.2 mM KH,PO,, 120 mM Nacl, 1.2 mM MgSO0,+7H,0, 14 mM dextrose,
1.2 mM CaCl,+2H,0,5 mMKCI, 25 mM NaHCO,). The sperm were washed
andresuspendedin-100 pl Krebs buffer for the following experiments.

Human sperm cells were collected by masturbation from healthy
donors and visually inspected for normal morphology and motility
before use. Spermatozoa were isolated by the swim-up procedure in
HTF or HS solution as previously described* and then concentrated by
centrifuging for 5 min at 500g. The supernatant was reduced to 100 pl,
and the cells were resuspended.

Allexperimental procedures using human-derived samples were
approved by the Committee on Human Research at the University of
California, Berkeley, under IRB protocol number 2013-06-5395.

Grid preparation

EM grids (Quantifoil R 2/2 Au 200 mesh) were glow discharged to be
hydrophilic using an easiGlow system (Pelco). The grid was thenloaded
onto a Leica GP cryo plunger (pre-equilibrated to 95% relative humid-
ity at 25 °C). The mouse sperm suspension was then mixed with10-nm
gold beads (Electron Microscopy Sciences, 25487) to achieve final
concentrations of 2-6 x 10° million cells per ml. For the demembraned
mouse sperm, Triton X-100 was added to a final concentration of 0.1%
inthe final suspension. The human sperm suspension was mixed with
10-nm gold beads to achieve final concentrations of 0.5-2 x 10® mil-
lion cells per ml. Next, 3.5 pl of sperm mixture was added to each grid,
followed by incubationfor15s. The grids were thenblotted for 4 sand
plunge-frozeninliquid ethane.

Cryogenicfocused ion beam milling

Cryogenic focused ion beam milling was performed either manually
using an Aquilos cryo-FIB-SEM microscope (Thermo Fisher Scien-
tific) or automatically using an Aquilos Il cryo-FIB-SEM microscope
(Thermo Fisher Scientific). A panoramic SEM map of the whole grid
was first taken at 377x magnification using an acceleration voltage of
5kVwithabeam current of 13 pA and a dwell time of 1 ps. Targets with
appropriate thickness for milling were picked on the map. A platinum
layer (<10 nm) was sputter coated, and a gas injection system was used
to deposit the precursor compound trimethyl(methylcyclopentadi
enyl)platinum(lV). The stage was tilted to 15-20°, corresponding to
amilling angle of 8-13° relative to the plane of grids. FIB milling was
performed using stepwise decreasing current as the lamellae became
thinner (1.0 nA-30 pA; final thickness, ~300 nm). The grids were then
stored in liquid nitrogen before imaging.

Image acquisition and tomogram reconstruction

Tiltseries of mouse spermwere collected on a300-kV Titan Krios TEM
(Thermo Fisher Scientific) equipped with a high-brightness field emis-
siongun (xFEG), aspherical aberration corrector, aBioquantum energy
filter (Gatan) and a K3 Summit detector (Gatan). The images were
recorded at a nominal magnification of 19,500x in super-resolution
counting mode using SerialEM*, After binning over 2 x 2 pixels, the
calibrated pixel size was 3.53 A on the specimen level. For each tilt
series,images were acquired using amodified dose-symmetric scheme
between-48°and48°relative to the lamellawith 3° steps and grouping
oftwoimagesoneitherside (0°,3°,6°,-3°,-6°,9°,12°,-9°,-12°,15°...).
Ateachtiltangle, theimage was recorded as movies divided into eight
subframes. The total electron dose applied to atilt serieswas100 e” A,
The defocus target was set to be -4 to -7 um.

Tiltseries of human sperm were recorded at anominal magnifica-
tion of 33,000x in super-resolution counting mode. After binning over
2 x 2 pixels, the calibrated pixel size was 2.66 A on the specimen level.
The total electron dose applied to a tilt series was 100 e” A2. For each
tilt series,images were acquired using abidirectional scheme between
-48°and 48°relative to the lamellastarting fromeither 0°or21°, withan
incremental step of 3°. The defocus target was set tobe ~2-5 um. Ateach
tilt, theimage was recorded as movies divided into eight subframes.

