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The nuclear envelope, which protects and organizes the genome, is dismantled during mitosis. In the Caeno-
rhabditis elegans zygote, nuclear envelope breakdown (NEBD) of the parental pronuclei is spatially and tempo-
rally regulated during mitosis to promote the unification of the maternal and paternal genomes. Nuclear pore
complex (NPC) disassembly is a decisive step of NEBD, essential for nuclear permeabilization. By combining live
imaging, biochemistry, and phosphoproteomics, we show that NPC disassembly is a stepwise process that in-
volves Polo-like kinase 1 (PLK-1)-dependent and —independent steps. PLK-1 targets multiple NPC subcom-
plexes, including the cytoplasmic filaments, central channel, and inner ring. PLK-1 is recruited to and
phosphorylates intrinsically disordered regions (IDRs) of several multivalent linker nucleoporins. Notably, al-
though the phosphosites are not conserved between human and C. elegans nucleoporins, they are located in
IDRs in both species. Our results suggest that targeting IDRs of multivalent linker nucleoporins is an evolution-

arily conserved driver of NPC disassembly during mitosis.

INTRODUCTION

During each round of cell division in metazoans, cells undergo a
profound reorganization: The replicated DNA condenses into indi-
vidual chromosomes, and the nuclear envelope, which protects and
organizes the genome, breaks down during mitosis (1, 2). This step
is critical for microtubules to access kinetochores and form the
mitotic spindle. How nuclear envelope breakdown (NEBD) is reg-
ulated remains incompletely understood, particularly during
development.

The nuclear envelope is a double membrane composed of an
outer and an inner phospholipid bilayer. Tethered to the inner
nuclear membrane are the nuclear lamina and lamina-associated
proteins which contribute to the mechanical integrity of the
nucleus and organization of the genome during interphase. Trans-
port across the two membranes occurs exclusively through nuclear
pore complexes (NPCs), composed of roughly 30 evolutionarily
conserved nucleoporins (NUPs) (Fig. 1A), present in 8 to 32
copies (3, 4). Within the nuclear pores, NUPs assemble into
modular subcomplexes organized as a three-ring stacked structure:
one inner ring (in orange and yellow in Fig. 1A) and two outer rings,
containing the Y-complexes (green), located on the cytoplasmic and
nuclear faces of the nuclear pores (3-5). The inner ring and the Y-
complexes, which are anchored to the membrane by interacting
with transmembrane NUPs (brown) and the lipid bilayer, serve as
building blocks for the scaffolding of nuclear pores (Fig. 1A). At-
tached to these rings are NUPs of the central channel (light blue),
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cytoplasmic filaments (dark blue), and nuclear basket (red) respon-
sible for the translocation of substrates through the NPCs (Fig. 1A).
NUPs with phenylalanine-glycine (FG) repeats line the central
channel and serve a dual role: They form the permeability barrier
by restricting the passive diffusion of macromolecules larger than
~40 kDa, and they provide binding sites for nuclear transport re-
ceptors (6, 7).

Disassembly of the NPC is a decisive step of NEBD required for
nuclear permeabilization. In vertebrate cells, several mitotic kinases,
including Cyclin B-Cdk1, the Polo-like kinase Plk1, Nek6/7, and
possibly others, phosphorylate multiple NUPs to dismantle the
NPC and coordinate NPC disassembly with cell cycle progression
(8). In particular, the multisite phosphorylation of the FG-NUP
NUP98, the “gatekeeper” of the NPC, promotes nuclear permeabi-
lization (8-10). The dispersal of the soluble NUPs then rapidly and
synchronously follows NUP98 removal (11). Phosphorylation of
NUPS53, a linker NUP of the inner ring, is critical in this process.
NUP53 directly interacts with NUP205, NUP155, NUP93, the
transmembrane NUP NDC1, and the lipid bilayer (Fig. 1A). Multi-
site phosphorylation of NUP53 by Cyclin-Cdk and PIk1 disrupts
these interactions and promotes the disassembly of the central
NPC (8, 10). It also triggers the dissociation of the central
channel subcomplex composed of the FG NUPss NUP54,
NUP58, and NUP62 connected to the NPC by NUP93 (Fig. 1)
(12, 13). The mechanisms responsible for the disassembly of the
other NPC subcomplexes are less well understood (8). Likewise,
how other metazoans dismantle their NPCs has not been systemati-
cally investigated. Whether NUPs depart the NPCs in a similar
order and via similar mechanisms is currently unclear.

The one-cell Caenorhabditis elegans embryo provides a dynamic
developmental context to dissect the molecular mechanisms regu-
lating NPC disassembly and NEBD (14, 15). Nuclear envelope com-
ponents are conserved in C. elegans, including the lamina, encoded
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Fig. 1. PLK-1 triggers nuclear pore complexes disas- A
sembly independently of lamina depolymerization.
(A) Schematic of the nuclear pore complex and nomen-
clature of the NUPs in human cells and in C. elegans
(NPP). (B) After meeting of the female (pink) and male
(blue) pronuclei at the posterior pole, the nucleo-cen-
trosomal complex undergoes a 90° rotation to align
along the anteroposterior axis of the embryo. Parental
chromosomes congress on the metaphase plate before
the initiation of anaphase. In telophase, the NE reforms
around decondensing chromosomes. During mitosis,
remnant NE (yellow) remains around the segregating
chromosomes. NPC, nuclear pore complex; NE/ER,
nuclear envelope/endoplasmic reticulum. (C) Micro-
graphs of wild-type (WT) or Imn-1 8A mutant embryos
expressing GFP:NPP-22"PC" in mitosis. The green arrow
marks the presence of a membrane gap in control WT as
opposed to Imn-1 8A embryos (red arrow). Timings in
seconds are relative to pronuclei juxtaposition (0 s). The
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by a single gene Imn-1 (B-type lamin) (16) and most of the NUPs,
although the sequence identity between human and C. elegans
NUPs is not higher than 25% (Fig. 1A) (15, 17).

In the one-cell embryo just after fertilization, parental chromo-
somes are initially located in separate pronuclei, each surrounded by
a nuclear envelope (Fig. 1B). Coordinated disassembly of the pro-
nuclear envelopes is required for the unification of the parental
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genomes after the first mitosis. In contrast to vertebrate cells,
where NEBD occurs in prophase, NEBD is regulated both spatially
and temporally in the semi-open mitosis of the C. elegans embryo
(Fig. 1B) (14, 15, 18-20). The first reported sign of NEBD in the
zygote is the deformation of the nuclear envelope in the vicinity
of centrosomes, and its permeabilization, detectable by the presence
of soluble tubulin in the pronuclear space (21). NPC disassembly
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starts in the vicinity of the centrosomes and progresses to the jux-
taposed pronuclear envelopes located between the parental chromo-
somes (18, 19, 22, 23). However, some NUPs and the lamina persist
on the remnant envelopes surrounding the mitotic spindle until the
metaphase-to-anaphase transition (18-20, 22, 23). After lamina de-
polymerization is completed, the proper mingling of both parental
chromosome sets on the metaphase plate requires the formation of a
membrane scission event (also called a membrane gap)
(Fig. 1B) (24).

Mitotic kinases, including Cyclin B-Cdk1 (25) Aurora A (AIR-
1) (19, 26), and the Polo-like kinase 1 (PLK-1), have been implicated
in NEBD in C. elegans (20, 22, 27, 28). In particular, PLK-1 plays a
prominent role in NEBD in the early embryo. Consistently, PLK-1 is
dynamically recruited to the nuclear envelope in prophase just
before NEBD (20) via its C-terminal phosphopeptide binding
domain (29, 30), the Polo-box domain (PBD) (20). While in verte-
brate cells the Plkl1 PBD only binds NUP53 on the inner ring
complex (10), in C. elegans, the PBD binds NUPs of the central
channel NPP-1NYF>* NPP-4NUP%8 and NPP-11NVF¢? primed by
Cyclin B-Cdk1 and PLK-1 phosphorylation (20). Once recruited
to the central channel NUPs, PLK-1 most likely contributes to dis-
mantling the NPC, but its phosphorylation targets, with a structural
role in the NPC, are currently unknown. Confirming genome-wide
protein interaction maps using yeast two-hybrid assays (31), we pre-
viously showed that the PLK-1 PBD also binds a C. elegans NPP-
19NY>? (1 to 301 amino acids) fragment primed by phosphoryla-
tion (20), but the functional importance of this interaction remains
to be investigated.

Beyond NPC disassembly, PLK-1 triggers lamina depolymeriza-
tion in C. elegans by directly phosphorylating the lamina (22). In
fact, expression of a Imn-1 8A allele, mutated on eight PLK-1 phos-
phorylation sites (32), is sufficient to prevent lamina depolymeriza-
tion, membrane gap formation, and the fusion of the parental
genomes during mitosis (21, 22). Whether stabilization of the
lamina affects the disintegration of the NPC is not known. Some
NUPs and the lamina accumulate at the NE upon plk-1 inactivation
(28) suggesting that PLK-1 might regulate both lamina depolyme-
rization and NPC disassembly. Alternatively, as the lamina interacts
physically with NUPs (33-35), lamina persistence could alter NPC
disassembly. The Imn-1 8A allele represents a unique genetic tool to
test these possibilities.

Here, by combining live imaging of fluorescently tagged NUPs
with biochemical and phosphoproteomic approaches, we character-
ize the process and mechanism of NPC disassembly in the one-cell
C. elegans embryo. We show that NPC disassembly occurs in two
major steps, PLK—independent and PLK-1-dependent. During
the first step, the nuclear basket and the Y-complex subunits leave
the NPC early in prophase but without affecting the nuclear perme-
ability barrier. During the second step, PLK-1 is recruited to NUPs
of the central channel, the inner ring, and phosphorylates intrinsi-
cally disordered regions (IDRs) of multivalent linker NUPs leading
to nuclear permeabilization and complete NPC disassembly, inde-
pendently of lamina depolymerization. This work provides a com-
prehensive analysis of the NPC disassembly mechanism in a living
organism.

Nkombo Nkoula et al., Sci. Adv. 9, eadf7826 (2023) 19 July 2023

RESULTS

PLK-1 triggers the disassembly of soluble nucleoporins
independently of lamina depolymerization

To investigate whether lamina stabilization affects NPC disassem-
bly, we analyzed the dynamics of the transmembrane NUP NPP-
22NPCLendogenously tagged with mCherry, in wild-type (WT)
versus Imn-18A mutant one-cell embryos during mitosis using
spinning disc confocal microscopy (Fig. 1, B and C). mCher-
ry:NPP-22NP“! Jocalized to the nuclear envelope of the male and
female pronuclei during their migration in WT embryos (Fig. 1C)
(21, 36). Then, as the embryos progressed through mitosis, it was
progressively excluded from the region between the juxtaposed pro-
nuclei, starting where the characteristic pronuclear membrane scis-
sion (gap) event occurs (Fig. 1C, green arrows) (24) and localized to
the endoplasmic reticulum surrounding the centrosomes, recently
named the “centriculum” (37). By contrast, in Imn-1 8A mutant
embryos, where the lamina is not dismantled during mitosis,
mCherry:NPP-22N°! also persisted on the juxtaposed pronuclear
envelopes (Fig. 1C, red arrowhead). Thus, stabilization of the
lamina can influence the dynamics of NPP-22""“! during mitosis.

