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Summary

Sperm motility is crucial to reproductive success in sexually-reproducing organisms. Impaired
sperm movement causes male infertility, which is increasing globally. Sperm are powered by

a microtubule-based molecular machine — the axoneme — but it is unclear how axonemal
microtubules are ornamented to support motility in diverse fertilization environments. Here, we
present high-resolution structures of native axonemal doublet microtubules (DMTSs) from sea
urchin and bovine sperm, representing external and internal fertilizers. We identify >60 proteins
decorating sperm DMTSs; at least 15 are sperm-specific and 16 are associated with infertility. By
comparing DMTs across species and cell types, we define core microtubule inner proteins and
analyze evolution of the tektin bundle. We identify conserved axonemal microtubule-associated
proteins (MAPSs) with unigue tubulin-binding modes. Additionally, we identify a testis-specific
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serine/threonine-kinase that links DMTSs to outer dense fibers in mammalian sperm. Our study
provides structural foundations for understanding sperm evolution, matility, and dysfunction at a
molecular level.
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Introduction

Sperm are among the most specialized metazoan cell types, adapted for a single function —
to find and fuse with the egg. The odyssey of the sperm cell is remarkable; in mammals,
sperm must swim distances over ~1000-fold their own length while contending with fluid
viscosity, shear flows, and physical barriers 1. Sperm motility is therefore crucial to a
successful life cycle in sexually reproducing organisms. Defects in sperm movement can
lead to male infertility, which is on the rise globally, increasing demand for assisted
reproductive technologies 2-3. However, a significant portion of male infertility cases remain
unexplained 4. Sperm motility is also an important target for male contraception, for which
there is clearly an unmet need as almost half of all pregnancies worldwide are unplanned .
Progress towards these reproductive health pursuits hinges on improving our understanding
of how the sperm tail is organized at a molecular level.

Sperm motility is powered by a microtubule-based molecular machine called the axoneme,
a veritable molecular behemoth comprised of hundreds of different proteins, including
dynein motors that drive movement and an extensive array of regulatory proteins that
fine-tune motility. These proteins are anchored on axonemal microtubules, which consist of
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nine doublet microtubules (DMTSs) arranged around a central pair of singlet microtubules.
Axonemes are also found in the cilia of motile single-celled organisms, such as the

green alga Chlamydomonas reinhardltii, and in the fluid-propelling cilia that line the brain
ventricles and respiratory tracts of mammals 6-8.

Although the axoneme is highly conserved across evolution, structural variations exist across
species and cell types 14, One particularly divergent feature is the vast repertoire of
microtubule inner proteins (MIPs) that decorate the lumen of axonemal DMTs 15-18 angd

that stabilize the structure during beating 1°. MIPs bind with varying repeat lengths that

are multiples of the 8-nm tubulin repeat, but with an overall periodicity of 48-nm that

is in register with the 96-nm periodicity of external axonemal complexes 2. Notably,
mammalian sperm DMTSs have significantly more MIP densities 12.20.21 than DMTs from
Chlamydomonas flagella 15 or mammalian respiratory cilia 16:17, but the proteins that make
up these densities are unknown.

The natural diversity of sperm presents a unique opportunity to study the evolution of the
axoneme. This diversity reflects the variety of reproductive modes across the tree of life
22-24 For example, sperm cells of broadcast-spawning marine organisms voyage across
open seawater, whereas sperm cells of internally fertilizing species navigate through the
viscoelastic fluids of the female reproductive tract. These different environmental pressures
have led to the evolution of structures that support sperm motility (Fig. 1A-B). Sperm tails
from internal fertilizers like mammals and other amniotes have large accessory structures
like outer dense fibers (ODFs) and the fibrous sheath 2526, which are proposed to suppress
buckling of the axoneme in high-viscosity fluids 27. In contrast, sperm tails from external
fertilizers like sea urchins and zebrafish consist essentially of the axoneme surrounded by
a plasma membrane 24. However, very little is known about how the core microtubule
machinery of the axoneme varies across sperm from different species.

In this study, we use cryo-electron microscopy (cryo-EM) to determine high-resolution
structures of native axonemal DMTSs from sea urchin and bovine sperm, representing
external and internal fertilizers respectively. Our reconstructions allow us to identify over 60
MIPs and microtubule-associated proteins (MAPSs) decorating sperm DMTs. By comparing
structures across species and cell types, we analyze the evolution of the axonemal DMT and
define fundamental architectural principles of this core molecular machine. We also discover
conserved axonemal MAPs and identify the link between DMTs and ODFs in mammalian
sperm. Our analyses provide a structural foundation for understanding the molecular bases
of male infertility and identifying novel targets for male contraception.

Cryo-EM reveals elaborate sperm-specific ornamentation of axonemal DMTs

To gain insight into the structural specializations of the sperm axoneme, we imaged native
sperm DMTs with cryo-EM. For sea urchin sperm, we simply demembranated sperm cells
and blotted them onto a cryo-EM grid; surface tension in the thin aqueous film caused

the axoneme to splay apart in the grid holes (Fig. 1C, Fig. S1A). For bovine sperm, we
demembranated sperm cells, removed the mitochondrial sheath, and induced microtubule
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sliding with ATP 28, Without the mitochondrial sheath to restrain them, the DMTs buckled
out of the midpiece while still attached to their respective ODFs, disintegrating the axoneme
and exposing individual DMTs suitable for cryo-EM (Fig. 1D, Fig. S1B).

To reconstruct the 48-nm DMT repeats of sea urchin and bovine sperm, we applied the same
strategy that was used for Chlamydomonas flagella and mammalian respiratory cilia 1516,
Firstly, we extracted particles with an 8-nm periodicity along each microtubule, then used
3D classification on the MIPs at the inner junction to retrieve 16-nm particles. Subsequently,
we performed a second round of 3D classification on the MIPs bound to the A-tubule seam
to retrieve 48-nm particles. To improve map quality, we carried out 36 focused refinements
using masks covering 2-3 protofilaments and extending longitudinally along ~1/3 of the
48-nm repeat (Fig. S1C-D). This strategy resulted in overall resolutions of ~3.3 A and ~3.6
A for the sea urchin and bovine sperm DMTs, respectively (Fig. S1, Table S1).

Well-resolved side chain densities allowed us to unambiguously identify almost all the
proteins that bind the DMTs. Proteins were identified from a list of candidates obtained

by mass spectrometry of sea urchin and bovine sperm (Table S6) using one of three

general strategies (see Methods for full details). The first strategy involved construction

of polyalanine backbone models either manually using Coot 22 or automatically using
ModelAngelo 39, followed by the use of findMySequence 3! to identify the most probable
candidates from our sperm proteomes. Briefly, findMySequence objectively estimates side
chain probabilities based on the density, from which it constructs a multiple sequence
alignment that it uses as an input to a HMMER search 32 against sequence databases created
from the sperm proteomes. The second approach used ModelAngelo 30 or DeepTracer 33

to automatically build models into our maps, followed by querying the predicted sequence
against our sequence databases using protein-BLAST 34, The third strategy was applied to
proteins with globular domains and relied on a structure-based approach in which backbone
traces were used as inputs to either DeepTracer-1D 3° or the DALI server 36:37 to search
against PDB or AlphaFold2 libraries. Top hits were then mutated to polyalanine, re-fit into
the density map, and used as queries for findMySequence 3. To ensure the accuracy of the
identified proteins, we manually evaluated all assignments to confirm their consistency with
the experimental density. Examples of map densities and their models are provided in Data
S1.

Using these strategies, we identified and built atomic models for over 60 proteins decorating
sperm DMTs, including both MIPs and MAPs (Fig. 1E-F, Tables S2 and S3). By comparing
these structures with DMTs from Chlamydomonas flagella 1° and mammalian respiratory
cilia 1617 we were able to define 25 “core-MIPs” present in all structures (Fig. 2A-B,
Table S4). We also identified 14 MIPs that are specific to sea urchin sperm DMTSs and

17 MIPs that are specific to bovine sperm, 9 of which are conserved between the two
species (henceforth “sperm-MIPs”). Because many of the proteins we identify are poorly
characterized and have uninformative placeholder names, we have consulted with the
HUGO Gene Nomenclature Committee to rename them (Tables S2 and S3). We introduce
the names “sperm-associated microtubule inner protein (SPMIP)” or “sperm microtubule-
associated protein (SPMAP)” for MIPs/MAPs so far only seen in sperm DMTS; and
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the names “ciliary microtubule inner protein (CIMIP)” or “ciliary microtubule-associated
protein (CIMAP)” for MIPs/MAPs seen in both sperm and tracheal DMTSs.

