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Mammalian oocytes store proteins for embryonic development on abundant
structures called cytoplasmic lattices (CPLs)". However, the mechanisms by which
they achieve this are unclear, largely because the molecular composition of the
lattices themselves is unknown. Here we use cryo-electron microscopy and artificial

intelligence-based modelling to reveal the molecular architecture and protein
composition of native CPLs from mouse oocytes. We find that CPLs are formed by at
least 13 different proteins that assemble into a megadalton-scale comple, including
multiple copies of maternal effect factors such as PADI6 and the subcortical maternal
complex. We show that proteins that are essential for early embryonic development
are structural components of the CPLs, including the cytoskeletal proteins a-tubulin
and B-tubulin, which are incorporated into CPLs as unpolymerized dimers, and an
array of ubiquitination factors such as the epigenetic regulator and E3 ligase UHRF1,
ubiquitin-conjugating E2 enzymes, and ubiquitin ligase substrate adapters. This
represents an elegant molecular mechanism by which oocytes stockpile vital proteins
through directincorporation into highly stable supramolecular assemblies. Our
findings provide a structural framework for understanding how disrupting stored
maternal factorsleads toinfertility and developmental defects.

Early embryonic development is driven by macromolecules stored in
theegg. These maternal reserves are stockpiled inthe developing egg
cell-the oocyte—as it grows to be one of the largest cells in the body>.
Mammalian oocytes are thought to accumulate proteins on CPLs**,
CPLswere proposed to represent keratin-like intermediate filaments>®
or stored ribosomes>”8, but recent cryo-electron tomography (cryo-ET)
studies ruled out these possibilities, showing that CPLs instead have a
unique architecture formed by approximately 40-nm-wide filaments
that stack to form fibrous bundles'. However, the limited resolution
(about 30 A) of the cryo-ET reconstructions precluded direct identi-
fication of proteins comprising the CPLs; thus, the exact molecular
composition of the CPLs remained unknown.

Current data suggest that CPLs are at least partially comprised of
maternal effect factors such as PADI6 and the subcortical maternal
complex (SCMC). Disruption of these proteins leads to disappear-
ance of CPLs from the oocyte cytoplasm and to concomitant defects
in embryonic development>*°™, which is caused by destabilization
of maternal factors that are thought to be stored on the CPLs, includ-
ing proteins involved in epigenetic reprogramming and cytoskeletal
dynamics"**, However, the lack of any high-resolution structural
information on the CPLs means that we do not understand precisely
how PADI6 and the SCMC contribute to CPL architecture, nor do we
understand how diverse maternal proteins associate with and accumu-
late on the CPLs. In this study, we report a cryo-electron microscopy
(cryo-EM) structure of native CPLs from mouse oocytes, revealing
that they consist of maternal factors interacting with cytoskeletal

proteins, epigenetic regulators and ubiquitination factors to form
megadalton-sized storage complexes.

Structure and composition of native CPLs

To define the molecular architecture and composition of the CPLs,
we sought to determine a high-resolution structure by cryo-EM. We
leveraged the reported detergent resistance of the CPLs**>'# and
lysed mouse oocytes in a buffer containing 0.5% Triton X-100, then
directly plunge-froze the burst oocytes on cryo-EM grids without any
further purification, enrichment or cross-linking steps (Fig. 1a). The
morphometry of these ex situ CPLs resembled those of CPLs imaged
insitu by cryo-ET; thatis, they appeared as sheets of filaments consist-
ing of large globular subunits repeating every 38 nm (Fig. 1a). We used
cryo-EMssingle-particle analysis (SPA) to generate a three-dimensional
reconstruction of the CPLs at aresolution of approximately 4.2 A, into
which we builtanatomic model of the fundamental repeat of the CPLs
consisting of 13 different proteins with acombined molecular weight
of morethan3 MDa (Fig.1b-d, Extended Data Figs. 1-4, Extended Data
Table 1, Methods and Supplementary Figs.1-12).

We find that CPLs consist of multiple copies of PADI6 and the SCMC
proteins NLRPS (also known as MATER), TLE6, OOEP (also known as
FLOPED), KHDC3 (also known as FILIA), ZBED3 and NLRP4F. In addi-
tion, we find that several maternal factors are directly incorporated
intothe structure of the CPLs, including: NLRP14; ubiquitin ligase sub-
strate adapters of the F-box/WD repeat-containing (FBXW) family;
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Fig.1|Structure and composition of native CPLs from mouse oocytes.