Next, we monitored NUPs containing FG repeats using the
Mab414 antibodies (38) in indirect immunofluorescence experi-
ments. The asynchronous mitoses of the two-cell stage embryo
(Fig. 1D, a and d) allow a direct comparison of nuclear envelope
component behavior in metaphase (the P1 cell, right) and telophase
(the AB cell, left). In WT embryos, FG NUPs were undetectable in
metaphase (P1 blastomere) (Fig. 1Dc), while the lamina still local-
ized around the DNA (Fig. 1Db) indicating that NUPs disassemble
before lamina depolymerization. During nuclear envelope reforma-
tion, the FG NUP signal reaccumulated around the decondensing
DNA in telophase in the AB blastomere (Fig. 1Dc), while the
lamina had not yet polymerized (Fig. 1Db). In Imn-1 8A
embryos, where lamina persists during mitosis (Fig. 1De), FG
NUPs presented a similar localization as in WT embryos
(Fig. 1Df), indicating that the persistence of the lamina in the
nuclear envelope has no major impact on their disassembly or reas-
sembly during mitosis.

To extend these observations, we filmed one-cell embryos ex-
pressing endogenously tagged GFP:NPP-19VY"3, a core subunit
of the inner ring complex (35, 39—44). GFP:NPP-19NYF? disap-
peared from the nuclear envelope with the same kinetics in WT
and Imn-1 8A mitotic embryos confirming that the persistence of
the lamina does not affect the disassembly of soluble NUPs
(Fig. 1E). However, GEP:NPP-19NY"%3 readily persisted on the
nuclear envelope throughout mitosis upon partial plk-1 inactiva-
tion, both in WT and in Imn-1 8A embryos (Fig. 1E, red
arrowheads).

Together, these observations indicate that PLK-1 promotes the
disassembly of some NUPs independently of lamina depolymeriza-
tion, although forcing maintenance of the lamina is sufficient to
alter, directly or indirectly, the dynamics of the transmembrane
NUP NPP-22"P°! (Fig. 1C).

PLK-1 targets the cytoplasmic filaments, the inner ring
complex, and the central channel nucleoporins

To identify the nuclear pore subcomplexes targeted by PLK-1, we
used spinning disc confocal microscopy to monitor the dynamics
of fluorescently tagged NUPs from each NPC subcomplex during
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mitosis in control embryos, or upon partial plk-1 inactivation. Since
PLK-1 regulates several processes in the early embryo (20, 28, 45—
51), we used partial RNA interference (RNAIi) to exclude potential
indirect effects.

We filmed embryos expressing fluorescently tagged NUPs of the
cytoplasmic filaments (GFP:NPP-9NUF?%8 GFP::NPP-24NUP%8),
the Y-complex (GFP:NPP-5NVUP107  GEP::MEL-28FYS), the inner
ring [superfolder (s)GFP::NPP-13NUP93, mCherry::NPP—SNUPlSS],
the central channel (NPP-1VYP>%.GFP and GFP::NPP-11NUP62)
and the nuclear basket (sGEP::NPP-7NYP13 and NPP-21"FR::GFP).
We also monitored the dynamics of NPP-10NNYP?® (tagged with
NeonGreen), the C. elegans counterpart of NUP98, which belongs
to multiple subcomplexes in human cells (4, 52), and possibly also
in C. elegans. Some NUPs were endogenously tagged with fluores-
cent markers using CRISPR-Cas9 (marked by an asterisk on the
figures), whereas others were expressed from single-copy transgenes
(see Material and Methods).

At time 0, defined as when the two pronuclei are juxtaposed and
centered in the middle of the embryos, all the NUPs we monitored
localized to the nuclear envelope (Fig. 2, C to F), except NUPs of the

nuclear basket and of the Y-complex (Fig. 2, A and B). The basket
NUPs GFP:NPP-7N""'** and GFP:NPP-21""® had relocalized to
the nucleoplasm at this time point (Fig. 2A and fig. S1, A and B),
while the Y-complex subunits GFP:NPP-5™""'%” and GFP:MEL-
28"Y5 had begun to accumulate at the kinetochores (Fig. 2B).
Partial plk-1 inactivation did not noticeably affect the dynamics of
these NUPs during mitosis (Fig. 2, A and B). Both GFP::NPP-
5NUPIO7 and GFP:MEL-28"""® localized to the kinetochores as in
control embryos (Fig. 2B).

On the cytoplasmic face of the NPC, NUP88 forms a complex
with NUP214 (52). As shown in Fig. 2C, plk-1 inactivation affected
the dynamics of GFP::NPP-24N""*®, While this NUP relocalized to
the centriculum and the mitotic spindle area during mitosis in
control and plk-1(RNAi) embryos, a fraction persisted on the
remnant envelope surrounding the mitotic spindle during the meta-
phase-to-anaphase transition upon reduction of plk-1 function
(Fig. 2C). NPP-14NUP2"::OLLAS similarly persisted on the
nuclear envelope remnants upon partial inactivation of plk-1
during mitosis (fig. S1C), indicating that PLK-1 controls the disas-
sembly of the cytoplasmic filaments. GFP:NPP-9NY"?8 which also
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Fig. 2. Nucleoporins of the cytoplasmic filaments, the central channel, and the inner ring accumulate at the nuclear envelope upon plk-1 inactivation. (A to F)
Micrographs of embryos expressing the indicated tagged NUPs exposed to control or plk-1(RNAi) starting when the pronuclei are juxtaposed, centered, and aligned along
the anteroposterior axis of the embryo (time 0). The red arrowheads show the persisting NUPs on the NE during mitosis. All panels are at the same magnification. Scale

bar, 3 pm. Data were collected from three independent experiments.
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localizes to the cytoplasmic face of the NPC, was however unaffect-
ed upon plk-1 inactivation (Fig. 2C).

Next, we monitored the dynamics of the NUPs of the inner ring
complex. Within this complex, in other systems, the linker nucleo-
porin NUP53 has a scaffolding role and binds NUP155, NUP93,
and NUP205 (35, 40-44). Previous immunofluorescence studies
in early C. elegans embryos showed that NPP-3NYP2% and NPP-
13NYP%? Jocalize to the nuclear envelope before NEBD but then dis-
appear first in the vicinity of the centrosomes (19). We confirmed
these observations using endogenously tagged GFP:NPP-13N"%,
Before NEBD, when the two pronuclei are juxtaposed (time 0),
GFP:NPP-13VY"?? Iocalized to the nuclear envelope but after 160
s, it was barely detectable at the nuclear envelope (Fig. 2D).
However, upon plk-1 partial inactivation, GFP:NPP-13NV"? per-
sisted on the nuclear envelope throughout mitosis (Fig. 2D, red ar-
rowheads), similar to GEP:NPP-19NUP>3 (Fig. 1E). mCherry::NPP-
8NUP15 also persisted on the nuclear envelope throughout mitosis
upon plk-1 inactivation and failed to relocalize to the centriculum
(Fig. 2D). Thus, three components of the inner ring complex: NPP-
gNUP155 NPP-13NUP3 and NPP-19NYF?? persist on the nuclear en-
velope upon partial plk-1 inactivation.

Within the inner ring complex, NPP-1 recruits the FG
NUPs NPP-1"VP*%, NPP-4"VF8 and NPP-11NY"%?, which form a
trimeric complex located in the central channel of the NPC
(Fig. 1A) (12, 20). In control conditions, NPP-1NUP*%..GFP local-
ized to the nuclear envelope and was still detected on the
remnant envelopes 80 s after juxtaposition of the pronuclei. As
the embryo progressed through mitosis, it became undetectable
and reaccumulated on the nuclear envelope only in telophase
(Fig. 2E). However, NPP-1NUP>*.:GFP persisted on the nuclear en-
velope during mitosis upon partial depletion of PLK-1, consistent
with previous observations (28). GFP:NPP-11NYP%% also persisted
in the nuclear envelope upon plk-1 inactivation (Fig. 2E). Thus, plk-
I depletion also affects the disassembly of the central channel NUPs
from the NPCs.

Last, we analyzed the dynamics of NeonGreen:NPP-10N™ P,
whose vertebrate homolog Nup98 is the gatekeeper of the NPC that
links the inner ring to the Y-complex (6). In WT conditions, Neon-
Green:NPP-10N"N""*® Jocalized to the NE but relocalized to the ki-
netochores  during mitosis. Upon PLK-1 depletion,
NeonGreen::NPP-10NNY"*® also relocalized to the kinetochores
but a fraction persisted on the nuclear envelope during mitosis
(Fig. 2F, red arrows).

Together, these observations indicate that PLK-1 inactivation
affects the disassembly of the cytoplasmic filaments (NPP-
14NUP214 and NPP-24NYP88) " the inner ring complex (NPP-
gNUPISS NPP-13NYP?, NPP-19NVP*%, and NPP-10NNY"*%), and
the central channel (NPP-1NYP**  and NPP-11NUP6?)
during mitosis.

NUP93
3

PLK-1 recruitment to the nuclear envelope precedes the
disassembly of filament, central channel, and inner ring
subcomplexes

The order and precise timing of NPC subcomplex disassembly have
not yet been characterized in C. elegans. In human tissue culture
cells, NUP98 is the first NUP to leave the NPC during mitosis,
causing nuclear permeabilization (9, 11). Our observations
suggest that NUPs of the Y-complex and the nuclear basket leave
the NPC well before NPP-10N""P*%  already during pronuclear

Nkombo Nkoula et al., Sci. Adv. 9, eadf7826 (2023) 19 July 2023

migration and meeting (Fig. 2), possibly even before PLK-1::sGFP
is recruited to the NE and the nuclear permeability barrier is
ruptured.

To precisely characterize the order of NPC disassembly relative
to PLK-1 recruitment to the NE, we used live-spinning disc confocal
microscopy at high temporal resolution (one image/2 s). We quan-
tified the levels of NUPs of the different subcomplexes and PLK-1::
sGFP at the NE, relative to the rupture of the nuclear permeability
barrier and anaphase onset (time 0). In this experiment, we used
anaphase onset (which typically occurs 190 s after centration of
the juxtaposed pronuclei) as time 0 to rigorously compare the
timing of NUP departure from the nuclear envelope in different
strains and embryos.

To determine when the NE becomes permeable, we quantified
the amount of free mCherry::Histone, which is higher in the nucle-
oplasm than in the cytoplasm before NEBD but equilibrates
between the two compartments once the NE becomes permeable
(see Materials and Methods).