Overall, bovine sperm have more MIPs than sea urchin sperm (Fig. 2D). The B-tubule
decorations are noticeably different, with mammalian sperm having striations of SPACA9
and sea urchin sperm having as-yet-unidentified MIPs projecting into the lumen (Fig.

2D, Fig. S2D). In addition to sperm-specific MIPs, mammalian sperm DMTSs retain

nearly all MIPs present in mammalian respiratory DMTSs, with the exception of CIMIP2B
(FAM166B), which is expressed at low levels in the testis 38 and is replaced by CIMIP2A
(FAM166A) in sperm (Fig. 2C). Bovine sperm also have two additional copies of EFCAB6
per 48-nm repeat than in bovine trachea.

The structurally diverse Tektin-5 expands the tektin bundle in mammalian sperm

The mammalian sperm DMT features an elaborate tektin bundle that fills nearly the entire
lumen of the A-tubule (Fig. 3A). Tektins are abundant ciliary proteins that form hyperstable
filaments within axonemal DMTs 3940, Of the five different tektins found in mammals, four
form a pentagonal eight-tektin bundle within respiratory DMTs (Fig. 3B) 16, while the fifth,
known as Tektin-5, is expressed only in the testes. Tektins are important for sperm motility
and male fertility (Table S5). In mice, deficiencies in Tektin-2 or Tektin-4 cause infertility
and subfertility respectively 4142, whereas a lack of Tektin-3 leads to reduced sperm motility
and forward progression 43. Genetic variants of Tektin-2 and the sperm-specific Tektin-5
have also been linked to human male infertility 44-46,

Our structure demonstrates that the additional tektin supercomplex in mammalian sperm

— termed the “sickle” 21 — is formed by multiple copies of the testis-specific Tektin-5,

which can be divided into seven groups (TEKT5-A to -G) based on their location and
organization in the DMT (Fig. S3). TEKT5-A, -B, and -C form continuous filaments

with 16-nm periodicity through head-to-tail interactions between neighboring molecules
(Fig. 3E), similar to Tektins 1-4 in respiratory cilia 16. In contrast, TEKT5-D to -G adopt
unexpected conformations and organizations (Fig. S3A). For example, TEKT5-D forms an
interrupted filament in which two copies per 48-nm repeat adopt a “bent” conformation to
accommodate NME-7 (Fig. S3B) with their L12 loops inserting into the putative nucleotide-
binding pocket of NME-7 (Fig. S3C), which may render the kinase inactive. TEKT5-G

is even more unusual as it has 48- rather than 16-nm periodicity and does not form
filaments (Fig. 3A,E; Fig. S3A). Its density is also weaker than adjacent TEKT-5 molecules,
suggesting that it may be loosely bound to its neighbors or present only in a subset of
DMTs. However, the most atypical group is TEKT5-F, which binds diagonally perpendicular
to the tektin bundle, with one copy every 16 nm, forming the handle of the “sickle” (Fig.
3AE). By binding diagonally, TEKT5-F molecules may act as crossheams to stabilize the
expanded tektin bundle.

The structural diversity of Tektin-5 appears to be consequence of other MIPs preventing
the correct ordering of the N-terminal 1A helix and the L12 and L2 loops that are needed
for canonical filament formation 16, These elements are either disordered, as in TEKTS5-
E, TEKT5-F, and TEKT5-G (Fig. S3A, green arrowheads), or held by other MIPs in

Cell. Author manuscript; available in PMC 2024 March 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leung et al.

Page 6

alternative conformations incapable of filament formation. For example, the L12 loop of

the TEKT5-D group is ordered through its interactions with NME-7 (Fig. S3A, green
arrowheads) whereas its L2 loop can be ordered in one copy every 48-nm by interactions
with a neighboring TEKT5-D (Fig. S3B). In TEKT5-F, the 1A helix has folded back onto
the central helical bundle and is held in place by an N-terminus that forms an intermolecular
B-sheet with TEKT3-1 and CIMIP2A (FAM166A) (Fig. 3F).

The prominence of TEKT5 in mammalian sperm DMTSs explains its importance for male
fertility. A heterozygous deletion of TEKTS was linked to azoospermia 46, and mice with
reduced levels of TEKT5 have impaired sperm production 4. These observations suggest
that TEKTS5 plays a role in both the assembly and stability of the sperm tail.

Evolution and structural expansion of the tektin bundle

Comparison of the sperm and respiratory DMT structures demonstrates that the organization
of the tektin bundle can vary substantially between cell types within an organism. Next,

we asked how tektin organization varies between ciliated organisms, which can have
considerable diversity in the number of tektin genes 4°. To address this, we analyzed the
tektin bundle in our cryo-EM structure of DMTs from sea urchin sperm, which feature three
out of four sea urchin tektin genes (Fig. 3C).

The three sea urchin tektins (historically called TEKT-A, -B, and -C, corresponding to
mammalian TEKT4, TEKT2, and TEKT1 respectively) form a relatively simple bundle of a
tightly associated heterodimeric filament of TEKT4 and TEKT2 along with a more loosely
associated filament of TEKT1 bound to the ribbon (protofilaments A12-A01) (Fig. 3C). This
organization is consistent with previous biochemical studies 48. The smaller bundle means
that tektin bundle-interacting MIPs TEKTIP1, DUSP21, SPMIP6 (SMRP1), and SPMIP9
(TEX37) are also absent from sea urchin sperm (Fig. S2B—C). These proteins may be
adaptations to stabilize the larger tektin bundle in mammalian sperm.

The position and arrangement of the TEKT1, TEKT2, and TEKT4 filaments are nearly
identical in sea urchin sperm, mammalian sperm, and mammalian respiratory cilia (Fig.
3A-C). Interestingly, of this core trimeric bundle only TEKT4 directly contacts the tubulin
lattice through interactions with a-tubulin K40 loops on protofilament A12 (Fig. S3D),
despite the 16-nm periodicity of tektins suggesting co-evolution with tubulin. Instead, the
tektin filaments appear to be positioned by interactions with other MIPs. TEKT1 interacts
with CIMIP2C (FAM166C) and SAX04 (PPP1R32), which bridge the tektin bundle with
tubulin protofilaments close to the inner junction (Fig. S2B). Likewise, the heterodimeric
TEKT2/TEKT4 filament interacts with an uncharacterized protein bound to protofilaments
A12/A13 that we name SAXO3 (Fig. S2C). These observations support a model in which
core filaments of the tektin bundle are recruited to the ribbon through interactions with other
MIPs, followed by outward expansion into the A-tubule lumen.

To expand our analysis of tektin evolution, we also determined a structure of a tektin-bound
DMT from C. reinhardtii, which retains the ancestral state of having a single tektin gene
(Fig. 3D). Our structures revealed that Chlamydomonas tektin binds to the B-tubule, where
it assembles up to nine filaments 4°, forming a beak-like structure . This observation
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explains previous biochemical studies showing a correlation between the appearance of the
beak and the presence of tektins 152 and demonstrates that tektins can bind to either tubule.
The characteristic tektin fold, head-to-tail polymerization, and assembly of filaments into
larger complexes are all conserved in Chlamydomonas, indicating that these features were
likely present in the ancestral tektin. However, Chlamydomonas tektin interacts mainly with
B-tubulin as opposed to a-tubulin in the metazoan tektins (Fig. S3D).