a, Schematic diagram summarizing the workflow used for preparing and
imaging native CPLs by cryo-EM. GV, germinal vesicle.b, Composite map
showing one CPL globular repeat. This map was generated by duplicating
thestitched map of the asymmetric unitaround the symmetry axis, followed

ubiquitin-conjugating E2 (UBE2) enzymes; the epigenetic regulator
UHRF1; and the cytoskeletal proteins a-tubulin and -tubulin, which
areincorporated into CPLs as unpolymerized dimers (Fig. 1c, Extended
Data Fig. 4 and Supplementary Figs. 1-12). PADI6, NLRP5, TLE6 and
OOEP could be readily identified based on similarity of cryo-EM den-
sities to previously reported structures of purified human PADI6 or
reconstituted mouse core SCMC (Extended Data Fig. 3b). To identify
the other SCMC densities, we fitted candidate proteins based on lit-
erature and found that KHDC3, ZBED3 and NLRP4F fit unambiguously
into our maps. NLRP14, FBXW, UBE2, UHRF1 and tubulin were identi-
fied using a ‘visual proteomics’ approachinvolving automated fitting
of an AlphaFold structure library derived from proteins identified in
published oocyte proteomes (Extended Data Fig. 3b and Methods).
To add further confidence to the assignment of CPL protein com-
ponents, we used a combination of fold-based and sequence-based
identificationstrategies that leverage recent machine-learning enabled
modellingtools (Extended Data Fig. 3¢, Methods and Supplementary
Figs. 1-12). We first used CryoAtom? to automatically build a model
into our cryo-EM map without any provided input sequence. We then
used the fragments built by CryoAtom asinputs to FoldSeek* tosearch
the Mus musculus AlphaFold database for the most structurally simi-
lar proteins. In parallel, for regions with visible side-chain densities,
we used CryoAtom fragments as inputs to findMySequence?, which
assesses side-chain probabilities at each position based on cryo-EM
density and subsequently queries a sequence database (in this case,
the entire M. musculus proteome) to find the most likely candidate.
Identification of CPL component proteins (or protein familiesin the
case of tubulin, FBXW and UBE2) is unambiguous from the cryo-EM den-
sities (Supplementary Figs.1-12) and is supported by mass spectrom-
etry analysis of burst oocytes showing that all assigned proteins are
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by fitting into the consensus map obtained before symmetry expansion.

¢, Atomic model of one CPL globular repeat with identified proteinslabelled.
d, Composite map of a CPL filament showing three globular repeats of the CPLs
generated by fitting three copies of the globular repeat into the subtomogram
average (EMD-16458)".

highly abundantinthe sample (Extended DataFig. 5 and Supplementary
Table1). Furthermore, our assignments are consistent with extensive
published functional evidence, includingimmunofluorescence-based
colocalization, co-immunoprecipitation, co-depletion and proteomics
on oocytes from both wild-type and gene-disrupted mice!*8161923-25
(Supplementary Table 2).

PADIG6 oligomers scaffold the CPLs

Our structure shows that PADI6, an oocyte-specific member of the
peptidyl arginine deiminase family that is highly abundant in mam-
malian oocytes, assembles into large ring-shaped oligomers on the
sides of each globular repeat of the CPL (Fig. 2a). Within the PADI6
rings, individual PADI6 molecules homodimerize through a head-to-tail
mechanism resembling the one seen in crystal structures of human
PADI6% and the related family member PADI4% (Fig. 2b and Extended
Data Fig. 4d). Each PADI6 ring is formed by five PADI6 homodimers
further interacting through their N-terminal immunoglobulin-like
domainsinamanner that resembles a spiral staircase, with every dimer
rotated around 104° and shifted around 32 A relative to its neighbour
(Fig.2c,d). Thedimersat the top and bottom of the ring further interact
with proteins of the SCMC, the other major structural component of
the CPLs.

Fitting our SPA-derived models into a recent in situ subtomogram
average of CPLs'reveals that the PADI6 ring is likely to have animportant
role in higher-order assembly of CPL filaments into fibrous bundles
(Extended Data Fig. 6a). We find that there are two types of contacts
betweenindividual filaments within abundle: (1) a‘front-to-back’inter-
action in which PADI6 rings from adjacent filaments are bridged by
unidentified proteins (Extended DataFig. 6b); and (2) a ‘back-to-back’
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Fig.2|PADI6 formslarge ring-shaped oligomers. a, Atomic model of one CPL
globular repeat with only PADI6 coloured. b, Atomic model of the PADI6 dimer.
Ig, immunoglobulin. ¢, Cryo-EM maps of aPADI6 ring consisting of 5 dimers

interactionseemingly mediated by directinteraction of the PADI6 rings
from neighbouring filaments (Extended Data Fig. 6¢).

PADI6 therefore acts as an essential structural scaffolding element
of the CPLs, explaining why PADI6 disruption leads to loss of CPLs">8915
(Supplementary Table 2) and why PADI6 defects cause female infertility
or imprinting disorders in humans?~*, This structural role is likely to
be the primary function of PADI6; unlike other PADI proteins, which
normally catalyse the post-translational conversion of arginine into
citrulline, PADI6 is catalytically inactive in vitro, and female mice with
amutation in the putative PADI6 active site are fertile and produce
normal litters®*2,

SCMC proteins mediate filament assembly

SCMC proteins bridge PADI6 rings at the top and bottom of every globu-
lar repeat, thereby forming the interface betweenneighbouring repeats
inafilament (Fig. 3a). Previous studies point towards the existence of
acore SCMC consisting of NLRPS, TLE6, OOEP and possibly KHDC3;
however, accessory proteins ZBED3 and NLRP4F are also proposed to
be part of the SCMC™", We find that all these proposed members of
the SCMC are bona fide structural components of the CPLs.