Allmovie frames were corrected with again reference collectedin
the same EM session. Movement between frames was corrected using
MotionCor2 without dose weighting®. Initial reconstructions of all
tilt series were performed using AreTomo**, and these 3D tomograms
were examined to exclude tomograms with bad target tracking, crystal
ice, aberrant defocus, incomplete axonemes (less than five doublet
microtubules caused by FIB-SEM milling) and unfavorable orientations
(perpendicular to the tilt axis). Alignment of selected tilt series and
tomographicreconstructions were then performed using Etomo™. The
alignedtilt series were then CTF corrected using TOMOCTF*, and the
tomograms were generated using TOMO3D (bin2; pixel size, 7.06 A).

In total, we started with 24 milling grids of mouse sperm and
obtained 200 lamellae. Tilt series with no crystal ice were kept and
processed further. In some cases, parts of the (9 + 2) axoneme was
milled away and we only processed the ones with at least five doublets
and also enough space toinclude the full central pair complex for sub-
volume averaging. Intheend, the final reconstructions of the consensus
averages were from 69 usable tomograms. The per-doublet averages
were based on subsets of the 69 tomograms (58-64 tomograms). For
the human sperm cryo-ET dataset, the final reconstructions of the
consensus averages are from 65 tilt series with the flagellar orienta-
tions within ~30° of the tilt axis. Note that the final tomograms used
for different reconstructions vary as tomograms may be discarded
dueto poor alignment or may lack certain doublets.

Subvolume averaging

Subsequent subvolume extraction, classification and refinement were
all performed using RELION3 (ref.*®) (schematic workflow in Extended
Data Fig. 2a). Briefly, subvolumes from the doublets were manually
picked every 24 nm and extracted with a box size large enough to
accommodate a complete 96-nm-repeating unit (pixel size, 7.06 A;
box size, 180 pixels; dimension, 127.08 nm). Initially, subvolumes were
aligned to a map of Tetrahymena doublets (EMD-9023) low-pass fil-
tered to 80 A, and the resulting map was used as the reference for
further processing. Manual curation of the data was performed to
check the alignment accuracy and data quality for each tomogram.
Supervised 3D classification on RSs gave rise to four class averages of
the 96-nm-repeating units at four different registries, staggered from
one another by 24 nm. The pixel view in IMOD was used to determine
the coordinates corresponding to the base of RS2 in all four class aver-
ages, and all subvolumes were re-extracted and recentered to the
same point. All subvolumes were combined and aligned to one refer-
ence, and duplicate subvolumes were removed based on minimum
distance (<40 nm). The remaining subvolumes were aligned to yield
the consensus average for all nine doublets. These subvolumes were
later remapped and sorted to calculate per-doublet averages (the
script is also available below). The MIPs inside microtubule doublets
repeat every 48 nm. Subvolumes of the 96-nm-repeating units were
recentered on MIP features that repeat every 48 nm and refined with
amask focusing on the microtubules only.

To generate an average for the central pair complex, subvolumes
were picked and extracted from the central pair complex every 16 nm
(pixelsize, 7.06 A; box size, 160 pixels; dimension, 112.96 nm) (Extended
Data Fig. 2b). Refinement of all subvolumes to an average of the sea
urchin central pair (EMD-9385) resulted in a central pair with only
16-nm-repeating features. The alignment parameters were modified to
reset all translations (x, y, z) to zero and then used for a second round
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of refinement with local search only. Focused classification was then
performed on the microtubule-associated proteins on the C1 micro-
tubule to separate the two populations of subvolumes (-50% each)
corresponding to the central pair complex with 32-nm periodicity and
anoffset of 16 nmbetween them. The subvolumes were then recentered
and extracted on the same protein features for the two class averages.
Allsubvolumes were aligned to the same reference using local searches.
Duplicate subvolumes were removed based on the minimum separating
distance (<30 nm). The remaining subvolumes were refined to generate
the consensus average for the central pair complex.

Subvolumes large enough to include all nine doublets were
re-extracted, centering on the aligned subvolumes of the central
pair complex (pixel size, 21.18 A; box size, 160 pixels; dimension,
338.88 nm). These subvolumes were averaged without further align-
ment and used to re-extract subvolumes corresponding to individual
doublets. Subvolumes corresponding to a particular doublet were
aligned and remapped back to the tomograms in three dimensions.
However, these subvolumes do not have the correct alignment for the
96-nm-repeating features, but their centers nevertheless trace the axis
of that microtubule doublet accurately when they are remapped in
three dimensions (using the script available below). The 96-nm peri-
odic subvolumes curated above to generate the consensus average of
96-nm repeats were then sorted. The subvolumes corresponding toa
particular doublet were then aligned and averaged.