TEKTL1 (CCDC105) is a tektin-like sperm-MIP

Our structures also identified CCDC105 as a conserved, sperm-specific, tektin-like molecule
that forms a filament in the cleft between protofilaments A1l and A12 (Fig. 3A,C, Fig. 4)
and binds several core- and sperm-MIPs (Fig. 4A-B). The tertiary structure of CCDC105
is similar to that of tektins (Fig. 4C, left panels) but with the equivalent of the tektin

1A helix split into two helices (which we call 1A” and 1A”) separated by a loop (L1")
(Fig. 4C, upper left panel). Based on this structural similarity, we rename CCDC105

as “tektin-like 1 (TEKTL1)”. The mechanism by which TEKTL1 and tektins assemble
into filaments differs slightly (Fig. 4C, right panels). Like tektin, the main contact points
between neighboring TEKTL1 molecules are helical overhangs that extend beyond the
central bundle. However, TEKTL1’s equivalent of the L12 loop does not clamp around
the L2 loop of the neighboring molecule, instead looping around the 1A” helix of the
same protomer (Fig. 4C, arrowheads). Interactions between TEKTL1 protomers may be
further stabilized by SPMIP10 (TEX43), which cradles the inter-TEKTLL1 interface while
interacting with protofilaments A11 and A12 (Fig. 4A-B). Functionally, little is known
about TEKTL1 other than that it is highly expressed in testis 383 and that it is down-
regulated in mice with structural defects in their sperm tails >4,

The Mn-motif is a universal microtubule-binding and stabilization motif

Like tektins, the SAXO (stabilizer of axonemal microtubules) family is ubiquitous in
axonemal DMTs 1517, as well in stable microtubules of neurons and parasites 557,

The defining feature of SAXO proteins is an Mn-motif, which forms a 5- to 6-residue
helix flanked by a Tyr/Phe residue on one end and by a Ser/Thr on the other that

binds the shoulder of the a.-tubulin S9/S10 loop 5. We used these signature features to
systematically search for SAXO proteins at every possible tubulin binding site within the
48-nm DMT repeat (Fig. 5). Our analysis revealed that SAXO proteins are incredibly
widespread. In bovine and sea urchin sperm, SAXO proteins are bound to 19 and 18

out of 23 protofilaments respectively (Fig. 5A-B), whereas Chlamydomonas DMTSs have
SAXO proteins bound to 14 protofilaments (Fig. S4A). Intriguingly, in Chlamydomonas, the
SAXO proteins bound to protofilaments B02-B04 are only visible in classes with the tektin
bundle (Fig. S4B). We also found SAXO proteins bound to all 13 protofilaments of singlet
microtubules in the bovine sperm endpiece (Fig. 5C, Fig. S5). We could unambiguously
identify many of the SAXO proteins based on sidechain density, but several remain
unassigned due to incoherent averaging of Mn motifs. For bovine sperm, we tentatively
assign SAXO proteins on protofilaments B02-B06 and in endpiece singlet microtubules

as SAXOL1 based on in-cell cross-linking with SPACA9 (Fig. S5, Table S6) and prior
immunofluorescence and immunogold labelling studies 8.
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We divide the SAXO proteins into three classes based on how they bind the tubulin lattice.
In the first class, proteins bind using a single Mn motif (Fig. 5D). Although experiments had
shown that a single Mn motif is sufficient for microtubule binding 7 vitro®°, our structures
definitively show that proteins do use solitary Mn motifs to interact with microtubules. The
second class contains proteins with multiple Mn motifs that bind longitudinally along a
single protofilament (Fig. 5E). In such proteins, Mn motifs are spaced ~40 residues apart,
corresponding to an apparent internal repeat of 8 nm. Based on the presence of several
SAXO motifs, we have renamed two uncharacterized members of this class as SAXO4
(formerly PPP1R32) and SAXO5 (formerly TEX45). SAXOS5 is notable within this class
because it has 11 Mn motifs (Fig. 5G) and therefore has 96-nm periodicity, matching the
external periodicity of the axoneme (Fig. S6A). The third class contains proteins with
multiple Mn motifs that can bind across neighboring protofilaments (Fig. 5F). SAXO
proteins that traverse protofilaments can have as few as two Mn motifs, like CFAP68 in
which one Mn motif binds on each side of the seam (Fig. S4C). Mn motifs are conserved
across species, even in proteins with only one or two motifs (Fig. S4C-D).

Thus, our structural analysis greatly expands the SAXO protein family and establishes the
Mn motif as a ubiquitous microtubule-binding mode among MIPs. Given that minimal
constructs containing only Mn motifs are sufficient to stabilize microtubules /n vitroand in
cell culture 3859, the extensive array of SAXO proteins that decorates sperm DMTs likely
stabilizes the tubulin lattice during sperm movement.

Identification of axonemal MAPSs reveals unique tubulin-binding modes

Our structures also reveal conserved axonemal MAPSs associated with nearly all
protofilaments of sperm DMTs (Fig. 6). We identified outer dense fiber 3 (ODF3) or
ODF3-like (ODF3L) proteins binding between protofilaments A05-A07, A08/A09, and
B01-B07 (Fig. 6A-B, Fig. S7). The ODF3 family is so named because immunogold
labelling localized them to the outer dense fibers of mammalian sperm 0. However,

our observation of ODF3 orthologs in sea urchin sperm (Fig. 6A), which lack accessory
structures, definitively show that the ODF3 family are bona fide MAPs of DMTSs, although
a second role within ODFs cannot be excluded. Because these proteins are also present in
sperm lacking outer dense fibers, we instead rename them ciliary microtubule-associated
protein 1 (CIMAP1).

The CIMAP1 family is characterized by six Pro-Gly-Pro motifs separated by ~40 residues
61 (Fig. S7D), similar to the spacing between Mn motifs, which gives the proteins an 8-nm
repeat and an overall 48-nm periodicity (Fig. S7TA). CIMAPL1 proteins maintain their own
periodicities through head-to-tail interactions (Fig. S7B), similar to filamentous MIPs 15,
The C-termini of CIMAP1 proteins extend into the microtubule lumen, where they can
interact directly with MIPs (Fig. S7C).

Another pair of axonemal MAPs, CIMAP2 (LEXM) and CIMAP3 (Pitchfork), occupy the
inter-protofilament cleft between protofilaments A03/A04 in a manner similar to CIMAPL.
However, these proteins repeat alternately along the DMT, resulting in an overall periodicity
of 96 nm (Fig. S6B). Additionally, we found that the MAP binding between protofilaments
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B08/B09 is C4AORF47, which we refer to as CFAP96 since it is orthologous to FAP96 in
Chlamydomonas.

CIMAP1, CIMAP2, CIMAP3, and CFAP96 have distinct tubulin-binding modes compared
to other structurally characterized MAPs such as MAP7 62 and Tau 63, which bind to
cytoplasmic microtubules in neurons (Fig. 6C). The axonemal MAPs bind deeper into the
inter-protofilament cleft and make extensive contacts with flanking protofilaments (Fig. 6C).
Expression of these “wedge-MAPSs” is not restricted to the testis 38, suggesting that they may
have general functions in cilia.

The axonemal MAP SPMAP2 (formerly testicular haploid enriched gene or THEG) also
shows a unique tubulin-binding mode, stretching laterally across several protofilaments of
the B tubule (Fig. 6A-B). SPMAP2 binds along the a/p tubulin interface and periodically
dips into the inter-protofilament clefts (Fig. 6C). Given that this binding mode is analogous
to how arc-MIPs bind laterally on the luminal surface of the microtubule 64, we classify
SPMAP2 as an “arc-MAP”.

The aforementioned wedge- and arc-MAPs all bind between protofilament pairs that adopt
canonical inter-tubulin contacts akin to those of cytoplasmic microtubules. However, the
arrangement of protofilaments in the DMT also creates a site of unique inter-tubulin
geometry at the outer junction (protofilaments A10/B01). Our structures allow us to
identify CFAP97D1 as the axonemal MAP that binds specifically to the outer junction

(Fig. 6D). Density for CFAP97DL1 is also present in cryo-EM structures of DMTs from
Chlamydomonas flagella (EMD-20631) 15 and bovine tracheal cilia (EMD-24664) 16,
suggesting that it is widely conserved. Unlike CIMAP1, CFAP97D1 has a 24-nm repeat
and consists of four helices joined by linkers (Fig. 6E). CFAP97D1 binds to the surface
helices of protofilament A10 at a site similar to Tau (Fig. 6C). Its binding to the neighboring
protofilament BO1 appears to be stabilized by electrostatic interactions between positively
charged patches on CFAP97D1 and negatively charged pockets at the minus end of -
tubulin molecules (Fig. 6F). Importantly, these electronegative pockets are only available to
interact with CFAP97D1 because of the unique inter-tubulin geometry at the outer junction,
explaining why CFAP97D1 binds specifically to this location in the DMT. Disrupting
CFAP97D1 in mice leads to subfertility characterized by abnormal sperm motility and
axonemal structural defects 85, suggesting that CFAP97D1 may support DMT stability by
reinforcing the outer junction.

A testis-specific serine kinase links DMTs to ODFs in mammalian sperm

Mammalian sperm have large ODFs that surround and dwarf the axoneme. Recent cryo-
ET studies and earlier classical EM work on mammalian sperm have shown that ODFs
taper toward the endpiece and are directly coupled to axonemal DMTSs from the principal
piece onwards 1266, Examination of our micrographs revealed DMT-ODF complexes that
follow this trend, with ODFs associated with the DMT through a peripheral filamentous
substructure (Fig. 7A).