SCMC components assemble into two discrete subcomplexes,
which we refer to as type I and Il complexes, that dimerize through
theleucine-richrepeat (LRR) domain of NLRP5 (Fig.3b). Both types of
SCMC subcomplexes contain NLRPS, TLE6 and OOEP, and type I addi-
tionally contains ZBED3 and type Il contains KHDC3 (Fig.3b). NLRP4F
proteins bridge one type I subcomplex and one type Il subcomplex
from neighbouring repeats, giving the CPLs a chain-like appearance
(Fig. 3a,c). NLRP4F interacts with an OOEP-KHDC3 heterodimer
through its N-terminal pyrin and NACHT domains, and the tip of its
C-terminal LRR domain interacts with an OOEP-ZBED3 heterodimer
(Fig.3b,c).

Our results suggest that SCMC proteins are crucial for CPL assembly
andintegrity; indeed, disruption of NLRP5, TLE6, OOEP, KHDC3,ZBED3
and NLRP4F all lead to the disappearance of CPLs and to early embry-
onicarrest'°*" (Supplementary Table 2). Our findings are consistent
within vitroreconstitution experiments suggesting that NLRP5, TLE®6,
and OOEP form a core SCMC?, and the organization of these proteins

Dimer 4

arranged inaspiral staircase, with each dimer rotated about 104° and
shifted about 32 A relative toits neighbour. d, Contacts between the
immunoglobulin-like domains of PADI6 molecules from neighbouring dimers.

within native CPLs closely resembles their arrangement in reconsti-
tuted subcomplexes (Extended DataFig. 4e). Our model also explains
why disrupting ZBED3 or NLRP4F leads to CPL loss and developmental
failure even though the core SCMC does not appear to be affected'>*,
Thus, we are now able to define the composition and organization of
the native SCMC and to understand how its components interact with
PADI6 to form the elaborate architecture of the CPLs.

Tubulin heterodimers are stored in CPLs

Recent work suggests that proteins needed by the early embryo are
stored on the CPLs"?, but precisely how this occursis unclear. Here we
show that several such proteins are in fact structural components of
the CPLs, including NLRP14, a-tubulin, B-tubulin, epigenetic regulators
and ubiquitination factors (Fig. 4a).

Tubulinis embedded within the CPLs as unpolymerized a-tubulin-
B-tubulin (a/B-tubulin) heterodimers, which are capped onboth ends
to prevent polymerization (Fig. 4b). At the resolution of our current
maps, we cannot confidently assign specific tubulinisoforms and have
instead tentatively modelled the most abundant a-tubulin (TUBA1A)
and B-tubulin (TUBB4B) detected in our samples by mass spectrom-
etry (Extended Data Fig. 5 and Supplementary Table 1). NLRP14 binds
a-tubulinto cap the minusend, and NLRP5 and an FBXW proteininteract
with B-tubulinto cap the plus end. Using 3D classification, we were able
torecover particlesinwhich additional FBXW molecules interact with
the plus end of B-tubulin (Extended Data Fig. 7). The conformation of
the tubulin dimer within the CPLs resembles the curved conformation®
(Fig. 4¢), probably because there are no lattice contacts to restrain it
in the straight conformation™.

There are two tubulin heterodimers in each globular 38-nm repeat
(one heterodimer in each asymmetric unit). Given that CPLs occupy
5-10% of the oocyte cytoplasm’, this would represent a pool on the
order of10° to 10" tubulin heterodimers, a concentrationin the micro-
molarrange. Multiple studies have reported decreased tubulin levels or
cytoskeletal disorganization associated withloss of the CPLs, although
these have generally been interpreted as indirect effects**">'%, Qur
structure clearly explains these dataand provides a molecular mecha-
nism for how oocytes can accumulate and store tubulin atlevels much
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Fig.3|SCMC proteins mediate filament assembly. a, Atomic model of

two CPLglobular repeats with SCMC proteins coloured, along with PADI6
molecules directly interacting with them. b, Top, view along the axis of the CPL
filament showing two types of SCMC subcomplexes that coexist in native CPLs.
Typelsubcomplexes consist of NLRPS, TLE6, OOEP and ZBED3, whereas typell
subcomplexes contain NLRP5, TLE6, OOEP and KHDC3. Bottom, details of
interactions between SCMC components and PADI6, illustrating how the typel

higher than in somatic cells***. Thus, the CPLs represent the maternal
reservoir for tubulin, which is necessary for the drastic cytoskeletal
reorganization in the zygote and early embryo.