This analysis confirmed that NUPs of the basket and the Y-
complex leave the nuclear envelope well before it becomes perme-
able (Fig. 3A). GFP:NPP-7N""'** Jocalized to the NE during pro-
nuclear migration (—410 s before anaphase; fig. S2A, arrow) but had
already relocalized to the nucleoplasm before the pronuclear
meeting. Likewise, NPP-21""*::GFP had almost entirely relocalized
to the nucleoplasm at the time of the pronuclear meeting (Fig. 3B
and fig. $2B). The Y-complex subunit GFP:MEL-28"""® similarly
disappeared from the nuclear envelope by pronuclei meeting and
relocalized to the kinetochores, concomitantly with chromosome
condensation (Fig. 3B and fig. S2C). The other Y-complex subunits
GFP:NPP-5"VF1%7 GFP:NPP-6"""'®", and GFP:NPP-18°""" de-
parted the NE slightly after GFP::MEL-28"""® but all behaved sim-
ilarly (Fig. 3B and fig. S2, D to F), suggesting that the entire Y-
complex leaves the NE early in prophase to relocalize to the kinet-
ochores. Quantifications of the signal at the pronuclear envelope re-
vealed that GFP::NPP-7"Y"! is the first NUP to leave the NE
followed by GFP:MEL-28"""S, NPP-21""R:GFP, and the other Y-
complex subunits (Fig. 3B and fig. S2G). All these subunits leave the
NE before the recruitment of PLK-1::sGFP, which starts to accumu-
late at the NE 250 s before anaphase onset (Fig. 3A). PLK-1::sGFP
accumulation at the NE precedes the departure of NPP-10N~VF%,
NPP-24NUP% NPP-1NUP** and NPP-19NYF?%. As shown Fig. 3,
NPP-10NNYP?8 Jeaves the NE slightly before the cytoplasmic fila-
ment NUP NPP-24NYF88 and the central channel NUP NPP-
INUP3 ) which disappears from the NE before NPP-19NUF?
(Fig. 3 and fig. S3). The NE becomes permeable only when NPP-
10NNYP® is removed from the NPC (Fig. 3A). More specifically,
we observed a loss of permeability barrier when almost 60% of
NPP-10N was removed from the NE (Fig. 3B).

Together, these data indicate that the Y-complex and the nuclear
basket NUPs leave the NE before PLK-1 recruitment, which pre-
cedes the departure of NPP-10NNYP?® and the rupture of the
nuclear permeability barrier (Fig. 3).

A biochemical screen for PLK-1 PBD-interacting phospho-
nucleoporins

We next searched for the direct PLK-1 substrates at the NPCs. PLK-
1 uses its conserved C-terminal PBD to bind its substrates phos-
phorylated on specific sequence motifs [aka Polo-docking sites
(S-pS/pT-P/X)] that are created by other priming kinases (non—
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Fig. 3. Timing of NPC subcomplexes disassembly in the C. elegans zygote relative to the rupture of the nuclear permeability barrier. (A) Micrographs of one-cell
embryos expressing PLK-1::sGFP or the indicated tagged NUPs from pronuclear migration and meeting to anaphase onset (time 0). All panels are at the same magnifi-
cation. Scale bar, 10 um. (B) Graph presenting the quantification of GFP:NPP signal intensity at the NE in the C. elegans zygote from pronuclear nuclear migration to
anaphase onset (time 0). The average signal intensity of the fluorescently tagged NPPs at the NE 350 s before anaphase was arbitrarily defined as 1. The means + SEM is
presented for n = 6 embryos. Data were collected from three independent experiments. The dark line presents the quantification of the nuclear permeability barrier
starting 200 s before anaphase onset. a.u., arbitrary units.
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self-priming) or are self-primed by PLK-1 itself. This provides an
efficient mechanism to regulate PLK-1 subcellular localization
and substrate selectivity in space and time (29, 30, 53-55). We pre-
viously showed that PLK-1 uses its PBD domain to localize to the
nuclear envelope in the early C. elegans embryo where it binds
NUPs of the central channel NPP-1NVP%* NPp-4NYF38 and NPP-
11NYP62 phosphorylated on Polo-docking sites by PLK-1 and cyclin
B-Cdk1 (20).

To determine which NUPs are phosphorylated on Polo-docking
sites in vivo, we analyzed the C. elegans embryos phosphoproteome
using FeNTA affinity chromatography and liquid chromatography—
tandem mass spectrometry (LC-MS/MS) (Fig. 4A). While previous
phosphoproteomics studies identified a total of 62 sites on NUPs
(PHOSIDA) (56), we mapped 133 phosphosites on 21 of the 28
NUPs characterized in worms (Fig. 4B, table S1, and data S1).
Forty-one percent (54 of 133) of these sites match the minimal con-
sensus for Cyclin-Cdk—-dependent phosphorylation (pS/pT-P),
among which 26% (14 of 54) are part of Polo-docking sites suggest-
ing that Cyclin-Cdk primes PLK-1 binding to multiple NUPs
(Fig. 4B). We identified 14 phosphorylated Polo-docking sites
matching the consensus for non—self-priming (S-pS/pT-P) in the
NUPs of the cytoplasmic filaments NPP-14~""2'* (five Polo-
docking sites), the central channel NPP-1NYF** (one Polo-
docking site), in the transmembrane NUPs NPP-1287*' (one
Polo-docking site) and NPP-22NPCL (gne Polo-docking site), in
the subunits of the inner ring complex NPP-8~"'>* (one Polo-
docking site) and NPP-19VYP33 (one Polo-docking site), but also
in NPP-10NNYP% (two Polo-docking sites), NPP-16™""*° (one
Polo-docking site), and MEL-285YS (one Polo-docking site)
(table S1 and data S1). In addition, we identified one phosphorylat-
ed Polo-docking site matching the consensus for self-priming (S-
pS/pT-X) in NPP-10NNYP?8 (table S1 and data S1).

To identify bona fide Plkl PBD-interacting phospho-NUPs, we
combined affinity purification with phosphoproteomics (Fig. 4A).
We loaded embryonic extracts on an affinity matrix containing
either the glutathione S-transferase (GST)-Plkl PBD WT or a
control GST-Plkl PBD™38AKHM - cqprving mutations on the
“phosphopincers” (29, 30, 53), and thus defective in phosphopepti-
des binding (Fig. 4A). The retained proteins were digested with
trypsin, and phosphopeptides were purified on FeNTA affinity
chromatography (FeNTA) before identification by LC-MS/MS.
Here, we specifically concentrated our analysis on NUPs; full
details of this analysis will be published elsewhere.

Through this approach, we recovered phosphopeptides corre-
sponding to NPP-1NYF** MEL-28""YS, NPP-10N"YP%%, NPP-
14NV NpP.1gNUPS NpP-7NUPIS NPP-128P21°, and NPP-
24NUP88 (p < 0.05, n = 3 independent experiments using different
embryo extracts; fig. S4 and table S2), but we unambiguously detect-
ed phosphorylated Polo-docking sites only in NPP-10N™V"® (three
sites), NPP-14NUP214 (4wo sites), and NPP-19NYP>? (two sites)
(Fig. 4C, table S3, and data S2). Several MEL-28"""® phosphopep-
tides were recovered, including one encompassing a Polo-docking
site, but the exact position of the phosphorylation could not be un-
ambiguously assigned on this peptide. We note that this specific
Polo-docking site was already detected phosphorylated in embryo
extracts (table S1 and data S1). Likewise, we recovered in the PBD
pull-downs phosphopeptides covering one Polo-docking site in
NPP-1NUP** and NPP-128°2'%. As for MEL-28"""%, both Polo-
docking sites were unambiguously phosphorylated in the
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embryonic extracts strongly suggesting that MEL-28%"%, NPP-
INUP “and NPP-128P2' were specifically recovered in the PLK-1
PBD pull-downs via these phosphorylated Polo-docking sites.

Next, we analyzed the distribution of the phosphorylation sites
on the various functional domains of these NUPs; MEL-28""5, the
first NUP to associate with chromatin at the end of mitosis (57, 58),
is a large protein composed of multiple functional domains: an N-
terminal B-propeller domain, a central a helical domain, and an un-
structured C-terminal region that includes two AT hooks (Fig. 4D).
The N-terminal domains are required for NPC targeting and kinet-
ochore localization, whereas the C-terminal domain is required for
chromatin binding (59). Most of the phosphorylation sites identi-
fied on MEL-28"""%, including the phosphorylated Polo-docking
site, localized on the chromatin-binding region (Fig. 4D), suggest-
ing that phosphorylation could modulate this activity.

Phosphorylation sites were also restricted to a defined region in
NPP-10NNY"8, which contains Glycine-Leucine-Phenylalanine-
Glycine (GLFG) amino acids repeats and a Rael binding site in
the N-terminal region, similar to its human counterpart NUP98
(Fig. 4D). The C-terminal part, located upstream of the conserved
autoproteolytic domain, is however poorly conserved (fig. S5A)
(44). This region is predicted to be unstructured in both human
NUP98 and C. elegans NPP-10NNYF?® Most of the phosphorylation
sites localized to this IDR of NPP-10N™""*® are embedded in motifs
matching the consensus for PLK-1 phosphorylation or PLK-1
docking (Fig. 4D and fig. S5A).

Likewise, NPP-14N""2!% besides containing an evolutionarily
conserved B-propeller domain, is mainly unstructured with FG
repeats in the C-terminal part of the protein. Here again, most of
the phosphosites localized to the nonconserved and unstructured
region (Fig. 4D). Phosphorylated Polo-docking sites were also iden-
tified in the unstructured regions of NPP-19""*>?, which contains
an RNA recognition motif dimerization domain and a C-terminal
alpha helix required for membrane binding (60). Last, the unique
phosphorylated Polo-docking sites (SpTP) found in NPP-1NVF*
and NPP-12872'° also localized in the unstructured N-terminal
FG repeat of NPP-1VYP>* and C-terminal cytoplasmic tail of the in-
tegral transmembrane protein NPP-128P*' (Fig. 4D).

In summary, most of the identified phosphorylation sites are dis-
tributed in unstructured, IDRs of the NUPs, speciﬁcalg interacting
with the PLK-1 PBD. The identification of NPP-1"""** NPP-
14NUP2H NPP-19NYP3 and NPP-10NNYP? as specific phospho-
binding partners of the Plkl PBD is consistent with our findings
showing that PLK-1 depletion affects the disassembly of these
NUPs, and their direct binding partners, during mitosis (Fig. 2).