Subtomogram averaging has shown that ODFs are connected to DMTSs near the A-tubule
seam (between protofilaments A09/A10) 12, To identify the molecular nature of this linkage,
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we used three-dimensional classification to enrich for DMTs with axonemal MAPSs at the
seam. This approach allowed us to identify three additional mammalian sperm-specific
proteins: EFCAB3, SPMAP1 (C170RF98), and testis-specific serine/threonine kinase 6
(TSSK®) (Fig. 7B—C). The 24-nm periodicity of these proteins precisely matches the
periodicity observed for ODF-DMT linkages in /n situ subtomogram averages from
mammalian sperm2. TSSK6 and SPMAP1 interact directly with the tubulin lattice at the
seam (Fig. 7B—C). EFCABS, a potential calcium binding protein, acts as an adaptor between
TSSKG6 and the outer junction MAP, CFAP97D1.

A role for the TSSK family in linking ODFs to DMTs is supported by the phenotypes of
TSSK knockout mice. Mice lacking TSSK6 67:68 TSSK3 69.70 or TSSK1/2 71 are infertile,
whereas mice lacking TSSK4 are subfertile /2. Mouse knockouts for all TSSK family
members show structural abnormalities of the sperm flagellum, including severe bends

and disorganized ODFs. Several TSSK polymorphisms have also been linked to human
infertility 7374, These phenotypes are also consistent with the prevailing theory that ODFs
stabilize the axoneme against the extreme forces required to bend the long, stiff flagella of
mammalian sperm 72,

At least one member of the TSSK family (TSSK4) can interact with and phosphorylate
ODF?2 in /n vitro cell culture assays /276, ODF2 is a putative protein component of the
ODFs 77 and becomes phosphorylated during sperm capacitation 78, a series of biochemical
changes that mammalian sperm must undergo in the female reproductive tract in order

to become fertilization-competent 7-81, TSSK6 might therefore also phosphorylate ODF
components, potentially in response to capacitation. Determining precisely how TSSK6
interacts with ODF components remains an important avenue for future structural work.

Discussion

Structures of sperm DMTs uncover general principles of axonemal architecture

Our cryo-EM structures have revealed shared features of DMTSs across different organisms
and cell types, including the identification of 25 core-MIPs present in all DMT structures
studied to date (listed in Fig. 2B). Core-MIPs likely play fundamental roles in assembling
or maintaining the specialized architecture of the DMT; indeed, notable core-MIPs include
components of the inner and outer junctions (Fig. 2). Our analysis also reveals that SAXO
proteins are a universal feature of axonemal DMTSs, with SAXO motifs present in both
core- and cell type-specific MIPs (Fig. 5). Interestingly, the identification of a SAXO MIP
(SAXO05) with 96-nm periodicity (Fig. S6A) challenges the previous assumption that all
MIPs within a DMT have a maximum of 48-nm overall periodicity. We hypothesize that
SAXO proteins with 12 Mn motifs, such as SAX01/2 in mammalian cilia and FAP236

in Chlamydomonas, also have 96-nm repeats as they are capable of binding 12 tandem
copies of heterodimeric tubulin. The 32-nm periodicity of CFAP115 in sea urchin sperm
(as depicted in Fig. S6C) and Tetrahymena DMTs 18 also only fits an overall periodicity
of 96 nm, rather than 48 nm. The external and internal 96-nm periodicities may be directly
connected by an external protein, CFAP91, that extends through the inner junction “hole”,
which is present every 96 nm (Fig. S6D).
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Our structures have also expanded our understanding of MAPs that decorate the external
surfaces of axonemal DMTs. We have identified a broad class of proteins, known as
axonemal wedge-MAPs, which bind deep into the outer inter-protofilament cleft and make
extensive contacts with flanking protofilaments (Fig. 6). These proteins have orthologs

in many ciliated organisms 82:83 and may account for the filamentous densities observed
on the surface of the Tetrahymena DMT 18, Furthermore, they could be present on the
microtubules of primary cilia 84. We propose that wedge-MAPs resist sliding between
neighboring protofilaments, thereby allowing the microtubule to withstand and adapt to
shear forces 8586,

Insights into the evolution of the sperm tail

Our study reveals that bovine sperm DMTSs are more extensively decorated than DMTs from
respiratory cilia or sea urchin sperm. Specifically, the A-tubule lumen of bovine sperm is
almost entirely filled with proteins, particularly tektin molecules (Fig. 1, Fig. 3). Although
respiratory cilia also function in viscous environments, they beat with waveforms more
similar to the asymmetric waveform of Chlamydomonas®8’, and are neither as long nor

as rigid as mammalian sperm flagella, so a less extensive MIP network may be sufficient

to stabilize their DMTSs. The appearance of extra sperm-MIPs may be linked with the
evolution of accessory structures, such as the ODFs, in sperm cells of internally fertilizing
species. This is supported by the fact that electron-dense A-tubules are found in the sperm of
internally fertilizing fish species 88 but not in externally fertilizing zebrafish 8. The presence
of electron-dense A-tubules in the sperm of internally fertilizing cephalopods, which
independently evolved ODF-like accessory structures 9091, provides further evolutionary
support.

Accessory structures like the ODFs increase the stiffness and diameter of the sperm
flagellum, enabling it to generate higher bending torque and entrain more dyneins with every
bend 7 to facilitate swimming through the viscous fluids of the female reproductive tract.
Expanded MIP networks could therefore act alongside the accessory structures to reinforce
the microtubule lattice against the extreme mechanical stresses involved in bending the

long, stiff flagella of mammalian sperm. This reinforcement may be particularly important
as mammalian sperm DMTSs need to withstand the increased forces generated during
hyperactivation, where the sperm tail switches to a high-amplitude bending mode 26 in
response to capacitation. Experimental testing will be required to investigate this hypothesis.

Insights into the evolution of the tektin bundle

Our cryo-EM structures also allow us to describe the expansion of the tektin bundle in
relation to the evolution of the tektin gene family, from homomeric assemblies of the single
tektin in Chlamydomonas to an elaborate heteromeric tektin network that fills nearly the
entire A-tubule lumen in mammalian sperm (Fig. 3). The observation that tektins bind within
the A-tubule lumen of mammalian and sea urchin sperm DMTSs but in the B-tubule lumen

of Chlamydomonas DMTS is surprising, given that all other core-MIPs have binding sites
consistent between species. This difference may reflect the time of acquisition of the tektin
gene during evolution. Chlamydomonas is proposed to have acquired the tektin gene by
horizontal gene transfer 40, If this process occurred after the acquisition of other competing
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MIPs to the A-tubule, it may explain the relocation of tektin filaments to the B-tubule lumen.
The asymmetric distribution of tektin bundles in Chlamydomonas, where they decorate only
a subset of B tubules %9, may modulate the mechanical properties of the axoneme to enhance
the swimming motility of Chlamydomonas.

In addition to different binding locations, tektins also form a range of higher-order
structures, including a triangular prism in Chlamydomonas and a pentagonal prism in
bovine DMTs. These higher-order arrangements cannot be predicted based on sequence
alone, demonstrating the need for experimentally determined structures. The presence of an
extensive tektin bundle does not seem to greatly affect the tubulin lattice, as inter-dimer
distances are similar across DMTs from Chlamydomonas flagella, bovine respiratory cilia,
and both sea urchin and bovine sperm (Fig. S4E-F).

Compounding the complexity of the tektin bundle is the extreme versatility of Tektin-5,
which exists in both filamentous and monomeric forms within the bovine sperm DMT.

The five tektins in extant mammals arose from duplications of the ancestral tektin present
in the root opisthokont, with the most recent duplication occurring in early vertebrates
giving rise to Tektin-3 and Tektin-5 40. Interestingly, the presence of a gene for Tektin-5
may correlate with whether a species has a DMT with a filled A-tubule lumen or not. For
example, the sperm cells of birds and reptiles have electron-dense A-tubules 92-94, whereas
the zebrafish Danio rerio and the frog Xenopus laevis, which have lost Tektin-5 4, do not
89.95 Tektins have independently duplicated in other non-vertebrate lineages that practice
internal fertilization 40; future structural analyses of sperm DMTs from these taxa will help
clarify possible links between expanded tektin families and elaborate MIP networks.