CPLs contain ubiquitination factors
We find an array of ubiquitination factors within the CPLs (Fig. 4a).
Within each asymmetric unit, we find one molecule of the E3 ligase and
epigenetic regulator UHRF1, one molecule of a ubiquitin-conjugating
E2 (UBE2) enzyme, and up to three molecules of FBXW family ubiquitin
ligase substrate adapters (Extended Data Fig. 7). We have tentatively
modelled the E2 enzyme as UBE2D3 and the FBXW proteins as FBXW20
based on their abundance in our mass spectrometry data (Extended
Data Fig. 5 and Supplementary Table 1), although we cannot exclude
that different family members bind to different subsets of CPLs™.

A heterodimer of UHRF1and UBE2 is sandwiched between NLRP14
and the PADI6 ring (Fig. 4d). The UHRF1-UBE2 interaction is mediated
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subcomplexinteracts with the tip of the LRR domain of NLRP4F, whereas
thetypellsubcomplexinteracts with the pyrinand NACHT domains of
NLRP4F. PYD, pyrindomain. ¢, Top, domain organization of NLRP4F, with
boxesindicating residues modelled inthe deposited structure. Bottom, view
fromthe side of the CPL filament, showing how NLRP4F bridges one typel
subcomplex and one typell subcomplex from neighbouring globular repeats.

by the SET- and RING-associated (SRA) domain of UHRF1, which nor-
mally recognizes hemimethylated DNA%, binding to the ‘back side’ of
UBE2 (Fig. 4e). This configuration would leave the active site of UBE2
exposed (Fig. 4e)*, although it is unclear whether it is enzymatically
active within the CPLs. The ubiquitin-like (UBL) domain of UHRF1addi-
tionally interacts with the NACHT domain of NLRP14 (Fig.4d). Indeed,
deletion of the UBL domain abrogates the binding between UHRF1
and NLRP14%, demonstrating that thisinteraction isimportant for the
stability of the complex.

Our findings explain how UHRF1is sequestered stably inthe oocyte
cytoplasm, which is essential for regulating methylation patterns in
the early embryo?4%# Furthermore, our structures show why the
cytoplasmic localization of UHRF1 is dependent on NLRP14%54042,
and why depletion of either protein leads to loss of CPLs'*%, pointing
atan important noncanonical role for UHRF1—and probably FBXW
and UBE2—in the oocyte as a structural component of these storage
complexes.
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Fig.4|Tubulin and ubiquitination factors are integral structural
components of CPLs. a, Left, atomic model of one CPL globular repeat

with stored maternal factors coloured, along with the NLRP5 and PADI6
molecules directly interacting with them. Middle and right, cryo-EM maps

of the maternal storage subcomplex. b, The a/f-tubulin heterodimer and its
interaction partnersinthe CPLs. ¢, Comparison of the a/B-tubulin heterodimer
inthe CPLs with a/B-tubulinin the straight (Protein Data Bank (PDB) 6DPV>S) or
curved conformation (PDB 414T*%).d, UHRF1and aUBE2 enzyme are

Discussion

We have revealed the molecular composition of oocyte CPLs. Our
structure also explains how proteins essential for the early embryo
are stored on CPLs, demonstrating that they directly interact with
oocyte-specific proteins to assemble into highly structured, highly
stable megadalton-scale storage complexes. Proteins within the
lattice are protected from degradation, consistent with data show-
ing that tubulin and UHRF1 protein levels decrease when CPLs are
lost*1%42 ncorporation into the CPLs also regulates subcellular
localization, as in the case of UHRF1, which needs to be sequestered
inthe cytoplasm to permit proper epigenetic reprogramming of the
embryo”**°* Entrapment within the lattice may allow maternal
factors such as tubulin to accumulate to very high levels (micro-
molar concentration) by circumventing autoregulation pathways

sandwiched between NLRP14 and PADI6. The domain organization of
UHRF1isshown, with boxes indicating residues modelled in the deposited
structure. PHD, plant homeodomain; TTD, tandem Tudor domain. e, Left,
interaction between the UHRF1SRA domain and UBE2 within the CPLs. Middle,
structure ofacomplex between the UHRF1SRA domain and hemimethylated
DNA (PDB 3CLZ%®).Right, structure of a UBE2-ubiquitin (Ub) complex (PDB
1FXT®).

that rely on sensing free soluble protein. In the case of tubulin, CPL
formation may also serve to maintain a pool of non-polymerized
tubulin that can be easily mobilized after fertilization despite
tubulin concentration exceeding the critical concentration for
polymerization.

Our finding that proteins of the ubiquitination pathway, including
E2 enzymes and E3 ligase substrate adapters, are also components of
the CPLs suggests that these structures may also functioninregulating
protein turnover during the oocyte-to-embryo transition. Sequestra-
tion of ubiquitination factors in the CPLs may prevent their activity
during oogenesis, allowing large quantities of maternal factorsto accu-
mulate. Their subsequent release during CPL disassembly may thenbe
important for regulating the timed degradation of maternal factorsin
the early embryo?. Among the factors that need to be degraded are com-
ponents of the CPLs themselves, such as PADI6 and the SCMC #2324,
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which may belessimportant when the embryo becomes self-sustaining
inlater stages of development.