NPP-10N"V"?2 contributes to PLK-1 recruitment to the
nuclear envelope, possibly through direct phospho-
dependent binding to the PBD

We have previously reported that NUPs of the central channel
recruit PLK-1 to the NE (20). We thus investigated whether NPP-
14N NPP-10NNYF? and NPP-19NYF*?) identified as specific
phosphorylated binding partners of the PBD, also contribute to the
recruitment of PLK-1 to the nuclear envelope in prophase. To this
end, we used spinning disc confocal microscopy to monitor the re-
cruitment of endogenously tagged PLK-1::sGFP to the nuclear en-
velope. RNAi-mediated depletion of NPP-14""?2'* did not affect
PLK-1::sGFP recruitment to the nuclear envelope (Fig. 5A).
However, partial depletion of NPP-10NNYP%® or Npp-19NUYP>?
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Fig. 4. A biochemical and phosphoproteomic screen for PLK-1 targets at the nuclear pore complexes. (A) Flowchart of the approach used to map the NUPs phos-
phoproteome and identify NUPs specifically binding the PIk1 PBD. Embryonic extracts prepared from young adults were digested with trypsin and phosphopeptides
were affinity-purified using FeNTA immobilized metal ion affinity chromatography columns before identification by tandem mass spectrometry (MS/MS). A fraction of the
embryonic extracts were incubated on an affinity matrix consisting of the glutathione S-transferase (GST)-PBD WT or mutated on the phosphopincers. After several
washing steps, retained proteins were digested with trypsin and phosphopeptides were affinity-purified on FeNTA before identification by liquid chromatogra-
phy—MS/MS (LC-MS/MS). (B) Circle chart showing the proportion of phosphorylation sites identified on NUPs presenting the consensus for phosphorylation by
proline-directed kinases [(pS/pT-P), Cyclin-Cdk]. The circle chart below presents the percentage of these phosphosites matching the consensus for non—self-priming
phosphorylation (S-pS/pT-P). (C) Table summarizing the label-free quantitative MS analysis of the GST-PBD WT or mutated on the phosphopincers pull-downs from
three independent C. elegans embryonic extracts. The P value (<0.05) indicates statistical significance for the enrichment of the NUPs in the GST-PBD pull-down.
pPDS (phosphorylated Polo-docking sites) indicate the number of Polo-docking sites identified in the different NUPs. The value in parentheses corresponds to cases
where a phosphorylated peptide contains a Polo-docking site but the exact position of the phosphorylation is ambiguous. (D) Domain organization and distribution of
the phosphorylation sites on the NUPs specifically retained on the GST-PLK-1 PBD affinity matrix: MEL-285Y5, NPP-19NYP>3 NPP-10NNYP98 NPP-14NUP214 \pp-1NUPS4 ang
NPP-129P21°, CBD, chromatin-binding domain; RRM, RNA recognition motif; APD, auto-proteolytic domain; CC, coiled-coiled.
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Fig. 5. Phosphorylated NPP-10N"P% binds the PLK-1 PBD and contributes to PLK-1 recruitment to the nuclear envelope. (A) Micrographs of an embryo express-
ing PLK-1:5GFP (shown alone and in green in the merged images) and mCherry:HIS-11 (magenta, in the merged image) exposed to control (ctrl), npp-14""*?"* npp-
10NNYP%8 npp-19"UP23, or npp-1VUP** RNAI. All panels are at the same magnification. Scale bar, 10 um. The graph on the right presents the quantification of PLK-1:sGFP at
the NE in the different RNAi conditions 200 s before anaphase onset. **P < 0.01 and ****P < 0.0001; ns, not significant. Data were collected from three independent
experiments. (B and €) Micrographs of embryos expressing NPP-1NYP>4:GFP (B) or GFP:NPP-11NY"2 (C) exposed to control (ctrl), npp-10N"U"%%, or npp-19"YF>3 RNAI. The
graphs on the right present the quantification of NPP-1N"P>*:GFP or GFPzNPP-11"""%? average intensity at the NE at six time points relative to anaphase onset (timing in
seconds is relative to anaphase onset). *P < 0.05 and ****P < 0.0001. Data were collected from three independent experiments. (D) Schematic and domain organization of
NPP-10N"YP98 The C-terminal disordered NPP-10NNUP*8 (513 to 821) fragment contains three Polo-docking sites matching the consensus for non—self-priming (yellow,
phosphorylatable by Cyclin-Cdk1) and five sites matching the consensus for self-priming (blue, phosphorylatable by PLK-1). The sites that are circled have been identified
in vivo. Besides the WT, two additional fragments containing the three non—self-priming Polo-docking sites (3A), or all the Polo-docking sites substituted with alanine are
presented. (E and F) In vitro kinase assays were performed with Cyclin B-Cdk1 or PLK-1 kinases and the NPP-10NNYP%8 (513 to 821) fragments WT, 3A, or 8A tagged with
the maltose-binding protein (MBP) as substrates. The samples were subjected to SDS—polyacrylamide gel electrophoresis (PAGE), followed by a far-Western ligand-
binding assay using the PBD fused to GST (top). The bottom panel shows the Stain-Free Blot (Chemidoc, Bio-Rad) of the same membrane.

drastically reduced PLK-1::sGFP signal at the nuclear envelope
(Fig. 5A). Knocking down the central channel NUP NPP-1NYP>* re-
sulted in a similar phenotype (Fig. 5A), consistent with our previous
observations (20).

Central channel NUPs are anchored to the NPC via interaction
with NPP-13"Y"?? which is itself connected through NPP-19NVF33
binding (Fig. 1A). Thus, inhibition of npp-19"""** might be expect-
ed to cause a reduction of the central channel NUPs at the nuclear
envelope, and consequently of PLK-1::sGFP. Accordingly, npp-
19U inhibition did reduce NPP-1¥""**::GFP and GFP::NPP-
11N signals at the nuclear envelope (Fig. 5, B and C).
However, npp-10NYY"® depletion only mildly reduced central
channel NUP levels at the nuclear envelope (Fig. 5, B and C)

Nkombo Nkoula et al., Sci. Adv. 9, eadf7826 (2023) 19 July 2023

while profoundly reducing PLK-1::sGFP levels (Fig. 5A). This
result suggested that NPP-10NNYF?® may directly contribute to
PLK-1::sGFP recruitment, presumably by interacting with the
PLK-1 PBD, which would be consistent with the NPP-10N~"?%®
phosphorylated consensus Polo-docking sites we identified in the
PBD pull-downs (Fig. 4). We tested this hypothesis using a far-
Western ligand-binding assay. We pre-phosphorylated the NPP-
10NNYP? C_terminal fragment (513 to 821) using Cyclin B-Cdkl
or PLK-1 kinases, and then tested its ability to interact with the
PLK-1 PBD. NPP-10NNUP® (513 to 821) pre-phosphorylated by
either kinase readily interacted with the PLK-1-PBD (Fig. 5, E
and F, lane 3) but not with a version of the PBD carrying mutated
phosphopincers (fig. S5, B and C, lane 3), demonstrating that this
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interaction is phospho-dependent. To test whether the Polo-
docking sites accounted for PBD binding, we then analyzed NPP-
10NNYP8 (513 to 821) fragments containing various alanine substi-
tutions in the predicted Polo-docking sites.

The NPP-10NNY"*® fragment harbors three putative Polo-
docking sites matching non-self-priming and binding (one
Serine-Serine-Proline (SSP) and two Serine-Threonine-Proline
(STP) sites) (Fig. 5D and fig. S5A), and we recovered phosphopep-
tides specifically phosphorylated on these three sites in the PLK-1
PBD pull-downs (Fig. 4 and table S3). In the far-Western binding
assay, alanine substitutions of these sites abrogated NPP-10N™F%®
binding to the PLK-1 PBD, primed by Cyclin B-Cdk1 (Fig. 5E, lane
5). However, these alanine substitutions did not disrupt binding
when NPP-10NNYP%® was primed by PLK-1 (Fig. 5F, lane 5), indi-
cating that PLK-1 phosphorylates additional Polo-docking sites.
Consistently, sequence analysis identified at least five other putative
Polo-docking sites matching the self-priming and binding consen-
sus (SSX/STX, where X is any aminoacid). Four of these five sites
perfectly match PLK-1 phosphorylation sites (see the “Eukaryotic
Linear Motif resource for Functional Sites in Proteins” website,
http://elm.eu.org/) (fig. S5A), among which one was recovered
phosphorylated in the PBD pull-downs (Fig. 4). Alanine substitu-
tions of the eight Polo-docking sites fully abolished the binding of
NPP-10NNYP® to the PLK-1 PBD primed by PLK-1 (Fig. 5F,
lane 7).

We conclude that Cyclin B-Cdkl and PLK-1 both phosphory-
late NPP-10NNY"® on multiple Polo-docking sites in its unstruc-
tured region, thereby promoting its binding to the PLK-1 PBD.
This interaction contributes to the recruitment of PLK-1 to the
NPC, where it docks on NPP-10NNUP%8 PLK-1 docking might be
required for subsequent phosphorylations or it might disrupt NPP-
10NNYP8 binding to its partners at the NPC, both of which would
promote NPP-10N~Y?*® dissociation from the NPC.

Embryos expressing NPP-19""P>3 10A defective in PLK-1
binding are deficient in inner ring complex disassembly

We then investigated the functional importance of the PLK-1 -
NPP-19NYF>? interaction for the disassembly of the inner ring
complex (Figs. 1E, 2D, and 3). To this end, we searched for all the
NPP-19NY">* Polo-docking sites responsible for interacting with
the PLK-1 PBD to engineer an NPP-19NY"** variant specifically de-
fective in PLK-1 binding and evaluate its impact on NPC disassem-
bly in vivo.

NPP-19NYP33 contains 10 potential Polo-docking sites relatively
well conserved in nematode species (fig. S6); seven sites match the
consensus for self-priming (S-S/T-X), whereas three sites match the
consensus for non—self-priming (S-S/T-P) (Fig. 6A), one of which
was identified in the PLK-1 PBD pull-downs (Fig. 4 and table 1).
Alanine substitution of the three non—self-priming sites (S-A-P)
abolished NPP-19NY"** binding to the Plkl PBD primed by
Cyclin B-Cdkl in a far-Western binding assay (Fig. 6B, left, lane
4). However, these three alanine substitutions did not notably
affect the interaction when PLK-1 was the priming kinase
(Fig. 6B, right, lane 4). Alanine substitutions of all 10 Polo-
docking sites were required to eliminate the ability of PLK-1 to
trigger the interaction between NPP-19 10A and the Plkl PBD
(Fig. 6B, lane 6). We obtained similar results using the shorter
and more soluble NPP-19™Y">* (1 to 301) fragment tagged with
6xHis (fig. S7, C and D). These studies indicate that Cyclin
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B-Cdkl and PLK-1 both prime NPP-19"Y"** binding to the Plk1
PBD via the phosphorylation of multiple Polo-docking sites, similar
to NPP-10N"VF?%,

Next, we used CRISPR-Cas9-based mutagenesis to engineer an
npp-198YF>3 allele carrying alanine substitutions in the 10 Polo-
docking sites to investigate the functional consequences of a
defect in PLK-1 binding to NPP-19N""** for NPC disassembly in
vivo. These 10 alanine substitutions did not alter NPP-19NVP>?
stability nor its ability to localize to the NPCs, as revealed by the
normal levels of expression and the proper localization of NPP-
19NYP3% 10A to the nuclear envelope (fig. S8, A and B). Further-
more, npp-19N">* 10A mutant embryos were viable and did not
present the major cell cycle defects previously observed in npp-
19NUP33 [ogs-of-function mutant embryos (fig. S8C) (39). PLK-1::
sGFP localized to the nuclear envelope in prophase in these npp-
19NV 10A mutant embryos (fig. S8D), indicating that the defect
in PLK-1::sGFP recruitment to the NE previously observed in npp-
I9(RNAi) embryos (Fig. 5A) is due to the loss of NPP-19-associated
PLK-1 recruiters (see Discussion). The dynamics of the central
channel NUP NPP-1NUP>*::GFP was also largely unaffected in
npp-19NY? 10A mutant embryos during mitosis (Fig. 6C).
However, disassembly of the inner ring complex NUPs
GFP:NPP-13NYP3 and mCherry:NPP-8NYP1>% which are direct
binding partners of NPP-19NY"*3, was compromised. GFP::NPP-
13NYP%3 persisted at the nuclear envelope during mitosis in npp-
19NV 10A mutant embryos (Fig. 6D, red arrowheads). Likewise,
mCherry:NPP-8~YF'** remained associated with the nuclear enve-
lope throughout mitosis in npp-19"Y">? 10A mutant embryos and
failed to relocalize to the centriculum, as observed in control
embryos (Fig. 6E). These observations indicate that phospho-de-
pendent recruitment of PLK-1 to NPP-19NYP*%_ at the core of the
NPCs, is required for efficient inner ring complex disassembly.