For multibody refinement (schematic workflow in Extended Data
Fig.2c), the subvolumes corresponding to the specific RS-central pair
interface were re-extracted based on the subvolumes of 96-nm units
of individual doublet microtubules. The particles were recentered at
thejunction between the head and the stalk of RS2 to include enough
features from both the doublets and the central pair complex. The
RSs were then aligned with a mask. This mask and a mask covering
the central pair complex were used for the multibody analysis imple-
mented in RELION3 (ref. *®). Briefly, separate refinement of the RSs and
central pair protrusions provided two sets of alignment parameters:
three translational shifts (x, y, z) and three Euler angles required to
align one subvolume to each reference. Thus, 12 parameters can be
used to remap the two references back to each raw subvolume, and
the spatial relationship of the two rigid bodies in each subvolume
could be determined by these 12 parameters. Principal-component
analyses essentially reprojected the original 12-dimensional dataina
new 12-dimensional space with 12 new orthogonal eigenvectors. These
12 eigenvectors could be mathematically determined so that they
represent decreasing variations of the entire dataalong the individual
eigenvectors. Our analyses suggest that the first eigenvector or axisis
parallel to the axoneme axis and the variations along this axis account
for40-50% of the total variations. When all subvolumes were divided
into ten groups based on their projection values on the first axis (10%
lowest, 10-20% lowest, ..., 90-100% highest). Each group was then
represented by a snapshot depicting the averaging projection values
of the group members, and ten of these snapshots were morphed to
generate the animation (Supplementary Video 1).

The resolutions for maps were estimated based on FSC values of
twoindependently refined half datasets (FSC = 0.143). Local-resolution
maps for the consensus averages of doublets and the central pair com-
plex of both human and mouse sperm were calculated by blocres in
Bsoft (Supplementary Fig. 2). These local-resolution maps represent
relative differences in resolution across the maps, but the absolute
values may not be exact. IMOD was used to visualize the tomographic
slices®. UCSF Chimera was used to manually segment the maps for
various structure features, and these maps were colored individually
to prepare the figures using UCSF ChimeraX*°,

Estimation of accumulated offsets in axonemes
The bending curvature of mouse sperm could be aslarge as2 x10° m™
or0.20 pmbased onliterature (OD =5 pm = 5,000 nm)*, The distance

between the neighboring doubletsis 72 nm (measuredin the average of
the axoneme shown in Fig.2d, OB = 5,072 nm). If AB and CD represent
96-nmrepeats from doublet1and doublet 2, respectively, offset A=C
E=OC x (£LCOD - ZAOB) =5,000 x (96 + 5,000 - 96 + 5,072) = 1.4 nm.

Doublet 1
Doublet 2

Note thatthe Arepresents the additional offset per 96-nmrepeat.
Inatomogram that contains an axoneme of -2 um, if the offset between
the first pair of 96-nm repeats is 0 nm, the offset of the 20th pair is
28 nm. Note that this initial offset (0 nm) istomogram specific depend-
ing on how muchssliding has happened upstream or downstream of the
imaging area and the imaged cell.

Reporting summary
Furtherinformationonresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

The maps of the following structures are available in the Elec-
tron Microscopy Data Bank: EMD-27444, consensus average
of 96-nm-repeating structure of mouse doublets; EMD-27445,
32-nm-repeating structure of the central pair complex of mouse sperm;
EMD-27446, mouse doublet 1; EMD-27447, mouse doublet 2; EMD-
27448, mouse doublet 3; EMD-27449, mouse doublet 4; EMD-27450,
mouse doublet 5; EMD-27451, mouse doublet 6; EMD-27452, mouse
doublet 7; EMD-27453, mouse doublet 8; EMD-27454, mouse doublet
9; EMD-27455, 48-nm-repeating structure of the doublet microtu-
bule of mouse sperm; EMD-27456, 5-6 bridge of mouse sperm; EMD-
27462, consensus average of the 96-nm-repeating structure of human
doublets; EMD-27463, 32-nm-repeating structure of the central pair
complex of human sperm; EMD-27464, human doublet1; EMD-27465,
human doublet 2; EMD-27466, human doublet 3; EMD-27467, human
doublet4; EMD-27468, human doublet 5; EMD-27469, human doublet
6; EMD-27470, human doublet 7; EMD-27471, human doublet 8; EMD-
27473, humandoublet 9. The rawtilt series of mouse spermlamellae and
the correspondingtilt angle files are available in the EMPIAR database
(EMPIAR-11221).