We can only speculate how CPL disassembly is triggered during
early embryogenesis to enable release of its constituent proteins.
Multi-body refinement of particles extracted with a larger box size
suggests that there is considerable flexibility in the CPL filament, mani-
festing mainly as relative bending motions between neighbouring CPL
globularrepeats (Extended DataFig. 8), although how this contributes
to eventual disassembly remains to be tested. One possibility is that
activation of transcription or translation in the embryo may lead to
the expression of a protein that destabilizes the CPLs, either through
directbinding or by inducing post-translational modifications that lead
to CPL disassembly. Along these lines, it is interesting to note that the
CPLs havelarge pockets that could feasibly accommodate the binding
of additional proteins (Extended Data Fig. 9). Understanding how the
CPLsassemble during oogenesis and disassemblein the early embryo
will be important topics for further study.
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Methods

Experimental animals

Allmice used in this study were obtained from the surplus animals of the
Animal Facility of the Hubrecht Institute, where mice were maintained
inacontrolled pathogen-free environmentin accordance withinstitu-
tional guidelines. All data provided in this paper were obtained from
surplus sexually mature BALB/cN mice. We consulted with the Animal
Welfare Body of the Hubrecht Institute (Instantie voor Dierenwelzijn,
HubrechtInstitute), who advised us that ethical approval was not neces-
sary for the use of surplus animal carcasses for this project.

Oocyte collection, rupture and plunge freezing of the oocyte
lysates

Ovariesdissected from female BALB/cN mice were collected ina35-mm
dish with M2 medium (Sigma Aldrich, M7167) and punctured under
a stereomicroscope using 27G needles (AGANI). Liberated oocytes
were mechanically denuded from surrounding somatic cells using
amouth pipette attached to pulled microcapillary needles (Sigma
Aldrich, Z611263) and assessed for quality. Only the healthy GV oocytes
were washed and collected in fresh M2 medium. Zona pellucida was
removed fromthe GV oocytes by passing them through several drops
ofacidic Tyrode solution (Sigma Aldrich, T1788), and remnants of the
acidic Tyrode were washed from the oocytes through several passes
with M2 medium. Approximately 60 zona-denuded GV oocytes were
thentransferred to 20 pl of homemade oocyte rupture buffer (20 mM
Tris-HCIpH 7.9,132 mM sucrose, 24 mM potassium glutamate) supple-
mented with 0.5% Triton X-100 (Sigma Aldrich, T8787) and 1x complete
Protease Inhibitor Cocktail (Roche, 11836153001), then mixed gently
to facilitate rupture of the oocytes and dispersal of the cytoplasm.
To prepare samples for cryo-EM, ~4 pl of the ruptured oocyte solu-
tion was pipetted onto glow-discharged Quantifoil R2/1200-mesh
holey carbon grids and blotted for 6 seconds from the opposite side
of the grid using Whatman 1 filter paper. Grids were immediately
plunged into an ethane-propane mix (37% ethane) cooled to liquid
nitrogen temperature and stored under liquid nitrogen until data
collection.

Cryo-EM data collection

Cryo-EM SPA datawas collected at the Netherlands Centre for Electron
Nanoscopy (NeCEN) using a Titan Krios G1 (ThermoFisher) operated at
300 kV.Movies were acquired on aK3 detector (Gatan) equipped with
aBioQuantum energy filter at a slit width of 20 eV. CPLs were manu-
ally targeted for imaging and a total of 38,053 movies were collected
semi-automatically using SerialEM* over 2 separate multi-day ses-
sions on atotal of three grids. Data quality was monitored on the fly
with Warp*. Further details are summarized in Extended Data Table 1.

Cryo-EM data processing

Each globular repeat of the CPLs was treated as a single particle and
processed as such (that is, they were not treated as filaments). Initial
processing was performed using cryoSPARC* Live during acquisition
of the first dataset. Movie frames were motion-corrected and dose-
weighted using Patch Motion Correction, after which contrast trans-
fer function (CTF) was estimated using Patch CTF Estimation. A few
hundred globular repeats were then picked manually and fed into a
2D classification run, with resulting good class averages used as tem-
plates for template-based picking. Particle picks were then fed into
another round of 2D classification, with particles falling into good
classes carried forward for refinement. For initial refinements, cryo-
SPARC Homogeneous Refinement was used with an approximately 30 A
resolution subtomogram average of the CPLs (EMD-16458) as initial
reference. Thisrevealed the presence of C2 symmetry and resulted in
anapproximately 8 A resolution map that was used as anew reference
for subsequent refinements on the whole dataset.

The full dataset was then processed in cryoSPARC v4.7.0 unless oth-
erwise specified. Movies were motion-corrected with Patch Motion
Correctionand CTF parameters estimated with Patch CTF Estimation.
The map obtained frominitial processing was used as atemplate to pick
particles, which were then extracted withabox size of 800 and binned
4x, After 2D classification, particles belonging to good classes were fed
into Homogeneous Refinement with C2 symmetry applied. Particles
were thenre-extracted with abox size of 800, binned 2x, locally refined,
then finally re-extracted again with a box size of 512 without binning.