DISCUSSION

Using a combination of live imaging, biochemistry, and phospho-
proteomics, we characterized NPC disassembly in the one-cell C.
elegans embryos and dissected the role of PLK-1 in this process.
First, we show unequivocally that PLK-1 promotes NPC disassem-
bly independently of lamina depolymerization. Then, we demon-
strate that NPC disassembly is a stepwise process that involves
PLK-1-dependent and —independent steps. Our findings, summa-
rized in Fig. 7, indicate that, after the departure of the Y-complex
and the nuclear basket from the NPC, PLK-1 is dynamically recruit-
ed to and phosphorylates IDRs of several multivalent linker NUPs
to trigger the disassembly of multiple NPC subcomplexes, including
the cytoplasmic filaments, the inner ring complex, and the
central channel.

Characterization of NPC disassembly in early C.

elegans embryo

NPCs are massive structures assembled from various NUP subcom-
plexes that dynamically assemble and disassemble during the cell
cycle (5). While the mechanisms driving NPC assembly are begin-
ning to emerge (61, 62), how NPCs are disassembled in various or-
ganisms is not well understood. In particular, the order of
component disassembly is still elusive. This question has been
mainly addressed using cultured human cells (8). In this context,
NUP98, the gatekeeper of the nuclear pore, is the first NUP to
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Fig. 6. Multisite phosphorylation of NPP-19N!P53

matching the consensus for non—self-priming (yellow) and seven sites matching the consensus for self-priming (blue). Besides the WT, two additional NPP-19

is required for the disassembly of the inner ring complex. (A) NPP-19"""3 contains three Polo-docking sites

NUPS3 | o

iants containing the three non-self-priming Polo-docking sites (3A) or all the Polo-docking sites (10A) substituted with alanine are presented. The sites that are circled
have been identified in vivo. (B) In vitro kinase assays were performed with Cyclin B-Cdk1 or PLK-1 kinases and the NPP-19NYP>3 WT, 3A, or 10A tagged with the GST as
substrates. The samples were subjected to SDS-PAGE, followed by a far-Western ligand-binding assay using the PBD fused to GST (top). The bottom panel shows the Stain-
Free Blot (Chemidoc, Bio-Rad) of the same membrane. (C to E) Micrographs of control (top) or npp—I9NUP53 10A mutant embryos (bottom) expressing NPP-1 NUPS4..GFP (),
GFP:NPP-13"YP93 (D), or GFP:NPP-8NUP™5% (E) during mitosis. Timings in seconds are relative to pronuclei juxtaposition (0). All panels are at the same magnification. Scale

bar, 3 pm. Data were collected from three independent experiments.

leave the NPC (9, 11, 63) followed by the rapid and nearly synchro-
nous disassembly of the other NUPs (11). NUP98 maintains the
permeability barrier of the NPC by virtue of the self-cohesive inter-
actions of its N-terminal GLFG domain (6), and thus, its departure
from the NPCs facilitates nuclear permeabilization at the onset of
mitosis (9, 11).

In the early C. elegans embryo, the order of NUP disassembly
had yet to be investigated. We found here that the nuclear basket
NUPs NPP-7NYP153 " NPP21"™"%, and the Y-complex subunits
MEL-28"""5, NPP-5NVF1%7 NPP-6NV"'%, and NPP-18°"""" all
leave the NPC early in prophase, while the two pronuclei are still
migrating or are about to meet at the posterior pole of the
embryo, well before their nuclear envelope becomes permeable. It
is only later, when NPP-10N"YF*%, the central channel and the
inner ring complex NUPs leave the NPC that the permeability
barrier is breached. Thus, the order of NPC disassembly in the C.
elegans embryo appears to be different from that of human cells,
with some NUP subcomplexes leaving the NPC earlier without af-
fecting the permeability barrier. This is a physiological demonstra-
tion that the NPC can lose NUPs, and specifically the Y-complex,
without compromising the diffusion barrier. This echoes a study in
human cells in which auxin-mediated depletion of the entire Y-
complex had little impact on the stability of the inner ring
complex and the central channel NUPs (64).

Nkombo Nkoula et al., Sci. Adv. 9, eadf7826 (2023) 19 July 2023

The functional relevance of the earlier departure of the nuclear
basket and the Y-complex subunits from the NPC in C. elegans as
compared to human cells is presently unclear. A portion of the Y-
complex relocalizes to the kinetochore during mitosis in human
cells (65) and in C. elegans (66) where it contributes to kinetochore
assembly and chromosome segregation (66, 67). Perhaps, the holo-
centric nature of kinetochores of C. elegans requires earlier recruit-
ment of the Y subunits for their proper assembly.

Regarding the early departure of the nuclear basket from the
NPC, recent studies in budding yeast revealed that nuclear basket
assembly and maintenance depend on active nuclear mRNA metab-
olism, particularly processing and polyadenylation of transcripts
(68). It is worth mentioning that the first division of the embryo
occurs in the absence of transcription, which may explain the
absence of a nuclear basket at the nuclear pores during the first
interphase.

PLK-1 is independently recruited to multiple nucleoporins

While PLK-1 is not required for the removal of the nuclear basket
and the Y-complex subunits from the NPC, it is critically required
for the disassembly of the central channel, the cytoplasmic fila-
ments, and the inner ring complex. After activation in the cyto-
plasm via phosphorylation of its activation segment (69, 70),
PLK-1 is recruited to the nuclear envelope in prophase (10, 20),
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Dissociation of the Y-complex and the nuclear basket nucleoporins

PLK-1-mediated
NPC disassembly

Phospho-dependent PLK-1
recruitment to the NPC

Fig. 7. PLK-1 is recruited to multiple multivalent nucleoporins to dismantle the nuclear pore complexes. Dynamics of NPCs during the first mitotic division of the C.
elegans embryo. During pronuclear migration and meeting, the Y-complex and nuclear basket NUPs leave the NPC. PLK-1 is then recruited to the NPC, 250 s before
anaphase onset, via its PBD domain in a phospho-dependent manner just before NEBD when the two pronuclei are juxtaposed. PLK-1 is recruited via the multivalent
NUPs NPP-10NNUP?8 NPP-19NUP>3 the central channel NUPs, and by NPP-14NY2' phosphorylated at Polo-docking sites by Cyclin B-Cdk1 and PLK-1 itself. PLK-1 recruit-

ment and docking on NUPs promote NPC disassembly.

before they are permeable. Our results suggest that, after its delivery
to the NPC, PLK-1 uses its PBD to dock on the IDRs of multiple
NUPs, phosphorylated on Polo-docking sites by Cyclin-Cdk1 and
PLK-1 itself. PLK-1 docks not only on NPP-19N">* as in human
cells (10) but also on NPP-10NYUP?8 NpPP-14NUP214 and the
central channel NUPs phosphorylated on multiple Polo-docking
sites. Accordin%\%, alanine substitution of the 10 Polo-docking
sites in NPP-19"""3, which abrogates its binding to the PLK-1
PBD in vitro, is not sufficient to prevent PLK-1 recruitment to
the NPC, clearly indicating the presence of additional PLK-1 re-
cruiters at the NPC in C. elegans. NPP-1V"P>*, NPP-4~"P*® NPP-
11N"P%2 and NPP-10NVYF?%) which line the central channel, are
the most accessible NUPs and thus likely act as primary recruiters
of PLK-1 at the NPC.

These NUPs all possess phosphorylated Polo-docking sites
matching both non-self- and self-priming and binding motifs, sug-
gesting that Cyclin B-Cdk1 might dictate the initial binding of the
first PLK-1 molecules before PLK-1 itself promotes its own docking
and further accumulation required for NPC disassembly. PLK-1
might also dock on the transmembrane NUP NPP-128°*'°, which
is required for efficient NPC disassembly and lamina depolymeriza-
tion (24), possibly via phosphorylation of its C-terminal tail (25).
Unfortunately, tagging NPP-12872' was deleterious and partially
inactivated the proteins which precluded a functional analysis of
NPP-1287'" phosphorylation for NPC disassembly.

Nkombo Nkoula et al., Sci. Adv. 9, eadf7826 (2023) 19 July 2023

How does PLK-1 trigger NPC disassembly?

In vitro binding experiments and structural studies have shown that
NUP98 and NUP53 interact with several NUPs and thereby serve as
multivalent linkers within the NPC scaffold (35, 40—44, 71). NUP98
binds through its C-terminal NPC targeting domain subunits of the
Y-complex and members of the inner ring complex notably
NUP205 and NUP155 (43, 44). Likewise, NUP53 uses multiple
regions to interact with distinct subunits of the inner ring
complex including NUP93, NUP155, and NUP205 but also with
the transmembrane protein NDC1 (35, 4044, 60, 71, 72). Previous
studies in human cells showed that NUP98 and NUP53 are targeted
by multiple kinases including Cyclin B-Cdkl, NIMA (Never In
Mitosis A), and Plk1 (9, 10). Cyclin-Cdk1 phosphorylates NUP98
on 8 sites and NUP53 on 16 sites (figs. S5 and S6) (9, 10). Notably,
the introduction in human NUP98 of two phosphomimetic resi-
dues is sufficient to abrogate its binding to the NUP155 C-terminal
domain (9, 43). Structural analysis of the NUP98-NUP155 interface
using Chaetomium thermophilium proteins has revealed a possible
mechanism that could explain how the phosphorylation of these
two residues affects this interaction. NUP98 phosphorylation
induces structural rearrangements destroying the hydrophobic in-
terface required for NUP155 binding (9, 43). This type of mecha-
nism is ideally suited for the unzipping of NUP-NUP interactions
because the phosphorylatable residues are directly accessible to the
mitotic kinases. Another (nonexclusive) possibility is that the
docking of PLK-1 on NUPs competes with and displaces
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interactions between these NUPs and their partners. In support of
this hypothesis, we have noticed that several Polo-docking sites in
NPP-19NYP33 Jocalize within or near conserved regions of interac-
tion among NUP53 and its binding partners (fig. S6). For instance,
NUP53 binds NUP93 via a linear 10-residue motif (SGAPPVRSIY),
which recognizes a hydrophobic surface on the NUP93 solenoid
(44). This motif, which is evolutionarily conserved between
NUP53 orthologues, is immediately flanked by Polo-docking
sites, both in C. elegans and in human NUP53 (fig. S6). Further-
more, PLK-1 can dimerize on substrates containing several Polo-
docking sites (73, 74), which would increase the steric hindrance
at the NPC. PLK-1 docking on NUPs might also allosterically desta-
bilize NPC subcomplexes, as reported in the case of Kap121 binding
to Nup53 (75). We thus speculate that PLK-1 docking on NPP-
19NY"33 by itself might contribute to displacing NPP-19NVF>>-
NPP-13NY" interactions. Similarl%, PLK-1 dockin%might displace
the interactions between NPP-19™""** and NPP-8""*!>* or NPP-
3NUP203 hecause several Polo-docking sites are also present in the
regions of interactions (fig. S6). Last, PLK-1 docking on NPP-
10NNYP%8 could similarly disrupt its interaction with partners
(fig. S5).