Code availability
The script toremap coordinates of subvolumes in three dimensionsis
provided as Supplementary Code.
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Extended Data Fig.1| The workflow of FIB-SEM/cryo-ET and representative
images. a, Schematic of EM grids with vitrified mouse sperm. An example for
where the windows were milled by FIB-SEM is denoted by two yellow boxes.

b, SEM (left) and FIB (right) images of alamella are shown (scale bar: 5 um,

N =200 lamellae). c, Alow-magnification montage and its zoom-in view of a
lamella acquired using TEM (scale bar:1pum, N =200 lamellae). Axonemes and
mitochondria are indicated by white arrowheads and an arrow, respectively.
d, Arepresentative image of non-milled sperm axoneme recorded by 300 kV
TitanKrios TEM at a total dose of 3 e"/A? (scale bar: 100 nm, N =10 tilt series,
not processed further). e, A representative image of milled lamella (thickness
~300 nm) is shown (scale bar: 50 nm, N = 69 tilt series). The zoom-in regionin f

isoutlined (the red rectangle). f, Individual protofilaments of microtubules and
double-bilayer membranes of the mitochondria are indicated by yellow arrows
and arrowheads. g, Fourier transform of the image in e is shown and the upper
limit of ctf fitting when using CTFFIND4 is indicated (at the pixel size of 3.53 A,

N =69 zero-tiltimages). h, i, Two sections of 3D tomograms are shown. Outer arm
dyneins (every 24 nm) anchored on doublet microtubules are indicated in h (red
arrowheads). Protrusions (every 32 nm) extending from the singlet microtubule
areindicated ini (black arrowheads). Periodic patterns of three radial spokes on
the doublet microtubules (every 96 nm) are grouped and indicated ini (black
brackets) (scale bar: 50 nm, N = 69 tomograms).
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Extended DataFig. 2| Schematics of data processing. a, A schematic of

the processing workflow of 96 nm-repeating units of doublets to achieve the
consensus average combining data from all nine doublets. An example of
remapping of the centers of the final subvolumes in three dimensionsis shown.
b, Aschematic of the processing workflow of 32 nm-repeating units of central

Expansion of subvolumes
(by three folds)

Doublet 1
1. Recentering on ‘e  j3vif @?jx
2. Re-extraction

3. Refine3D
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5. Final Refine3D
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complex to achieve the subvolume average. Recentering of subvolumes of the
central pair complex (every 32 nm) on the doublet 1is shown. Remapping of these
subvolumes helpsto trace the trajectory of doublet 1in three dimensions. The
centers of these doublet 1subvolumes are shown in the same tomogramasina.

¢, Aschematic of the workflow of multi-body refinement.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3| MIPs network in A-tubule of doublet microtubules.

a, Four cross-section views of the A tubule in the doublet microtubule are shown.

The MIPs network is colored in orange. Three modes of interactions between the
MIPs and the protofilaments are observed (see text). The protrusions from the
filamentous core are indicated by empty red arrowheads and dashed cyan ovals,
respectively. b, Six cross-section views of the overlay of the average of the 48-nm
repeat of doublets of mouse sperm (orange, this study) and the 48-nm repeat of
doublets of bovine trachea cilia (blue, EMD-24664)*. The contour levels of the

two maps are adjusted so that the densities of microtubules are matched. The
microtubule seam, A9 and A10 protofilaments are labeled in all views. Note there
are additional densities near A9-A10 region in the mouse sperm axoneme (black
circles). We observed density striations in the B-tubule in some cross sections.

¢, Anorthogonal view of the B-tubule striations along the helical pitch of the
microtubule at a high and alow threshold, respectively. Note the striations are
separated by 8 nm and they cover the intradimeric interface between the a- and
B-tubulins based on the model for the bovine doublet (PDB: 7rro)*.
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Extended DataFig. 4 | Comparisons of dyneins and radial spokes of mouse
sperm axonemes to published equivalent structures from other motile
cilia. a, Comparison of outer arm dyneins in mouse sperm axoneme (this
study) and reported maps for those from sea urchin sperm (EMD-8835 and
EMD-8836)*°. b, Comparison of inner arm dyneins in mouse sperm axoneme
(this study) and published maps for those from sea urchin sperm (EMD-8837
and EMD-8838)*°. Note the barrel densities between RS1and RS2 only

existin the mouse sperm are indicated (dashed ovals). c, Comparison of
radial spokes of mouse sperm axoneme (this study) and the ones from motile
cilia of Chlamydomonas (EMD-9768°° and EMD-22475") and Tetrahymena