The particle stack was then symmetry-expandedin C2 and the asym-
metric unit subsequently locally refined in C1. Thisimproved the reso-
lution to about 4.7 A. The asymmetric unit was then re-centred, and
the resulting particles re-extracted. Particles were then exported to
RELION-5 using csparc2star.py in the pyem package*®. After CTF refine-
mentand Bayesian polishing, 3D classification without alignment was
performed using masks for the SCMC region, the PADI6 region, and
the tubulin subcomplex region. In each case, particles belonging to
the best class were used in a final masked local refinement with Blush
regularization, whichled to resolutions of -4.2 A for the SCMC region,
~4.1 Afor the tubulin subcomplex region, and ~4.1 A for the PADI6 ring
(Extended DataFig. 2). These threelocally refined maps were aligned to
the consensus map of the asymmetric unit and stitched together using
volume maximum in ChimeraX (Extended DataFig. 3a). Two copies of
the asymmetric unit map were thenstitched to yield acomposite map
oftheglobular repeat. Finally, three copies of the globular repeat map
were fitinto the subtomogram average (EMD-16458) to generate a
composite map of the CPL filament.

Multi-body analysis was performed in RELION-5 (Extended Data
Fig. 8). Particles were first imported from a consensus refinement of
the globular repeat in cryoSPARC, then re-extracted with a large box
size (1,200 pixels, binned 4 times due to computational restraints) and
re-refinedin C1. Particles were thenre-centred on theinterface between
twoglobular repeats, extracted with alarge box size (1,200 pixels, bin4),
and locally refined in C1. Multi-body refinement was performed using
two generous masks each covering one globular repeat.

Model building and refinement

Maps were postprocessed using LocScale-2.0 to guide interpretation
and model building*. PADI6, NLRPS, TLE6 and OOEP could be clearly
identified in the map based on previously reported structures of
purified human PADI6 or reconstituted mouse core SCMC (Extended
DataFig.3b).Once we had pinpointed the locations of these proteins,
we replaced the published structures with mouse AlphaFold predic-
tions***°, To identify the other SCMC densities, we fitted candidate
proteins based on the literature and found that KHDC3, ZBED3 and
NLRP4F fit unambiguously into our maps. The remaining densities were
assigned using a visual proteomics approach. AlphaFold predictions
were downloaded for each of the 2,000 most abundant proteinsin a
previously reported mouse proteome®. Each AlphaFold prediction
was then rigid body-fit into the segmented density using the colores
program®in the SITUS package®. The fits were then carefully inspected
manually to determine the best-fitting candidate. This allowed for
definitive identification of tubulin (with a-tubulin and -tubulin further
distinguished by the length of the S9-S10 loop), NLRP14, UHRF1, FBXW
and UBE2. The same proteins were also found using DomainSeeker*>,
which parses AlphaFold predictions into individual domains, auto-
matically fits these domainsinto the cryo-EM density, then scores and
ranks the top hits.

Other identification strategies employing machine-learning based
modelling approaches were also used to increase confidence in protein
assignment (Extended Data Fig. 3c and Supplementary Figs. 1-12).
The cryo-EM maps were used as input to CryoAtom, which builds an
atomic model de novo without any input sequence?. Backbone traces
from CryoAtom were then used as inputs to FoldSeek?, querying the
mouse AlphaFold database for the most structurally similar proteins.
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In parallel, CryoAtom traces in regions with well-resolved side-chain
densities were used as input for findMySequence?, searching against
the full mouse reference proteome.

In the case of tubulin, FBXW and UBE2, our map is not sufficiently
resolved to confidently determine the specificisoform, and we cannot
exclude the possibility that several differentisoforms areincorporated
in the CPLs across the oocyte cytoplasm. We therefore modelled the
most abundant isoform detected in our mass spectrometry results;
specifically, TUBAIA, TUBB4B, FBXW20, and UBE2D3 (Extended Data
Fig.5and Supplementary Table 1). Once proteins had been assigned,
we combined chainsinto asingle PDB filein ChimeraX** and performed
flexible fitting through the Namdinator web server®. We then itera-
tively refined the model in Phenix* with manual adjustment in Coot®”.
Structural biology applications used in this project were compiled and
configured by SBGrid*.

Mass spectrometry of burst oocyte samples

Sample preparation. Oocytes from BALBc/N animals were isolated
inthe same way as described above. For mass spectrometry, four rep-
licates of ~30 GV oocytes were lysed in 20 pl homemade oocyte rup-
ture buffer supplemented with 0.5% Triton X-100 and immediately
flash-frozen in liquid nitrogen. Samples were stored at -80 °C until
mass spectrometry analysis.