Beyond NPP-19NY"** and NPP-10NNY"%®) PLK-1 appears to
have multiple independent targets at the NPC in C. elegans includ-
ing NPP-14NY"?'* and the central channel NUPs. This is also sup-
ported by our finding that worms expressing the NPP-19NVP* 10A
variant specifically defective in PLK-1 docking display problems in
inner ring disassembly but not in central channel NUP disassembly.

Comprehensive identification of all the sites phosphorylated by
PLK-1 on NUPs and the functional dissection of their roles in NPC
disassembly will be a major future challenge. Obtaining or model-
ing the structure of the C. elegans NPC would be helpful in this
endeavor.

Overall, despite some noticeable differences between the mech-
anisms of NPC disassembly in human cells versus C. elegans, NPP-
10NNYP?8 and NPP-19NY">? are major phosphorylation targets in
both species. The phosphorylated sites on NPP-10NNYF?® and
NPP-19NYP>* are poorly conserved between human and C.
elegans proteins, and targeted by different kinases, yet they are con-
centrated in the exact same regions. Phosphorylation of IDRs of
multivalent linker NUPs thus appears to be an evolutionarily con-
served mechanism driving NPC disassembly during mitosis.

Limitations of the study
Monitoring the live dynamics of endogenous NUPs requires their
tagging with large fluorescent markers, NeonGreen, mCherry, or
GFP. While all the lines used in this study expressing endogenously
tagged NUPs are viable, some of them are slightly compromised in
function, in particular, lines expressing mCherry:NPP-8~V"'3% or
NeonGreen:NPP-10NNY"®. For instance, NeonGreen:NPP-
10NNYP%8 was synthetic lethal with npp-14"Y"?"* null. We also
noticed some cumulative defects when trying to generate lines co-
expressing two tagged NUPs, in particular combining GFP::NPP-
13NY"% and mCherry::NPP-8NU?'> that belong to the same
complex. This precluded the simultaneous visualization of multiple
tagged NUPs in the same embryo. Although we have not tested all
combinations, care should be taken when analyzing the dynamics of
NUPs in strains coexpressing multiple tagged NUPs.
Unfortunately, we could not look at NPP-19 10A during mitotic
progression, as we do not have an endogenously tagged fluorescent

Nkombo Nkoula et al., Sci. Adv. 9, eadf7826 (2023) 19 July 2023

version, and it is technically challenging to visualize persisting NPP-
19 foci during mitosis by immunostaining using our antibody. Last,
it is worth mentioning that the C. elegans phosphoproteome has
been generated from embryonic extracts that are not synchronized,
and thus, the reported phosphosites on NUPs might be present in
interphase or mitosis.

MATERIALS AND METHODS

Nematode strains and RNAi

C. elegans strains were cultured and maintained using standard pro-
cedures (76). RNAi was performed by the feeding method using
HT115 bacteria essentially as described (77) except that 2 mM iso-
propyl-p-D-thiogalactopyranoside (IPTG) was added to the nema-
tode growth media (NGM) plates and in the bacterial culture just
before seeding the bacteria. As a control, animals were exposed to
HT115 bacteria harboring the empty feeding vector L4440 (mock
RNAi). RNAi clones were obtained from the Arhinger library
(Open Source BioScience). For partial npp-1 and npp-14 inactiva-
tion, L4 animals were fed with bacteria for 24 hours at 20°C. For
partial npp-19 and npp-10 inactivation, L4 animals were fed with
bacteria for 7 to 9 h at 20°C. For partial plk-1 inactivation, L4
animals were fed with bacteria for 7 to 9 hours at 23°C.

CRISPR-Cas9 genome engineering

To endogenously tag npp-21, a double-stranded polymerase chain
reaction (PCR) product encoding green fluorescent protein (GFP)
and flanked by 33- to 35-nucleotide sequences with homology to
npp-21 was synthesized in two steps using first primers B767 and
B783 followed by primers B769 and B784. Plasmid pBN221 npp-
21 single-guide RNA (sgRNA) was generated by whole-plasmid
PCR amplification using pBN180 (59) as a template and primers
B635 and B782. Strain BN424 dpy-10(cn64) npp-21::¢fp was gener-
ated by microinjection of the GFP PCR fragment together with plas-
mids pBN221 npp-21 sgRNA, pBN207 dpy-10 sgRNA (59), #1286
eft-3p::Cas9 (78), and dpy-10 single-stranded oligodeoxynucleotide
(ssODN) B725, into the gonads of N2 young adult hermaphrodites
(79). Next, npp-21::gfp was segregated from dpy-10(cn64) by succes-
sive crosses with BN189 and N2 to generate BN1062 npp-21::gfp
Imn-1p::mCh::his-58.

Targeting plasmids pBN317 g>f>p::npp-19 and pBN394 g>f>p::
npp-24 [">"denotes an Flippase Recognition Target (FRT) site] for
SapTrap CRISPR-Cas9 gene modification were obtained as de-
scribed (80) using primers B969-B974 and B1085-B1090, respec-
tively, as well as pMLS256, pMLS288, and pBN312 as donor and
receptor plasmids (80, 81). Plasmid pBN404 g>f>p::npp-19 was
derived from pBN317 by whole-plasmid PCR using primers
B1070 + B1071 to eliminate the unc-119(+) gene. Strain BN739
npp-24(bql5[g>f>p::npp-24]) 11 was generated by microinjection
of targeting plasmid pBN394 into the gonads of HT1593 unc-
119(ed3) 111 young adult hermaphrodites (80). Targeting plasmid
was injected at 65 ng/ul together with plasmids #1286 eft-3p::Cas9
(78) (25 ng/pl), pBN1 (10 ng/ul), pCFJ90 (2.5 ng/pl), and pCFJ104
(5 ng/ul). Successful modification of the target loci was confirmed
by the detection of fluorescent fusion proteins in the nuclear enve-
lope throughout the body of WT moving animals without ectopic
mCherry expression from the coinjection markers. The unc-119(+)
selection marker was next excised by microinjection with Cre
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expression plasmid pMLS328 (80). Last, uncoordinated hermaph-
rodites were outcrossed to N2 males to remove the wunc-
119(ed3) allele.

Endogenous tagging of npp-19 was performed based on proto-
cols for nested CRISPR (82) and "hybrid" partially single-stranded
DNA donors (83). First, we inserted a ssODN containing gfp 5" and
3’ sequences immediately after the npp-19 ATG initiation codon by
microinjection of ssODNs B1205 (1 uM) and B1304 (4 uM),
CRISPR RNA (crRNA)s B1206 (2.5 uM) and B1069 (10 puM),
trRNA (12.5 uM) and Cas9 (3 uM) into the gonads of HT1593
unc-119(ed3) 111 young adult hermaphrodites. WT-moving Fls
(heterozygous for unc-119) were isolated, left to lay eggs, and ana-
lyzed by PCR with primers B1305 and B1306. A sequence-verified
line was established (npp-19(bq27[ssODN B1304]) II; unc-119(ed3)
III) and microinjected with ssODN B1205 (1 uM), crRNAs B1206
(2.5 M) and B1311 (10 uM), trRNA (12.5 uM), Cas9 (3 uM), and a
hybrid PCR product (~0.1 ug/ul) generated by mixing PCR A (am-
plified from pBN404 with primers B1266 and B1267) and PCR B
(amplified from pBN404 with primers B1268 and B1269). Success-
ful candidates were verified by the expression of GFP::NPP-19 in the
nuclear envelope in all cell types and crossed with BN189 to gener-
ate BN1018 g>f>p::npp-19 Imn-1p::mCherry::his-58.

Generation of npp-19"Y">2 10A allele

The worm strain expressing npp-19 10A was generated via CRISPR-
Cas9 insertion of a recoded genomic DNA (gDNA) of npp-19 har-
boring the mutation of the residues S22, T34, S48, S117, S133, T168,
T172, S286, $323, and S335 into alanines (SunyBiotech). The
recoded part of npp-19 gDNA consisted of the nucleotides 271 to
936 which are targeted by the RNAi against npp-19 from the Ar-
hinger library. WT and RNAi-resistant sequences are as follows.

Wild-type sequence (nucleotides 271 to 936)
TAGCCCGCTCAACACTGCATCGGCACCATGTTCGGA-
TATTTTCGCTGTTTCTGCACCGGCAGTGCCGCAGCATTT-
GAAGGATACACCGGGCTCTAAATCAGTTCATTGGTCTC-
CATCTTTGGTGCAATCTGGTGAAAAGTCGGCGGCACAAA-
CACAGAATACACCTGCCAACTTGTCTTTCGGAGGAAATT-
CATCATTTTCGGCGCCGACAAAGCCAGCTCCTCAGTC-
GATTCAGACATCATCTTTCGGTGGTCAAGCGATGCATGgtta-
gaatttacattttttcgcgaatatttaaaataaaattgattttcagCACCACCTCTTC-
GATCTCTTCGCGACAAAGTTGAACCAGCGAAAAA-
GATCTCCAGACGAAATACATTCACTGCCAGATCAACAC-
CACTTTCCACTCCAATCACTCAACGAGTCACATC-
CAGGTTGGCTGAAGCAGAAGAACAACCAATGGAAGAA-
GAAGCCGACGCAGCTGATACCTGGGTCACTGTTTTTG-
GATTTCAGCCAAGCCAAGTGTCGATTTTGTTGAATT-
TATTCTCGCGGCACGGGGAAGTAGTTAGTCATCAGACTC-
CATCAAAAGGAAACTTCATACATATGCGCTATTCGTGTGT-
CACACACGCTCAACAAGCTATTTCTCGAAACG-
GAACTCTCCTC.