We suggest that any analysis of tektins should also include TEKTL1, a tektin-like sperm-
MIP that appears to have already been present in early metazoans. CCDC105 shares many
structural features with tektins, including the overall helix-turn-helix fold and head-to-tail
association into filaments, but does not seem to assemble into the large oligomeric bundles
associated with tektins. In both sea urchin and bovine sperm, TEKTLL1 binds to the outer
inter-protofilament cleft of A11/A12, where it may help stabilize the outer junction (Fig. 4).
However, structures of sperm DMTs from diverse species are needed to determine if this is
the sole binding location of TEKTLL, given the positional plasticity of tektins.

Axonemal MIPs and MAPs are important for fertility in humans and model organisms

Of the MAPs and MIPs identified in our structures of sperm DMTSs, mutations in 15 are
linked to male infertility in either humans or model organisms (Fig. 7D, Table S5). These
proteins include core-MIPs (CFAP20, PACRG, CFAP45, CFAP52, CFAP53, CFAP106,
CFAP127), sperm-MIPs (CIMIP2A, SPMIP7), tektins, and axonemal MAPs (CFAP97D1,
TSSK). Other sperm-MIPs like SPMIP6 and SPMIP8 do not appear to be strictly required
for fertility, at least in mice 96, However, the absence of a mouse infertility phenotype does
not exclude the possibility of more subtle effects on matility; for instance, mice deficient
in TEKT3 and TEX43 were fertile but had sperm with reduced motility 4397, Importantly,
many of the proteins identified in our structures have yet to be systematically evaluated in
the context of sperm function. Our structures will therefore serve as a blueprint to guide
targeted molecular and genetic studies aimed at dissecting the roles of individual proteins on
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sperm motility. Given that TSSK proteins are already being actively explored as targets for
male contraceptives %8, our structures will also help identify targets for the development of
assisted reproductive technologies and novel contraceptives.

Limitations of the study—Our cryo-EM structures represent averages from all nine
DMTs from along the length of the sperm tail. Cryo-ET has uncovered considerable
asymmetry in radial spoke-associated complexes in mammalian sperm 99, but whether
certain MIPs are distributed asymmetrically remains unclear. Although some weaker
protein densities hint at partial decoration, relating these to genuine radial or longitudinal
asymmetries of the axoneme will require high-resolution /n situ cryo-ET data. While we
identify nearly all MIPs, several SAXO densities remain unidentified. To assign these
densities, it will be necessary to image and compare sperm from knockouts of different
candidate SAXO genes. Knockout studies will also be necessary to evaluate the function of
the identified proteins in fertility and sperm motility. For example, there are currently no
knockout models for TEKT5 or TEKTLZ1, which are clearly important targets for further
research. Knockout studies in different model organisms, along with additional cryo-EM
studies with broader phylogenetic sampling, will help identify trends in the molecular
evolution of the sperm tail.

STAR Methods

Resource Availability

Lead contact—*Further information and requests for resources should be directed to and
will be fulfilled by the lead contact, Dr. Tzviya Zeev-Ben-Mordehai (z.zeev@uu.nl).

Materials availability—Wild-type Chlamydomonas reinhardtii cells (CC-4402) are
available from the Chlamydomonas Resource Center (University of Minnesota).

Data and code availability

. Cryo-EM maps of the sea urchin sperm DMT, the bovine sperm DMT, the
bovine sperm endpiece SMT, and Chlamydomonas DMTs with and without
the tektin bundle have been deposited in the Electron Microscopy Data
Bank (EMDB) with accession codes EMD-40619, EMD-17187, EMD-17188,
EMD-40620, and EMD-40621 respectively. Atomic models of the 48-nm repeat
of the sea urchin sperm DMT, the 48-nm repeat of the bovine sperm DMT,
and one asymmetric unit of the 8-nm repeat of bovine sperm endpiece SMTs
have been deposited in the Protein Data Bank (PDB) with accession codes
8SNB, 80TZ, and 80UO respectively. Mass spectrometry data of bovine sperm
is available from Proteomics Identifications Database (PRIDE) with accession
code PXD035941.

. Code used to refine and correct alignment parameters by FREALIGN is available
at https://github.com/rui--zhang/Microtubule.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.
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Experimental Models and Subject Details

Live sea urchins (Strongylocentrotus purpuratus) were purchased from Monterey Abalone
Co., Monterey, California. Frozen bovine (Bos taurus, Groninger Blaarkop) semen straws
were obtained from the Utrecht University Veterinary Faculty. Wild-type Chlamydomonas
reinharatii cells (CC-4402) were obtained from the Chlamydomonas Resource Center
(University of Minnesota).

Method Details

Sperm preparation for cryo-EM

Sea urchin sperm: Sea urchin sperm were prepared following a previously established
protocol 199, Spawning of adult male sea urchins was induced by injecting 200 uL of 0.5 M
KCI into the peri-visceral cavity (one injection for each side). The sea urchins were gently
shaken after the injection, and the sperm sample collected in a test tube. A small aliquot

of sperm was diluted in artificial seawater (360 mM NaCl, 50 mM MgCl,, 10 mM CaCl,,
10 mM KCI, and 30 mM HEPES pH 8.0). The sample was pelleted by centrifugation at
1000xg and washed twice with HDMEKP buffer (30 mM HEPES pH 7.4, 50 mM KCI, 0.5
mM EDTA, 5 mM MgCl,, 1 mM DTT, Roche Protease Inhibitor), and then resuspended

in HDMEKP buffer supplemented with 1% NP-40 to remove the flagellar membrane. After
rotating the sample at 4°C for 1 h, demembranated sperm were pelleted by centrifugation at
1000%g, washed three times in HDMEKP buffer without NP-40, and resuspended to a final
concentration of around 10 mg/ml for cryo-EM grid preparation. Samples were applied to
glow-discharged Quantifoil R1.2/1.3 copper grids mounted in a Vitrobot Mark 1V (Thermo
Fisher Scientific) operated at 16°C and 90% humidity. Following blotting for 4 s, the grids
were plunge frozen in liquid ethane cooled to liquid nitrogen temperature.

Bovine sperm: Frozen bovine semen straws were thawed rapidly in a 37°C water bath.
Sperm cells were washed twice in 1X Dulbecco’s phosphate-buffer saline (DPBS, Sigma)
and counted. DMTs were exposed using a sliding disintegration protocol 28. To remove
membranes and the mitochondrial sheath, sperm were diluted to 1-2 x 10° cells/mL in
demembranation buffer (20 mM Tris-HCI pH 7.9, 132 mM sucrose, 24 mM potassium
glutamate, 1 mM MgSQOy,, 1 mM DTT, and 0.1% Triton X-100), frozen at -20°C for
48-96 h, then thawed. To induce sliding disintegration, ATP (Sigma) was added to a final
concentration of 1 mM and the solution incubated for 10-15 min at room temperature.
Axoneme disintegration was verified under an inverted light microscope.

Approximately 4 uL of disintegrated sperm suspension was applied to glow-discharged
Quantifoil R 2/1 200-mesh holey carbon grids, which were then blotted from the back for
5-6 s using a manual plunger (MPI Martinsried, Germany). Grids were plunged into a liquid
ethane/propane mix (37% ethane) cooled to liquid nitrogen temperatures.

For imaging singlet microtubules (SMTS) in the bovine sperm endpiece, approximately 4
uL of whole untreated sperm cells (~1-3 x 108 cells/mL) was applied to glow-discharged
Quantifoil R 2/1 200-mesh holey carbon grids. Grids were then blotted from the back for
4-6 s using a manual plunger (MP1 Martinsried, Germany). Shear forces from blotting (or

Cell. Author manuscript; available in PMC 2024 March 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leung et al.

Page 15

earlier pipetting and centrifugation steps) were sufficient to rupture the membrane around
the endpiece. After blotting, grids were plunge-frozen as described above.

Chlamydomonas DMTs: Axonemes from wild type cells were isolated, dissociated into
microtubules, and prepared for cryo-EM as previously described 15.

Cryo-electron microscopy

Sea urchin sperm and Chlamydomonas DMTs: Cryo-EM data of DMTs from sea

urchin sperm flagella and Chlamydomonas flagella were collected using the Titan Krios
microscopes (Thermo Fisher Scientific) at Case Western Reserve University (CWRU).
Images were collected automatically using SerialEM 191 with parameters summarized in
Table S1. Data used to calculate the cryo-EM map of the tektin-bound DMT from wild-type
Chlamydomonas was reported in a previous study 15,

Bovine sperm DMTs: Cryo-EM data of DMTs from bovine sperm was collected using

a Talos Arctica (Thermo Fisher Scientific) at the Utrecht University (UU) Electron
Microscopy Centre and a Titan Krios at the Netherlands Centre for Electron Nanoscopy
(NeCEN). A total of five datasets were collected from a total of 7 grids from 3 sperm straws.
Imaging conditions are summarized in Table S1. Acquisition areas were identified manually
and images were collected semi-automatically in SerialEM. Frames were motion-corrected
on-the-fly using Warp 102 to monitor data quality during the session.