Liquid chromatography-tandem mass spectrometry. Burst oocyte
samples were diluted with 50 pl denaturing buffer (100 mM HEPES
pH 8,2% SDS, 10 mM Tris(2-carboxyethyl)phosphine hydrochloride
(TCEP) and 40 mM 2-chloro-acetamide) and proteins were cleaned
up with the SP3 protocol®’. Proteins were digested over-night with
0.5 pg Trypsin/LysC (Thermo) in 100 mM HEPES (pH 8),10 mM CacCl,.
After acidification with 2% formicacid, peptides were separated from
thebeads and were loaded on C-18 stage tips (Affinisep). After elution
from the stage tips, acetonitrile was removed using a SpeedVac and
the remaining peptide solution was diluted with buffer A (0.1% formic
acid) before loading. Peptides were separated on a 25 cm in-house
made pulled emitter fused silica column (50 um internal diameter,
Polymicro) packed with 1.9 umaquapur gold C-18 material (Dr. Maisch)
usingalhgradient (7% to 80% acetonitrile, 0.1% formicacid), delivered
by anVanquishNeo HPLC (Thermo), and electro-sprayed directly into
a Orbitrap Astral Mass Spectrometer (Thermo Scientific). The latter
was set in data independent mode with a cycle time of 0.6 second for
both Faims CV settings (-45 V and -65 V), in which the full scan was
performed ataresolution of 240 K. The precursor mass range for both
CVswas 380-980 Thin which the peptides, from anisolation window
of 2 Th, were fragmented with a normalized collision energy of 25%.

Data analysis. Raw files were analysed with Spectronaut software
(Biognosys, v20.3), with oxidation of methionine set as variable modi-
fications, and carbamidomethylation of cysteine set as fixed modi-
fication. The mouse reference proteome from UniProt (retrieved in
December 2025) was searched with both the peptide as well as the
protein false discovery rate set to 1% and a Pepscore threshold of 0.2.
Quantification was done on the MS1level using the IBAQ algorithm.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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Extended DataFig.3|Schematic diagramsillustrating procedures

for generating composite maps and for assigning proteins tocryo-
EMdensities. a, Threelocalrefinements (covering the SCMC, tubulin
subcomplex, and PADI6 ring) were aligned to the consensus map and stitched
with volume maximumin ChimeraX to generate acomposite map of the
asymmetric unit. Two copies of thisasymmetric unit map were then aligned to
an earlier consensus map (obtained before symmetry expansion) and stitched
to generate acomposite map of the globular repeat. Finally, three copies of this
globular repeat map were fitted into the in situ subtomogram average from
EMD-16458 and stitched to generate acomposite map of the CPL filament.

b, PADI6 and the core SCMC (NLRP5, TLE6, and OOEP) could be assigned based
ondirectsimilarity of the cryo-EM map to previously published structures.

We noticed several unassigned densities associated with the SCMC proteins, for
which we evaluated proteins with strong evidence of direct interaction with the
SCMC fromtheliterature, leading to confident assignment of KHDC3, ZBED3,
and NLRP4F. Remaining densities were identified using a “visual proteomics”
approachusing SITUS/colores or DomainSeeker to automatically fit AlphaFold
predictions of proteinsidentified in previously published oocyte proteomes,
leadingto theidentification of tubulin, FBXW, NLRP14, UBE2, and UHRF1.

¢, To confirm protein assignments, we used CryoAtom to automatically build
amodelintothe cryoEM density map, thenused the resulting tracesasinputs
toeitherafold-based search (in which FoldSeek was used to query the mouse
AlphaFold database) or asequence-based search (in which findMySequence
was used to query the mouse proteome). See Methods for details.
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Extended DataFig.4 |Model-in-map fits of cytoplasmiclattice
components and comparison of CPL-embedded PADI6 and SCMC with
purified or reconstituted systems. a, Model-in-map fits of one CPL
globular repeat (two asymmetric units). b, Model-in-map fits of individual CPL
proteins. More detailed model-in-map fits and per-chain CCscores are shown
inSupplementary Figs.1-12. ¢, The CPL map obtained in this study by single-
particle analysis (colored) is shown fitted into the CPL map obtained by
subtomogramaveraging (EMD-16458").d, The atomic model of a PADI6 dimer

from native mouse CPLs (pink, this study) is shown superimposed on crystal
structures of ahuman PADI6 dimer (PDB 9FMN?°) and ahuman PADI4 dimer
(PDB 2DEW?). e, The atomic model of an SCMC dimer from native mouse
CPLs (green, this study) is shown superimposed on cryo-EM-derived models
ofreconstituted mouse (PDB 8H93%) or human (PDB 8X7W?®°) SCMC core
complexes. f, Graphical representation showing directinteractionsamong
CPLcomponentsbased on the cryo-EM datareported in this study.
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theirranked median log,-transformed iBAQ intensities across four replicates
of -30 oocytes each. Proteinsidentified in this study are colored (including all
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Extended DataFig. 6 | PADI6 rings mediate interactionsbetween inwhich adjacent filaments are linked via as-yet-unidentified proteins
individual CPL filaments withinabundle. a, Cross-section of aninsitu bridging their PADI6 rings. ¢, A “back-to-back” interface in which the PADI6
subtomogram average of a CPL filament bundle (EMD-16458") with multiple rings of neighboring filaments appear tointeract directly.