Recoded sequence (nucleotides 271 to 936)
TTCACCTCTCAACACTGCGAGCGCGCCATGCAGCGA-
TATTTTCGCCGTTTCTGCGCCTGCCGTACCTCAGCATTT-
GAAGGATACGCCTGGATCTAAAAGCGTCCATTGGTCTC-
CATCTCTGGTTCAATCTGGCGAAAAGAGCGCGGCA-
CAAACGCAAAATACGCCGGCTAACCTGTCCTTCGGAG-

Nkombo Nkoula et al., Sci. Adv. 9, eadf7826 (2023) 19 July 2023

GAAATAGCGCCTTCTCGGCGCCTACGAAGCCAGCCCCG-
CAGTCCATTCAGACGAGCGCTTTCGGCGGTCAAGCGATG-
CATGgttagaatttacattttttcgcgaatatttaaaataaaattgattttcagCAC-
CACCGCTTAGGTCTCTCAGAGATAAAGTCGAACCAG-
CAAAAAAGATCTCTAGAAGGAATACGTTCACTGCCCG-
CAGCgCCCCACTCTCCgCACCAATCACTCAAAGGGT-
CACGTCCCGGTTGGCCGAGGCGGAGGAGCAACCAATG-
GAGGAAGAAGCTGACGCGGCCGACACCTGGGTTA-
CAGTTTTTGGATTTCAACCATCACAAGTAAGCATTTTGTT-
GAATCTATTCAGCAGGCACGGCGAAGTGGTTTCGCATCA-
GACACCAAGCAAAGGAAACTTCATTCACATGCGCTA-
TAGCTGTGTCACGCACGCCCAACAAGCCATTTCTAG-
GAACGGAACTCTTCTC.

Molecular biology

The plasmids and oligonucleotides used in this study are listed in
the key resource table. Gateway cloning was performed according
to the manufacturer’s instructions (Invitrogen). All the constructs
were verified by DNA sequencing (Eurofins Genomics).

Biochemical assays
Western blot analysis was performed using standard procedures.

Protein production and purification

GST-NPP-19NUP53

The expression of NPP-19 full-length N-terminally fused to GST
was induced by the addition of 1 mM IPTG to 1 liter of LB cultures
of exponentially growing Escherichia coli BL21 DE3 pLysS (Invitro-
gen) strain [optical density (OD) = 0.6], before incubation for 3
hours at 25°C. After pelleting by centrifugation, the bacteria were
resuspended in lysis buffer [0.5 M NaCl, 5% glycerol, 50 mM tris-
HCI (pH 8), 1x protease inhibitors (cOmplete Protease Inhibitor
Cocktail tablets, Roche)] before lysis by sonication. The soluble
portion of the lysate was loaded on 500 pl of glutathione (reduced
form) beads (slurry) and incubated for 1 hour. The beads were
washed with at least 100 ml of lysis buffer and the proteins were
eluted with 20 mM glutathione solution in 50 mM tris-HCI (pH
8). Proteins were aliquoted and flash-frozen in liquid nitrogen
and stored at —80°C.

6x(His)-NPP-19"Y">3 (1 to 301)

The expression of NPP-19 (1 to 301) fragment N-terminally fused
to a 6xHis tag was induced by the addition of 1 mM IPTG to 1 liter
of LB cultures of exponentially growing E. coli BL21 DE3 pLysS (In-
vitrogen) strain (OD = 0.6) before incubation for 3 hours at 25°C.
After pelleting by centrifugation, the bacteria were resuspended in
lysis buffer [0.5 M NaCl, 5% glycerol, 50 mM tris-HCl (pH 8), and
1x protease inhibitors) before lysis by sonication. The soluble
portion of the lysate was loaded on a 1-ml Hi-Trap Column (GE
Healthcare) previously loaded with a 1 M NiCl, solution. The
column was washed with 10 volumes of lysis buffer, and bound pro-
teins were eluted in a lysis buffer containing 600 mM imidazole (pH
8). After dialysis with lysis buffer to remove imidazole, proteins
were concentrated, aliquoted, flash-frozen in liquid nitrogen, and
stored at —80°C.

MBP-NPP-10NNUP98 (513 to 821)

The expression of NPP-10N N-terminally fused to maltose-binding
protein (MBP) was induced by the addition of 1 mM IPTG to 1 liter
of LB cultures of exponentially growing E. coli BL21 DE3 pLysS (In-
vitrogen) strain (OD = 0.6) before incubation for 3 hours at 25°C.
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After pelleting by centrifugation, the bacteria were resuspended in
lysis buffer [0.5 M NaCl, 5% glycerol, 50 mM tris-HCI (pH 8), and
1x protease inhibitors] before lysis by sonication. The soluble
portion of the lysate was loaded on a 1-ml MBP-Trap Column
(GE, healthcare). The column was washed with 10 volumes of
lysis buffer, and bound proteins were eluted in a lysis buffer con-
taining 20 mM maltose (pH 8). Proteins were aliquoted and
flash-frozen in liquid nitrogen and stored at —80°C.
6x(His)-PLK-1

To produce C. elegans 6x(His)-PLK-1, insect Sf9 cells were infected
with appropriate baculovirus and then lysed in lysis buffer [phos-
phate-buffered saline (PBS) (pH 7.2), 250 mM NaCl, 30 mM imid-
azole, and protease and phosphatase inhibitors (Roche)], passing
the cell suspension 30 times through a 21-gauge syringe needle.
The lysate was clarified by centrifugation for 10 min at 16,000g,
and the supernatant was injected into the HiTrap Chelating HP
column loaded with nickel sulfate (GE Healthcare). Proteins were
eluted by an imidazole gradient using a fast protein LC Akta
System (GE, Healthcare). Most purified elution fractions were
pooled, diluted volume to volume in the lysis buffer without imid-
azole and containing 50% glycerol, concentrated on a centrifugal
concentrator (Vivaspin VS15RH12; Vivaproducts), flash-frozen in
liquid nitrogen, and stored at —80°C.

GST-Plk1 PBD (H. s) WT and GST-Plk1 PBD H538A/K540M
The human GST-Plkl PBD WT or phosphate pincer (GST-Plkl
PBD H538A/K540M) mutant fusion proteins were induced by the
addition of 1 mM IPTG to 1 liter of LB cultures of exponentially
growing E. coli BL21 DE3 pLysS (Invitrogen) strain (OD = 0.6)
before incubation for 3 hours at 25°C. After pelleting by centrifuga-
tion, the bacteria were resuspended in lysis buffer [10 mM tris (pH
8), 150 mM NaCl, 1 mM EDTA, 5 mM dithiothreitol (DTT), 0.05%
NP-40, 1 mM phenylmethylsulfonyl fluoride, and 1x protease in-
hibitors) before lysis by sonication. The soluble portion of the
lysate was loaded on a 1-ml GST-Trap Column (GE, healthcare).
After extensive washes, the bound proteins were eluted in a lysis
buffer containing 20 mM glutathione (pH 8). Proteins were ali-
quoted and flash-frozen in liquid nitrogen and stored at —80°C.

Far-Western ligand-binding assay

GST-NPP-19 full-length, GST-NPP-19 (1 to 301), or MBP-NPP-
10N (513 to 821) fragments, phosphorylated in vitro by PLK-1 or
Cyclin B-Cdk1 as described (20), were separated on stain-free SDS—
polyacrylamide gel electrophoresis 10% gel (Bio-Rad). The gel was
imaged and then transferred to a polyvinylidene difluoride mem-
brane (0.45 pm) for 1.5 hours at 90 V. After saturation overnight
at 4°C in blocking solution (4% milk in tris-buffered saline with
0.1% Tween 20), the membranes were incubated with 2 pg of
GST-PBD WT or the GST-PBD H538A/K540M mutant of Plkl
(version of the PBD was unable to bind phosphopeptides, negative
control) during 5 hours at 4°C. After extensive washing steps (every
15 min for at least 3 hours) with the blocking solution at 4°C, the
membrane was incubated overnight at 4°C with a human PIkl an-
tibody (1 of 1000) in a typical Western blot experiment to reveal the
GST-PBD immobilized on the membrane.

C. elegans embryonic extracts and GST-PBD pull-downs
Preparation of embryonic extracts

Liquid cultures of N2 worms synchronized at the L1 stage were
grown on an S medium using E. coli HB101 bacteria as a food
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source (84, 85). Worms were harvested at the young adult stage
by filtration using nylon mesh (Sefar Nitex, 35-mm mesh). After
several washing steps, embryos were isolated by bleaching, washed
several times with M9 buffer, and resuspended in one volume of 100
mM NaCl, frozen as beads in liquid nitrogen following cryo-lysis by
cryogenic grinding (RETSCH MM400), and kept at —80°C. Three
cryo-lysates were prepared from three independent liquid cultures
(A, B, and C). For pull-down experiments, 500 mg of each embry-
onic cryo-lysed was resuspended in 1 ml of lysis buffer [25 mM tris-
HCI (pH 7.5), 100 mM NaCl, 2 mM MgCl2, 1 mM DTT, phospha-
tase inhibitors (PhosSTOP EASYpack, Roche), and protease inhib-
itors (cOmplete Protease Inhibitor Cocktail tablets, Roche)] and
incubated with 1600 U of benzonase nuclease (Sigma-Aldrich) for
30 min at 4°C. The lysates were clarified by centrifugation (twice
13,000g, 20 min at 4C°) to obtain embryonic extracts (roughly 3
mg/ml).

Preparation of the GST-PBD affinity matrix

GST-PBD WT or GST-PBD H538A/K540M mutant (GST-
PBDmut) affinity matrix was obtained by incubating 165 pug of
GST-PBDwt or GST-PBDmut proteins with 150 pl of glutathione
beads in binding buffer [50 mM tris-Cl (pH 8) and 500 mM
NaCl]. After three washing steps, the beads were equilibrated in a
lysis buffer.

Loading on GST-PBD beads

Five hundred microliters of each embryonic extract was applied to
GST-PBDwt or GST-PBDmut affinity matrix for 4 hours at 4°C.
After washing the beads with a lysis buffer, the proteins were
digested on beads by trypsin, the phosphopeptides were purified
by Fe-NTA immobilized metal ion affinity chromatography and
subjected to MS analysis. Fifty microliters of the same embryonic
extracts (input) was digested by trypsin, and the phosphopeptides
were purified by Fe-NTA and subjected to MS analysis.

Mass spectrometry analysis

Material

MS grade acetonitrile (ACN), MS grade H,O, MS grade formic acid
(FA), and High-Select Fe-NTA Phosphopeptide Enrichment Kit
were from Thermo Fisher Scientific (Waltham, MA, USA).
Sequencing-grade trypsin was from Promega (Madison, WI,
USA). Trifluoroacetic acid (TFA), DTT, iodoactetamide (IAA),
and ammonium bicarbonate (NH,HCO;) were from Sigma-
Aldrich (St. Louis, MO, USA). Sep-Pak classic C18 cartridges
were from Waters (Milford, MA, USA).