Bovine sperm SMTs: Cryo-EM data of SMTs from bovine sperm was collected using

a Talos Arctica (Thermo Fisher Scientific) at the UU Electron Microscopy Centre. Data
was collected over from a total of 8 grids from 3 sperm straws. Imaging conditions are
summarized in Table S1. Acquisition areas were identified manually and images were
collected semi-automatically in SerialEM. Frames were motion-corrected on-the-fly using
Warp to monitor data quality during the session.

Cryo-EM data processing

Sea urchin sperm DMTs: A total of 2,900 movies were drift-corrected and dose weighted
using patch motion correction in cryoSPARC 103, The parameters of contrast transfer
function (CTF) for different patches of the drift-corrected micrographs were estimated
using patch CTF estimation in cryoSPARC. DMTSs were automatically picked using filament
tracerin cryoSPARC. During the same tracing step, locations of individual DMT particles
were marked using overlapping boxes with 8-nm step size. Next, DMT particles were
extracted from the drift-corrected micrographs with 256-pixel box size (2x binning), and
subject to two rounds of 2D classification in cryoSPARC to remove junk particles. Good
DMT particles then entered structural refinement using Homogeneous Refinement (New) in
cryoSPARC using a cryo-EM structure of the Chlamydomonas DMT (EMD-20631) 1° as
the initial model.

We then exported particles and their associated alignment parameters to FREALIGN v9.11
104 and performed local refinement using customized scripts. During this step, most of the
alignment errors could be identified and corrected, guided by the similarity score between
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the raw particle and the reference projection 105, The whole set of particles with improved
alignment parameters was imported back into cryoSPARC and subjected to one round of
local refinement, followed by tubulin signal subtraction.

To recover the 48-nm repeat from 8-nm particles, we performed 3D classification of the
tubulin-subtracted DMT particles in Relion 3.1 196 using a soft-edged mask covering MIPs
bound to protofilaments A08-A13. A similar strategy was used to further separate the
48-nm particles into 96-nm particles, using a soft-edged mask covering external axonemal
complexes bound to protofilaments A01-A03. The coordinates of the 48-nm (and 96-nm)
DMT particles were imported back into cryoSPARC, re-extracted with 512-pixel box size
(no binning), and subjected to one round of local refinement followed by per-particle CTF
refinement. This step produced a consensus 48-nm map.

To improve local resolution, we performed focused refinements in cryoSPARC using a set
of masks modified from 1°. These masks divide the DMT radially into 12 sub-regions (each
encompassing ~2-3 protofilaments) and longitudinally into 3 segments for a total of 36 local
refinements (Fig. S1C). To generate a composite map for model building and refinement,
the 36 reconstructions were sharpened using deepEMhancer 197. Sharpened maps were
multiplied by shorter versions of their corresponding masks (170 A in length) and aligned

to the consensus 48-nm map using the fit in map command in Chimera 198, Aligned maps
were resampled onto the grid box of the consensus map and merged using the vop resample
and vop maximum commands in Chimera. Close inspection of the resulting composite maps
confirms that this process does not introduce any visible artefacts.

Bovine sperm DMTSs: All data processing for bovine sperm DMTs was performed in
Relion 3.1 106 hased on strategies described in 1518, Super-resolution frames were binned
twice, motion-corrected, and dose-weighted using Relion’s implementation of MotionCor2.
CTF parameters was estimated using CTFFIND4 109, DMTs were picked manually and
particles were extracted every ~82 A (the length of a tubulin dimer). For initial alignments,
twice-binned particles were extracted with a box size of 336 (~700 A, encompassing ~9
tubulin dimers).

Global alignment parameters were first determined for the 8-nm particles through a

C1 helical auto-refinement in Relion 3.1. The cryo-EM map of the DMT from bovine
respiratory cilia (EMD-24664) 16 filtered to ~30 A was used as an initial reference. To
enrich for fully decorated DMTs, tubulin signal was subtracted and 3D classification
performed with a mask covering MIPs bound to protofilaments B02-B06. Classes with
well-resolved density were selected for further processing. Particles offset by 4 nm were also
identified at this stage and shifted back into register with the majority class. After checking
for duplicate particles, the remaining particles were entered to a 3D auto-refinement,
yielding a map of the 8-nm repeat. To retrieve the 16- and 48-nm repeats, tubulin

signal was subtracted and 3D classification performed first with a mask covering MIPs

at the inner junction, then with a mask covering MIPs at the seam of the A-tubule. The
resulting 48-nm particles were re-extracted with a box size of 672 and refined. After CTF
refinement (magnification anisotropy correction, followed by per-particle defocus estimation
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and aberration correction) and Bayesian polishing, the nominal overall resolution of the final
map was ~4 A.

To further improve resolution, we performed 36 separate local refinements, each with a
cylindrical mask covering 2—3 protofilaments and extending along ~1/3 of the 48-nm repeat
(Fig. S1D). To enrich for particles with MAPs bound to the seam (protofilaments A09/A10),
we performed 3D classification with a soft-edged cylindrical mask around this region, then
locally refined particles belonging to the MAP-bound class. We individually post-processed
locally-refined maps for each subregion using deepEMbhancer, then generated a composite
map using the 7it in map and volume maximum commands in ChimeraX 110,

Bovine sperm endpiece SMTs: All data processing was performed in Relion 3.1. Frames
were motion-corrected and dose-weighted using Relion’s implementation of MotionCor2.
CTF parameters were estimated using gctf111. Microtubules were picked manually and
particles were extracted every ~82 A with a box size of 432 (~587 A, encompassing ~7
dimers).

An initial C1 helical auto-refinement was performed using a ~20-A subtomogram average
of pig endpiece singlet microtubules (EMD-12068) 12 as a reference, resulting in a

~4.8-A map. To improve particle alignments towards an improved C1 reconstruction, the
microtubule Relion-based pipeline (MiRPv2) was used to perform rotation angle smoothing,
XY shift smoothing, and seam correction 112113, Aligned, seam-corrected particles were
then subjected to a round of C1 helical auto-refinement with restricted searches and a mask
encompassing the central ~40% of the microtubule. This resulted in a C1 reconstruction at
~4.6-A resolution, which was improved to ~4.3 A after two rounds each of CTF refinement
and Bayesian polishing.

To improve MIP densities, symmetry-expansion was performed on the dataset based on
helical parameters estimated from relion_helix_toolbox (rise = 9.57 A, twist = -27.7°)

62, particle subtraction was first run with a mask covering four tubulin dimers of the

“good” protofilament opposite the seam (protofilament 7), followed by 3D classification of
the resulting particles without image alignment. The class with the best MIP density was
selected and entered into a local refinement with a mask on two central tubulin dimers. This
resulted in a ~3.5-A map with well-resolved side chain densities that we used for protein
identification and model building.

Chlamydomonas DMTSs: Cryo-EM structures of DMTs from wild-type C. reinhardltii were
calculated as previously described 5. To isolate DMT particles containing tektin in the
B-tubule, we subtracted tubulin signal from 48-nm DMT particles, then did 3D classification
of tubulin-subtracted particles in Relion 3 using a soft-edged cylindrical mask covering

the tektin densities. Two major classes were identified, corresponding to particles with and
without tektin.

Map interpretation, model building, and refinement—Map interpretation was
guided by atomic models of DMTs from Chlamydomonas flagella (PDB 6U42) 1° and
bovine respiratory cilia (PDB 7RRO) 6. The positions of tubulin dimers and MIPs were
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manually adjusted by rigid-body fitting in ChimeraX 110, followed by real-space refinement
in Coot v0.9.5 or v0.9.8.1 29 and in Phenix 114, Core-MIPs such as CFAP67 (NME7) and
CFAP127 (MNS1) were similarly modelled this way, then subsequently adjusted based on
the density. Likewise, tubulin C-terminal tails and the a-tubulin K40 loop were manually
rebuilt based on the map density. For bovine sperm, a-tubulin sequences from PDB 7RRO
were mutated to match the most abundant isotype identified in sperm (TUBAZ3); p-tubulin
sequences already corresponded to the most abundant sperm isotype (TUBB4B). For sea
urchin sperm, tubulin sequences were assigned to the most abundant sperm isotypes, tubulin
alpha-1A (AOA7M7RGWS) and tubulin beta chain isoform X1 (AOA7M7NS69) and were
confirmed by the side-chain densities (see “Mass spectrometry” section and Table S6).