(EMD-9023)*. Note the RS3 stump in Chlamydomonas is much shorter than
the others and the head of RS3 from Tetrahymena has a smaller surface area.
d-f, The doublet average of mouse sperm axoneme is low-pass filtered to

50 A and viewed from different angles. Note this resolution is lower than
published axoneme maps (for example 34 A for EMD-5950 shown in Fig. 1 for
comparison)®. The extensive network of MIPs (d), extra densities at N-DRC (e)
and radial spokes (f) remain apparent while comparing to human respiratory
cilia, suggesting the presence of novel densities in our maps are not due to
higher resolutions, but most likely the presence of additional proteins.
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Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| The central pair complex in mouse axoneme possesses
more MIPs but the overall shape is similar to the one from sea urchin sperm.
a, Two longitudinal views of the MIPs inside the two singlet microtubules are
shown. Periodic features (every 32 nm) are indicated (red empty arrowheads).

b, The average of the central pair complex in mouse sperm axonemes is overlaid
onthe map for the central pair complex from sea urchin sperm (EMD-9385) and
they are colored in grey and cyan, respectively®. Note most of the protrusions
are very similar and the sea urchin-specific protrusion If is indicated in the
middle panel (red arrowhead). ¢, The average of the central pair complexin

mouse sperm axonemes is overlaid on the map for the central pair complex from
Chlamydomonas (EMD-31143)*. Note the maps are aligned based on the similar
Clprotrusions 1d. Other protrusions are generally less similar (1a, 1fand 2d) and
there appears to be an 8-nm shift for the C2 protrusions. The Chlamydomonas

C2 microtubule was recently shown to possess two possible registers with 8-nm
longitudinal differences™. d, The spatial relationship between the nine radial
spokes and the central pair complex are determined by multibody refinement
and the ‘average positioning’ of these two rigid bodies are shown (RS-CP1 denotes
the interface between radial spokes from doublet1and the central pair.
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Extended Data Fig. 6 | The 5-6 bridge of mouse sperm axonemes. a-d, Four
views of the composite map for 5-6 bridge in mouse sperm axonemes combining
maps for local refinement of the doublet 5, doublet 6 and the bridge. The inner
armdyneins, radial spokes, the barrel, N-DRC and extra bridge densities are
colored in pink, different shades of cyan, light blue, green and blue, respectively.
Note that the radial spokes which repeat every 96 nm on doublet 5 and doublet 6
areresolved and there appears to be a-20 nm offset between their longitudinal
registers, asindicated in the staggering distance of RS1and RS2 from doublet
Sanddoublet 6ind.e, f, Two cut-in views of a and c are shown. Bridge—specific
densities are highlighted in blue. These densities extend from the inner arm
dyneins of doublet 5 towards the microtubule of doublet 6. Direct contacts of

the bridge-specific densities to doublet 6 is indicated by the solid red arrowhead
while densities in close proximity of the base of radial spoke 2in doublet 6 are
indicated by the empty red arrowhead. g, h, Subvolumes for doublet 1was
aligned and equivalent views of doublet 1and 2 are shown (asin panelaandb).
The expected positions for dyneins and radial spokes on doublet 2 are circled
by dashed and solid red ovals. These 96 nm-repeating structures on doublet 2
are not resolved even after local refinement, suggesting the offsets between
doublet1and doublet 2 are not consistent. The microtubule from doublet 2 is
nevertheless partially resolved since variant longitudinal mismatching would
not smear a tube of ‘continuous densities’ compared to ‘discrete densities’ like
dyneins and radial spokes through averaging.
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a Dmt5 (colored) vs. consensus average (grey)

~

Extended DataFig. 7| The inner arm dyneins in doublet 5 and doublet 9 differ
from the consensus average in mouse sperm axonemes. a, An overlay of inner
armdyneins from doublet 5 and the concensus average. The assigned inner arm
dyneins, N-DRC and 5-6 bridge densities from the doublet 5 are colored in pink,
greenand blue, respectively while the densities for the consensus average are