Samples preparation before LC-MS/MS analysis

One hundred fifty micrograms of protein from embryonic extracts
was precipitated using a six-time volume of cold acetone (-20°C).
Vortexed tubes were incubated overnight at —20°C, and then cen-
trifuged for 10 min at 11,000 rpm at 4°C. The protein pellets were
dissolved in 8 M urea and a 25 mM NH,HCOj; buffer. Samples were
then reduced with 10 mM DTT final and alkylated with 20 mM
TAA, and then diluted below 1 M urea before trypsin digestion over-
night at 37°C (enzyme/substrate ratio of 1/50). Beads from pull-
down experiments were incubated overnight at 37°C with 100 pl
of 25 mM NH4HCOj; buffer containing 4 pg of sequencing-
grade trypsin.

The digested peptides were desalted on Sep-Pak classic C18 car-
tridges. Cartridges were sequentially washed with 2 ml of methanol,
2 ml of a 70% (v/v) aqueous ACN containing 1% (v/v) TFA, and
equilibrated with 2 ml of 1% (v/v) aqueous TFA. The digested
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peptides were acidified with 1% (v/v) aqueous TFA, applied to the
column, and washed with 2x 1 ml of a 1% (v/v) aqueous FA. Pep-
tides were eluted by applying 2x 500 pl of a 70% (v/v) aqueous ACN
containing 0.1% (v/v) FA. Eluates were vacuum-dried. Phospho-
peptide enrichment was then performed according to the manufac-
turer’s procedure starting from the lyophilized peptide samples.
Eluted phosphopeptides were loaded and desalted on Evotips pro-
vided by Evosep (Odense, Denmark) according to the manufactur-
er’s procedure before LC-MS/MS analysis.
LC-MS/MS acquisition
Samples were analyzed on a timsTOF Pro 2 mass spectrometer
(Bruker Daltonics, Bremen, Germany) coupled to an Evosep one
system (Evosep, Odense, Denmark) operating with the 30SPD
method developed by the manufacturer. Briefly, the method is
based on a 44-min gradient and a total cycle time of 48 min with
a C18 analytical column (0.15 x 150 mm, 1.9-um beads, ref. EV-
1106) equilibrated at 40°C and operated at a flow rate of 500 nl/
min. H,0/0.1% FA was used as solvent A and ACN/ 0.1% FA as
solvent B.

The timsTOF Pro 2 was operated in PASEF mode (86) over a 1.3-
s cycle time. Mass spectra for MS and MS/MS scans were recorded
between 100 and 1700 mass/charge ratio (#1/z). Ion mobility was set
to 0.75 to 1.25 V-s/cm® over a ramp time of 180 ms. The data-de-
pendent acquisition was performed using six PASEF MS/MS scans
per cycle with a near 100% duty cycle. Low m/z and singly charged
ions were excluded from PASEF precursor selection by applying a
filter in the m/z and ion mobility space. The dynamic exclusion was
activated and set to 0.8 min, and a target value of 16,000 was spec-
ified with an intensity threshold of 1000. Collisional energy was
ramped stepwise as a function of ion mobility.

Data analysis

MS raw files were processed using PEAKS Online X (build 1.6, Bio-
informatics Solutions Inc.). Data were searched against the C.
elegans Wormpep release 2021_07 database (total entries, 28,411).
Parent mass tolerance was set to 20 parts per million (ppm), with
fragment mass tolerance at 0.05 Da. Specific tryptic cleavage was se-
lected and a maximum of two missed cleavages was authorized. For
identification, the following posttranslational modifications were
included: acetyl (Protein N-term), oxidation (M), deamidation
(NQ), and phosphorylation (STY) as variables and half of a disul-
fide bridge (C) (pull-down) or carbamidomethylation (C) (total
lysates) as fixed. Identifications were filtered based on a 1% FDR
(false discovery rate) threshold at both peptide and protein group
levels. Label-free quantification was performed using the PEAKS
Online X quantification module, allowing a mass tolerance of 20
ppm, a collision cross section (CCS) error tolerance of 0.05 and
0.5 min of retention time shift tolerance for match between runs.
Protein abundance was inferred using the top N peptide method
and Total Ion Chromatogram (TIC) was used for normalization.
Multivariate statistics on protein or peptide measurements were
performed using Qlucore Omics Explorer 3.8 (Qlucore AB, Lund,
Sweden). A positive threshold value of 1 was specified to enable a
log, transformation of abundance data for normalization, i.e., all
abundance data values below the threshold will be replaced by 1
before the transformation. The transformed data were lastly used
for statistical analysis, i.e., evaluation of differentially present pro-
teins or peptides between two groups using a Student’s bilateral ¢
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test and assuming equal variance between groups. A P value
better than 0.01 was used to filter differential candidates.

The confidence of modification sites is estimated by an AScore,
which calculates an ambiguity score as —10 x log10(p). The P value
indicates the likelihood that the peptide is matched by chance
(AScore = 13 for a P value of 0.05).

Immunofluorescence and microscopy

Fixation and indirect immunofluorescence of C. elegans embryos
were performed essentially as described on subbing solution-
coated slides (87). After freeze-crack and fixation with cold dehy-
drated methanol, slides were washed 3x 5 min, blocked for 1 hour
in PBS + 2% BSA and incubated overnight at 4°C with primary an-
tibodies diluted in PBS + 2% BSA. Working dilutions for the
primary antibodies were 1/500 for rabbit lamin (LMN-1) and
mouse Mab414 antibodies and 1/500 for rabbit NPP-19™Y"? anti-
bodies (39). Slides were later incubated for 1 hour at room temper-
ature with secondary antibodies, anti-Rabbit (1/1000), and anti-
Mouse (1/1000) coupled to the Alexa 568 and 488 fluorophores, re-
spectively. Next, embryos were mounted in VECTASHIELD
Mounting Medium with DAPI (Vector). Fixed embryos were
imaged using a spinning disc confocal microscope with 63x/numer-
ical aperture (NA)1.4 objectives. Captured images were processed
using ImageJ and Adobe Photoshop.

For cell cycle timing analysis in live specimens by differential in-
terference contrast (DIC) microscopy, embryos were obtained by
cutting open gravid hermaphrodites using two 21-gauge needles.
Embryos were handled individually and mounted on a coverslip
in 3 pl of M9 buffer. The coverslip was placed on a 3% agarose
pad. DIC images were acquired by an Axiocam Hamamatsu ICc
one camera (Hamamatsu Photonics, Bridgewater, NJ) mounted
on a Zeiss Axiolmager A1 microscope equipped with a Plan Neo-
fluar 100x/1.3 NA objective (Carl Zeiss AG, Jena, Germany), and
the acquisition system was controlled by Axiovision software
(Carl Zeiss AG, Jena, Germany). Images were acquired at 10-s
intervals.

Live imaging was performed at 23°C using a spinning disc con-
focal head (CSU-X1; Yokogawa Corporation of America) mounted
on an Axio Observer Z1 inverted microscope (Zeiss) equipped with
491- and 561-nm lasers (OXXIUS 488 nm 150 mW; OXXIUS Laser
561 nm, 150 mW) and scientific complementary metal-oxide semi-
conductor PRIME 95 camera (Photometrics). Acquisition parame-
ters were controlled by MetaMorph software (Molecular Devices).
In all cases, a 63%, Plan-Apochromat 63x/1.4 Oil (Zeiss) lens was
used, and approximately five z sections were collected at 1 pum
and 10-s intervals. Captured images were processed using Image]J
and Adobe Photoshop.

Reproducibility, quantification, and statistical analysis

All experiments presented in this manuscript have been repeated at
least three times except the LC-MS/MS analysis performed once,
using three independent embryonic extracts obtained from differ-
ent worms cultures.

Tagged NPPs levels at the nuclear envelope were measured in
two steps. First, we used the pixel classification workflow from
Tlastik software (88), which assigns labels to pixels based on pixel
features and user annotations. We classified pixels into two labels,
one corresponding to the pixels at the NE and the other to the back-
ground. For every pixel of the image, Ilastik software estimated the
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probability that each pixel belongs to each label. The resulting prob-
ability maps for each image were then used for quantitative analysis.
Once we had generated the pixel classification and the probability
maps of each image, we then used the Fiji software to obtain the
fluorescence intensity at the nuclear envelope by using the macro
described in the Supplementary Materials. The macro consisted
of thresholding, making a binary mask, creating a selection of the
binary mask by making the region of interest of each frame, and
measuring the integral density at the nuclear envelope. The
average signal intensity of Tagged::NPPs at the NE 350 s before ana-
phase was arbitrarily defined as 1. The raw values were plotted only
for the levels of NPP-1NYF>*::GFP (Fig. 5B) and GFP:NPP-11NUP¢*
(Fig. 5C) at the nuclear envelope.

To determine when the NE becomes permeable (Fig. 3A), we
quantified the fluorescence intensity of mCherry::Histone in the
nucleoplasm starting at —200 s before anaphase onset (0 s) in the
different strains analyzed Fig. 3B. We performed two separate
steps of pixel classification. In the first step, we classified pixels cor-
responding to the chromosomes in one label and the pixels from the
nucleoplasm and the cytoplasm to another label. In the second step,
we classified the pixels of the total mCherry::Histone signal of both
pronuclei to one label and the pixels corresponding to the back-
ground to another label. The resulting probability maps of each
image were exported and used for quantitative analysis. We then
used the Fiji software and applied the macro described in the Sup-
plementary Materials to obtain the integral density of mCherry::Hi-
stone at the chromosomes (value A) and in the nucleus of both
pronuclei (value B). We then obtained the integral density mCher-
ry:Histone at the nucleoplasm (value C) by applying the formula (B
— A = C) for each time point. The average signal intensity of mCher-
ry::Histone at the nucleoplasm at 200 s before anaphase was arbi-
trarily defined as 1. The results are presented as means + SEM.

To quantify PLK-1::sGFP levels at the NE in different RNAi con-
ditions (Fig. 5A), we selected embryos at 200 s before anaphase
onset and performed the quantification in three steps. First, we
used the Fiji software to exclude the PLK-1::sGFP signal on chro-
mosomes by masking the chromosomes with mCherry::Histone.
Second, we used the freehand tool to select the two juxtaposed pro-
nuclei and exclude the PLK-1::sGFP signal at the centrosomes.
Third, we performed pixel classification with Ilastik software into
two labels, one corresponding to pixels at the NE and the other to
the background. Next, we used the Fiji software to obtain the fluo-
rescence intensity at the nuclear envelope using the macro described
in the Supplementary Materials. The raw integrated density values
were plotted.

Statistical analyses were performed using ordinary one-way
(Fig. 5A) or two-way (Fig. 5, B and C) analysis of variance
(ANOVA) with multiple comparisons. *P < 0.05 was considered sig-
nificant. All the graphs and calculations were performed using
GraphPad Prism version 6.00 for Mac OS X, GraphPad Software
(La Jolla, CA, USA).

Supplementary Materials
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Tables S1 to S3

Figs. S1 to S8
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