Unknown MIPs were identified from databases of candidates obtained by mass
spectrometry-based proteomics of sea urchin and bovine sperm (Table S6) using one of
three approaches. In the first approach, polyalanine models were constructed either manually
using Coot 22 or automatically using ModelAngelo 30. These backbone models were used

as inputs to findMySequence 3, which estimates side chain probabilities based on map
density and subsequently constructs a multiple sequence alignment that is used to perform a
HMMER search 32 against sequence databases generated from our mass spectrometry data.
In the second approach, models were built automatically into the cryo-EM maps using either
ModelAngelo 30 or DeepTracer 33 and the predicted sequences queried against our sequence
databases using protein-BLAST 34 in order to find the best match. In the third approach,
which identified proteins with globular domains, backbone traces were used to query
structure databases. For sea urchin sperm, we used DeepTracer-I1D 3° to query a custom
AlphaFold2 database 115 of the top 500 proteins in the sea urchin sperm proteome. For
bovine sperm, we used the DAL server to query either the PDB or the human AlphaFold2
database 36:37. Top hits were then mutated to poly-Ala, re-fit into the density map, and used
as queries for findMySequence. This approach identified DUSP21 and TSSK®6 proteins in
the bovine sperm DMT. All proteins identified by any of the three strategies were carefully
evaluated based on sidechain densities to ensure accuracy.

Real-space refinements were performed in Phenix 1.20.1 114, For the first round of
refinement, the 48-nm repeat was divided into several PDB files corresponding to each MIP
or to each protofilament of the DMT. Each model was refined individually, then manually
inspected in Coot. For subsequent rounds, PDB files were merged into a single model of the
48-nm repeat, which was refined as a whole against the composite map.

Mass spectrometry

Sea urchin sperm: Demembranated sea urchin sperm pellets were resuspended in
HDMEKP buffer to a final concentration of 10 mg/mL. The frozen sample was sent

for mass spectrometry (MS) analysis at the Proteomics and Metabolomics Facility at

the University of Nebraska-Lincoln and digested with trypsin. All MS/MS samples were
analyzed using Mascot version 2.7.0 (Matrix Science). Mascot was set up to search the
common contaminants database (cCRAP 20150130.fasta with 125 entries) and the sea urchin
UniProt database (uniprot-refprot_ UP000007110_Purple_sea_urchin_20211217 with 34,417
entries). Mascot was searched with a fragment ion mass tolerance of 0.6 Da and a parent ion
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tolerance of 10.0 PPM. A total of 641 proteins were identified in the sample. The annotated
proteomics data are provided in Table S6.

Bovine sperm

Cross-linking, lysis, digestion, and peptide fractionation: All proteomics and cross-linking
mass spectrometry (XL-MS) experiments were performed according to 116 on bovine
sperm prepared as described above. The sperm cells were resuspended in 540 pL of

PBS and supplemented with disuccinimidyl sulfoxide (Thermo Fisher Scientific) to a final
concentration of 1 mM. The reaction was incubated for 30 min at 25°C with 700 rpm
shaking in a ThemoMixer C (Eppendorf) and subsequently quenched for 20 min by adding
Tris-HCI (final concentration 50 mM). Cells were centrifuged at 13800xg for 10 min at
4°C, and the supernatant was replaced with lysis buffer. Cells were resuspended in 1 mL

of lysis buffer (100 mM Tris-HCI pH 8.5, 7 M Urea, 1% Triton X-100, 5 mM TCEP, 30
mM CAA, 10 U/mL DNase I, 1 mM MgCl,, 1% benzonase (Merck Millipore), 1 mM
sodium orthovanadate, phosphoSTOP phosphatases inhibitors, and cOmplete Mini EDTA-
free protease inhibitors) and lysed with the help of sonication (2 minutes with UP100H
from Hielscher at 80% amplitude). The proteins were then precipitated and resuspended in
digestion buffer (100 mM Tris pH 8.5, 1% sodium deoxycholate (Sigma-Aldrich), 5 mM
TCEP, and 30 mM CAA). Trypsin and Lys-C proteases were added to a 1:25 and 1:100 ratio
(weight/weight), respectively, and protein digestion performed overnight at 37°C shaking at
1300 rpm on ThemoMixer C. Peptides were then desalted with Oasis HLB plates (Waters)
and fractionated with an Agilent 1200 HPLC pump system (Agilent) coupled to a strong
cation exchange (SCX) separation column (Luna SCX 5 um to 100 A particles, 50x2 mm,
Phenomenex), resulting in 24 fractions. Each fraction was then desalted with OASIS HLB
plate.

Liquid chromatography with mass spectrometry: Before injecting each SCX fraction,
1,000 ng of peptides from each biological replicate were first injected onto an using an
Ultimate3000 high-performance liquid chromatography system (Thermo Fisher Scientific)
coupled online to an Orbitrap HF-X (Thermo Fisher Scientific). For this classical bottom-up
analysis, we used the following parameters as in 117: Buffer A consisted of water acidified
with 0.1% formic acid, while buffer B was 80% acetonitrile and 20% water with 0.1%
formic acid. The peptides were first trapped for 1 min at 30 uL/min with 100% buffer A on
atrap (0.3 mm by 5 mm with PepMap C18, 5 um, 100 A; Thermo Fisher Scientific); after
trapping, the peptides were separated by a 50-cm analytical column packed with C18 beads
(Poroshell 120 EC-C18, 2.7 um; Agilent Technologies). The gradient was 9 to 45% B in

95 min at 400 nL/min. Buffer B was then raised to 55% in 10 min and increased to 99%

for the cleaning step. Peptides were ionized using a spray voltage of 2 kV and a capillary
heated at 275°C. The mass spectrometer was set to acquire full-scan MS spectra (350 to
1400 mass/charge ratio) for a maximum injection time of 120 ms at a mass resolution of
120,000 and an automated gain control (AGC) target value of 3 x 108. Up to 25 of the most
intense precursor ions were selected for MS/MS. HCD fragmentation was performed in the
HCD cell, with the readout in the Orbitrap mass analyzer at a resolution of 15,000 (isolation
window of 1.4 Th) and an AGC target value of 1 x 10° with a maximum injection time of 25
ms and a normalized collision energy of 27%.
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The SCX fractions were analyzed with same Ultimate HPLC and the same nano-column
coupled on-line to an Orbitrap Lumos mass spectrometer (Thermo Fisher Scientific). For
these runs, we used same gradient and LC setting of bottom up data with specific MS
settings for DSSO cross-links: survey MS1 Orbitrap scan at 120,000 resolution from 350 to
1,400, AGC target of 250% and maximum inject time of 50 ms. For the MS2 Orbitrap scan
we used 30,000 resolution, AGC target of 200%, and maximum inject time of 118 ms for
detection of DSSO signature peaks (difference in mass of 37.972 Da). The four ions with
this specific difference were analysed with a MS3 lon Trap scans at AGC target of 200%,
maximum inject time of 200 ms for sequencing selected signature peaks (representing the
individual peptides).

Data processing for cross-linking mass spectrometry: Raw files were analyzed with
MaxQuant version 1.6.17 118 with all the default settings adding Deamidation (N) as
dynamic modification against the Bos taurus reference proteome (UniProt version of
02/2021 with 37,512 entries). With this search, we were able to calculate intensity-based
absolute quantification values and created a smaller FASTA file to use for analysis of
cross-linking experiments. Raw files for cross-linked cells were analyzed with Proteome
Discoverer software version 2.5 (Thermo Fisher Scientific) with the incorporated XlinkX
node for analysis of cross-linked peptides as described by 119, Data were searched against
the smaller FASTA created in house with “MS2_MS3 acquisition strategy”. For the XlinkX
search, we selected full tryptic digestion with three maximum missed cleavages, 10 ppm
error for MS1, 20ppm for MS2, and 0.5 Da for MS3 in lon Trap. For modifications,

we used static Carbamidomethyl (C) and dynamic Oxidation (M), Deamidation (N), and
Met-loss (protein N-term). The crosslinked peptides were accepted with a minimum score
of 40, minimum score difference of 4, and maximum false discovery rate set to 5%; further
standard settings were used. Annotated proteomics data are provided in Table S6 and
XL-MS data are available from PRIDE.