4 &
ingrey. Differentinner arm dyneins are named according to the nomenclature
defined by studies of Chlamydomonas flagella. The shifted positions of dynein
eand dynein g areindicated by the two yellow arrows. b, An overlay of inner
armdyneins from doublet 9 and the consensus average were blue and grey,
respectively. Note dynein b in doublet 9 is not resolved.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Longitudinal consistency of doublets in mouse sperm
axonemes. a, Schematic of amouse sperm flagella with the basal region

(<2 um), midpiece and principal piece highlighted in the top panel. Subvolume
averages of doublet 2 and doublet 7 from the midpiece and the principal piece
areshown. The shapes of densities for the scaffolds at the base of radial spoke 3
appear differentin doublet 2 and are circled. Additional densities at the base of
radial spoke 1in the doublet 7 in the midpiece region are observed and circled.
b, Four xzslices of tomograms in different regions of the mouse sperm flagella
are shown. Outer dense fibers that are in close proximity to the doublets and the
ones with gapsin between are indicated (red and blue arrowheads, respectively)

(scale bars:100 nm). ¢, Two xy slices of two 3D tomograms of the basal region of
mouse sperm axoneme are shown. The singlet microtubules of the central pair
complex extend further into the cell bodies and the beginning of the doublet
microtubules are indicated by the arrows and arrowheads, respectively (scale
bars:200 nm). d, Densities corresponding to different protein complexes from
subvolume averages of the basal region (6 tomograms, N = 670 subtomograms)
and the consensus average are overlaid and colored in blue and grey, respectively.
Note the sperm-specific featuresin N-DRC and radial spokes exist in the average
of doubletsin the basal region and are highlighted using empty red arrowheads.

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

Article https://doi.org/10.1038/s41594-022-00861-0

Mouse sperm tomogram (milling)

d Human sperm tomogram (no milling)

N

e
Human sperm tomograms
600 > 40070 nm (N=59)

Mouse sperm tomograms
~ 33050 nm (N=67)

400 =

200 —

Thickness/nm

<= J.

Extended Data Fig. 9| See next page for caption.
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Extended DataFig. 9| CryoET data of human sperm without milling and
asymmetric distribution of sperm-specific featuresin N-DRCs in human
sperm. a, Arepresentative xy slice of atomogram of human sperm (pixel
size=10.648 A, image thickness: 1, scale bar: 100 nm). Although the A- and
B-tubule of the microtubule doublets are discernible, other features like
axonemal dyneins and radial spokes are not clear in this slice (in contrast to
Extended Data Fig. 1h-i). b, A representative xz slice of the same tomogram

of human sperm (pixel size=10.648 A, image thickness: 5, displayed in IMOD)
(scalebar:100 nm). ¢, A representative xz slice of atomogram of mouse sperm
lamella (pixel size=14.12 A, image thickness: 10, displayed in IMOD). The red bar
indicates how we measure the thickness of the lamella (scale bar:100 nm). d,
Arepresentative xz slice of atomogram of human sperm (pixel size=10.648 A,

image thickness: 100, displayed in IMOD). Gold beads on the top and bottom
surfaces are circled and the red bar indicates how we measure the thickness
oftheice near the cell. The top and bottom membrane of the sperm cells is
not resolved due to the missing wedge so the actual thickness is larger than
the measured thickness of ice in the vicinity (scale bar:100 nm). e, A dot plot
showing the thickness of lamellae of mouse sperm and ice near human sperm as
alower bound estimate of the actual cells. The means and standard deviations
areindicated (for N = 69 mouse sperm tomograms and N = 59 human sperm
tomograms). f, Densities corresponding to N-DRCs from the nine per-doublet
averages are shown around a schematic of the (9 + 2)- axoneme. Common
features among the N-DRC are colored in grey, while the unique features are
highlighted in various colors.
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Data collection  SerialEM3.8.4

Data analysis The EM software used: RELION v1.4, v3.0.6, Motioncorr v2; Structural visualization: Chimera 8.6.1, ChimeraX 1.1, IMOD 4.9.13

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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The maps of the following structures are available in the Electron Microscopy Data Bank: EMD-27444, consensus average of 96 nm-repeating structure of mouse
doublets; EMD-27445, 32 nm-repeating structure of central pair complex of mouse sperm; EMD-27446, mouse doublet 1; EMD-27447, mouse doublet 2;
EMD-27448, mouse doublet 3; EMD-27449, mouse doublet 4; EMD-27450, mouse doublet 5; EMD-27451, mouse doublet 6; EMD-27452, mouse doublet 7;
EMD-27453, mouse doublet 8; EMD-27454, mouse doublet 9; EMD-27455, 48 nm-repeating structure of doublet microtubule of mouse sperm; EMD-27456, 5-6
bridge of mouse sperm; EMD-27462, consensus average of 96 nm-repeating structure of human doublets; EMD-27463, 32 nm-repeating structure of central pair
complex of human sperm; EMD-27464, human doublet 1; EMD-27465, human doublet 2; EMD-27466, human doublet 3; EMD-27467, human doublet 4;