copies of our SPA-derived atomic models fitted. b, A “front-to-back” interface
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Extended DataFig.7| FBXW proteins are abundant components of one, two, or three FBXW molecules bound.b, Cryo-EM density map after local
cytoplasmiclattices (CPLs). a, Three-dimensional classification without refinement and post-processing demonstrating how FBXW proteins interact
image alignment using amask on the CPL asymmetric unit reveals classes with with NLRP5 and B-tubulin.
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Extended DataFig. 8| Multi-body refinement reveals CPL conformational globularrepeats as two separate bodies. b,c, Analysis of the first two
flexibility. a, To assess conformational flexibility, CPL particlesimported principal components (accounting for -42% of the variance) revealed a
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local refinement, multi-body refinement was performed treating two adjacent



Extended DataFig.9|PADI6, NLRP14, UHRF1, and UBE2formalargepocket  -268 nm’or-2.68 x10° A% and an average protein density of 1.43 g/cm?>or
within the CPLs. Cryo-EM map (middle panel) and electrostatic properties ~0.861 Da/A*%%2, this pocket could accommodate a globular molecule -
(right panel) of the pocket. Assuming a sphere of diameter ~8-nm (volume of 230kDainsize.
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Extended Data Table 1| Cryo-EM data collection, processing, and model building statistics

native cytoplasmic lattices from mouse oocytes

EMDB: EMD-54838 (composite), EMD-54839 (consensus), EMD-54840 to 54842
(local refinements)

PDB: 9SFP

Data collection and processing

Microscope location and model

Netherlands Centre for Electron Nanoscopy (NeCEN), Titan Krios G1

Accelerating voltage

300 kV

Energy filter

Gatan BioQuantum

Detector Gatan K3
Nominal magnification 81,000 X
Electron exposure 50 e-/A?
Nominal defocus range -0.5t0-2.5um
Pixel size 1.06 A

Initial number of movies 38,053

Processing software

cryoSPARC v4.7.0, RELION-5

Final number of particles

725,010 (consensus map after C2
symmetry expansion)

255,865 (PADI6 region after final
Class3D)

160,296 (SCMC region after final
Class3D)

424,595 (tubulin subcomplex region
after final Class3D)

FSC threshold

0.143

Resolution estimate at FSC=0.143

4.2 (SCMC region), 4.1 (tubulin subcomplex region), 4.1 (PADI6 region)

B-factor estimated in RELION (A?)

-112 (SCMC region), -135 (tubulin region), -140 (PADI6 region)

Model building and refinement

Resolution set in refinement (A) 4.5
Correlation coefficient

CCvolume 0.79

CCmask 0.78
Model composition

Non-H atoms 117,355

Protein residues 14,769

Ligands 0
B-factors (A?) 151.97
RMS deviations

Bond length (A) 0.004

Bond angles (°) 0.862
Validation

MolProbity score 1.72

Clashscore 6.83

Poor rotamers (%) 0.02
Ramachandran plot

Favored (%) 95.08

Allowed (%) 4.91

Disallowed (%) 0.01




nature portfolio

Corresponding author(s): Miguel Leung, DPhil

Last updated by author(s): Mar 17, 2026

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|:| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

D The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested

|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

X XX X X[

D A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  SerialEM v4.1, Warp v1.0.9

Data analysis cryoSPARC v4.7.0, RELION v5.0, ChimeraX v1.10, LocScale-2.0, AlphaFold2, Phenix v1.20, Namdinator (no version number), Situs v3.8,
DomainSeeker (no version number), CryoAtom v1.0.0, FoldSeek (no version number), findMySequence v1.0.12, pyem v0.66, Spectronaut
v20.3

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.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Cryo-EM maps have been deposited to the EMDB with accession codes: EMD-54838 (composite map), EMD-54839 (consensus map), EMD-54840 (local refinement,
PADI6 region), EMD-54841 (local refinement, SCMC region), and EMD-54842 (local refinement, tubulin subcomplex region). The atomic model has been deposited




to the PDB with accession code PDB 9SFP. Mass spectrometry data has been deposited in PRIDE with accession number PXD073451. Previously-published structures
used for analysis/comparison include: EMD-16458, PDB 6DPV, PDB 414T, PDB 3CLZ, PDB 1FXT, PDB 9FMN, PDB 2DEW, PDB 8H93, and PDB 8X7W.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or  N/A
other socially relevant

>
Q
]
(e
(D
1®)
(@)
=
S
c
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

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

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

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

Sample size For cryo-EM processing, no methods were used to predetermine sample size because the final size of the cryo-EM datasets is dependent on
what is necessary to obtain reconstructions at sufficient resolution to confidently identify proteins and build an atomic model. The exact
number of micrographs/movies collected and particles used are listed in Extended Data Table 1. Mass spectrometry measurements were
performed on four (4) independent replicates of ~30 oocytes each.

Data exclusions  Workflows for cryo-EM single particle reconstruction may down-weight or exclude particles.
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independent replicates of ~30 oocytes each; all mass spectrometry replicates were successful and yielded similar results.
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