Quantification and Statistical Analysis

Cryo-EM resolution estimates were performed in either cryoSPARC (for sea urchin sperm)
or Relion (for bovine sperm) using the 0.143 FSC criterion proposed by 120, Validation
metrics for atomic models (Table S1) were calculated with Phenix. Inter-dimer distances
presented in Fig. S4 were calculated from the atomic models each cryo-EM structure using
the mean of the Ca distances between a- and B-tubulin for each pair of corresponding
residues based on the sequence alignment. Descriptive statistics (mean and standard
deviation) were calculated with GraphPad Prism v9. Further details can be found in the
figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cryo-electron microscopy of native sperm axonemal doublet microtubules (DMTSs).
(A-B) Schematic diagrams of (A) sea urchin and (B) bovine sperm.

(C-D) Electron micrographs of (C) sea urchin and (D) bovine sperm. Scale bars: left panels

— 10 pm, right panels — 50 nm.

(E-F) Cross sections (viewed from the plus end) of cryo-EM maps of the 48-nm DMT
repeat from (E) sea urchin sperm, with a total of 55 microtubule inner proteins (MIPs) and
microtubule-associated proteins (MAPSs) colored individually; and from (F) bovine sperm,
with 65 MIPs/MAPs colored individually. Unassigned proteins are colored in grey.
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Figure 2. Structural comparisons of DMTs from different species and cell types.
(A) Venn diagram of MIPs and MAPs identified in cryo-EM structures of DMTs from

sea urchin and bovine sperm (this study), bovine respiratory cilia (PDB 7RRO) 16, and
Chlamydomonas flagella (PDB 6U42) 15, Full lists of proteins corresponding to all regions
of the Venn diagram are provided in Table S4.

(B) Lists of core-MIPs, sperm-MIPs, and MAPs identified in this study. Notes: (1) SAXO
proteins are present in all DMT structures to date, although individual proteins may be
species- or cell type-specific. (2) CCDC81 and SPATAA45 are also present in our bovine
sperm proteome, but definitive density is currently only resolved in the cryo-EM map of sea
urchin sperm. (3) CIMAP3 (Pitchfork) density is weaker in cryo-EM structures of bovine
sperm, but it is present in our proteomics data.

(C) Comparison of mammalian DMTs from different cell types, with MIPs specific to
trachea colored in green and MIPs specific to sperm colored in pink.

(D) Comparison of sperm DMTs from different species, with MIPs resolved only in sea
urchin colored in blue and MIPs resolved only in bovine colored in pink.
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Figure 3. Evolution and structural expansion of the tektin bundle.
A simplified phylogenetic tree with nodes indicating the number of tektin genes found in

each species.

(A-D) Top panels show cryo-EM maps of DMTs from (A) bovine sperm (this study),
(B) bovine respiratory cilia (EMD-24664) 16, (C) sea urchin sperm (this study), and (D)
Chlamydomonas (this study). Tektins and TEKTL1, a tektin-like protein, are colored.
Middle panels show ribbon representations of the tektin bundle and TEKTLL1 filament.
Bottom panels show schematic diagrams of the tektin bundle.
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(E) Longitudinal slice showing cryo-EM density colored by protein for the expanded tektin
bundle in bovine sperm DMTs. TEKT5-F runs diagonally perpendicular to other tektins.

(F) Zoomed-in ribbon diagrams showing the intermolecular B-sheet formed by the N-termini
of TEKT5-F, TEKT3-1, and CIMIP2A.
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Figure 4. TEKTL1 is a conserved tektin-like sperm-MIP.
(A-B) Longitudinal slices from cryo-EM density maps of (A) sea urchin and (B) bovine

sperm DMTs showing the molecular environment of the TEKTL1 filament. TEKTL1
interacts with both the outer junction core-MIP CFAP77 and the sperm-MIP SPMIP10
(TEX43).

(C) Comparison of the tertiary (left) and quaternary (right) structures of TEKTL1 (upper)
and tektin filaments (lower, tektin 5-A as an example) from bovine sperm DMTSs. In the
left panels, proteins are colored in a rainbow palette from N- (blue) to C-terminus (red).
TEKTLL1 secondary structures are annotated by analogy to tektin. In the right panel, one
copy of each protein is colored in a rainbow palette from N to C. The arrowheads indicate
differences in the L12 loop at the inter-protomer interface. For the TEKTLL1 filament,
SPMIP10 molecules that bind at the inter-protomer interfaces are shown as transparent
surfaces.
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Figure 5. The Mn-motif is a universal microtubule-binding motif.
(A-C) Location and identities of SAXO proteins in (A) sea urchin sperm DMTSs, (B) bovine

sperm DMTs, and (C) bovine sperm endpiece singlet microtubules (SMTs). SAXO proteins
are classified based on how they bind the microtubule lattice: through a single Mn-motif
(blue circles), through multiple Mn-motifs along a single protofilament (violet circles), or
through multiple Mn-motifs across neighboring protofilaments (orange circles). Asterisks
indicate that SAXOL is tentatively assigned based on in-cell cross-links to SPACAQ (see also
Fig. S5 and Table S6).

(D-F) Representative SAXO proteins from each of the aforementioned classes. Density and
models are shown for selected sperm-MIPs from sea urchin sperm DMTSs. Other examples
are listed below and colored based on whether they are conserved (black), sperm-specific
(pink), or Chlamydomonas-specific (green). Notes: (1) SAXO3 and SAXO4 (PPP1R32)
are present in sea urchin sperm, bovine sperm, and bovine respiratory cilia, but not in
Chlamydomonas. (2) CFAP68 and CFAP107 have only one Mn motif in Chlamydomonas.
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(G) The sperm-MIP SAXO5 (TEX45) has 11 Mn-motifs in sea urchin (top) and Bos taurus
(bottom) and 96-nm periodicity (as shown in Fig. S6).
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Figure 6. Axonemal microtubule-associated proteins (MAPS) interact with DMTs through
unique tubulin binding modes.

(A-B) Axonemal MAPs identified in cryo-EM structures of (A) sea urchin and (B) bovine
sperm DMTs. MAPs are shown in licorice cartoon representation.

(C) Cross section views comparing microtubule-binding modes of neuronal MAPs Tau
(PDB 6CVN) 63 and MAP7 (PDB 7SGS) %2 to the axonemal wedge-MAPs (CIMAP1,
CIMAP2, CIMAP3, CFAP96) and arc-MAP (SPMAP?2) identified in sperm DMTSs.

(D) The axonemal MAP CFAP97D1 specifically recognizes the outer junction, a site of
atypical inter-tubulin contacts.
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(E) CFAP97DL1 has an overall 24-nm repeat and consists of four helices joined by

linkers that zig-zag between the surface helices of protofilament A10 and the neighboring
protofilament BO1.

(F) Binding of CFAP97D1 to protofilament BO1 appears to be mediated by positively
charged patches on CFAP97D1 interacting with negatively charged pockets at the minus end
of B-tubulin molecules that are exposed by the unique inter-tubulin geometry at the outer
junction.
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Figure 7. Testis-specific serine kinase 6 (TSSK®6) is a seam-binding axonemal MAP that links
DMTs to outer dense fibers (ODFs) in mammalian sperm.

(A) Electron micrographs of DMT-ODF pairs from bovine sperm showing that ODFs
possess a peripheral filamentous substructure that persists as the ODFs taper (red
arrowhead). Note that the largest (and therefore most proximal) regions of the ODFs are
not directly connected to DMTSs (white arrowhead). Scale bar: 50 nm.

(B) Cryo-EM map of the bovine sperm DMT fit into an /n-s/itu subtomogram average of
porcine sperm DMTs (EMD-12071) 12, TSSK6 localizes to the base of the DMT-ODF
linkage.

(C) Longitudinal view of cryo-EM density of bovine sperm DMTs showing MAPs at the
seam and outer junction (TSSK6, SPMAP1, EFCAB3, and CFAP97D1).
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(D) TSSK (starred) is linked to male infertility and a target for novel male contraceptives.
Other proteins linked to human infertility are shown in red. Proteins that impair fertility
when perturbed in model organisms are colored in orange. Proteins that do not reduce
overall fertility but affect sperm motility are colored in yellow. See Table S5 for a full list of
phenotypes.
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