EMD-27468, human doublet 5; EMD-27469, human doublet 6; EMD-27470, human doublet 7; EMD-27471, human doublet 8; EMD-27473, human doublet 9. The 69
raw tilt series of mouse sperm lamellae and the corresponding tilt angle files are available in the EMPIAR database (EMPIAR-11221).
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The mouse sperm cryoEM datasets were collected in 6 independently prepared samples and no statistical methods were used to
predetermined sample size. The data were processed in batches and the biological structures were observed to be highly consistent between
batches. Each EM grids usually contains millions of sperm cells and we randomly sampled cells for cryoET imaging. In total, 69 sperm/regions
were stochastically sampled and all subtomogram averages were performed with N>700 particles from > 50 axoneme segments. We
determined this to be sufficient owing to the consistency of the averages from three batches of datasets. Human sperm from a volunteer
were collected and the cells were were normozoospermic with typical motility and morphologies.

Data exclusions  Through 3D classification procedures, we discarded "duplicated particles" that result from initial overpicking of particles based on their
positions in the raw data. The procedure ensures that we only counted one subtomogram once in our data and this is standard and
established in the cryoEM field.

Replication The data were independently processed in 3 batches and similar results were obtained (with varied levels of noise depending on the size of
the batch). All data were combined and used to make the figures.

Randomization  For cryoET imaging, there are millions of sperm cells on each grid and individual sperm were selected at random without bias toward sample
location, size or fields under the microscope. For the data processing, we selected particles corresponding to specific cellular structures, which
is standard in the cryoEM field. The gold-standard Fourier shell correlation was calculated from two independently refined half-maps,
calculated based on two randomly selected halves of data.

Blinding At the begining of study, we assume that we do not know the true mammalian sperm structures. Initial reference of the equivalent structures
from Tetrahymena cilia and sea urchin sperm were low-pass filtered to 60 angstrom to eliminate the reference bias. Still, sperm-specific
densities were found in the final reconstruction at ~25 angstrom resolution (higher than the reference), suggesting that these signals came
from the actual data but not the initial reference.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies XI|[] chip-seq
Eukaryotic cell lines & |:| Flow cytometry
Palaeontology and archaeology |E |:| MRI-based neuroimaging
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Clinical data
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Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals C57BI/6J mice were housed on a free-standing, individually ventilated (~60 air changes hourly) rack (Allentown Inc, Allentown, NJ).
The holding room was ventilated with 100% outside filtered air with at 15 to 20 air changes hourly. Each ventilated cage (Allentown)
was provided with corncob bedding (Shepard Specialty Papers, Milford, NJ), at least 8g of nesting material (Bed-r'Nest, The
Andersons, Maumee, OH), and red Mouse Tunnel (Bio-Serv, Flemington, NJ). Mice were maintained on a 12:12-h light:dark cycle. The
holding room temperature was maintained at 21+1°C with a relative humidity of 30% to 70%. Irradiated rodent laboratory chow
(LabDiet 5053) was provided ad libitum and chlorinated (1-3ppm) RO water was provided without restriction.
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Wild animals No wild animals were used in the study.
Field-collected samples  No field collected samples were used in the study.

Ethics oversight All mice were cared for in compliance with the Guide for the Care and Use of Laboratory Animals. All experiments were approved by
the Janelia Research Campus’ (JRC) IACUC. JRC is an AAALAC-accredited institution.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics A man aged 25-39 years old were recruited and consented to participate in this study. Freshly ejaculated semen samples
were obtained by masturbation. All processed samples were normozoospermic with a cell count of at least 30 million sperm
cells per milliliter.

Recruitment Healthy volunteers were recruited randomly and provided informed consent. All volunteers showed normal semen analysis
at the time of sample collection.

Ethics oversight The experimental procedures utilizing human-derived sperm samples were approved by the Committee on Human Research
at the University of California, Berkeley, IRB protocol number 2013-06-5395.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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