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Abstract: Dictyostelium cells undergo a semi-closed mitosis, during which the nuclear envelope (NE)
persists; however, free diffusion between the cytoplasm and the nucleus takes place. To permit
the formation of the mitotic spindle, the nuclear envelope must be permeabilized in order to allow
diffusion of tubulin dimers and spindle assembly factors into the nucleus. In Aspergillus, free
diffusion of proteins between the cytoplasm and the nucleus is achieved by a partial disassembly
of the nuclear pore complexes (NPCs) prior to spindle assembly. In order to determine whether
this is also the case in Dictyostelium, we analysed components of the NPC by immunofluorescence
microscopy and live cell imaging and studied their behaviour during interphase and mitosis. We
observed that the NPCs are absent from the contact area of the nucleoli and that some nucleoporins
also localize to the centrosome and the spindle poles. In addition, we could show that, during mitosis,
the central FG protein NUP62, two inner ring components and Glel depart from the NPCs, while all
other tested NUPs remained at the NE. This leads to the conclusion that indeed a partial disassembly
of the NPCs takes place, which contributes to permeabilisation of the NE during semi-closed mitosis.
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1. Introduction

The nucleus of Eukaryotes is surrounded by the nuclear envelope (NE). It consists
of two lipid bilayer membranes, the outer one being continuous with the endoplasmic
reticulum. The outer and inner nuclear membranes are connected at the embedded nuclear
pores, which allow specific transport of cargo between the cytosol and the nucleus. In
mitosis, prior to spindle assembly, nuclear envelope break down (NEBD) takes place in most
animal cells [1]. This is called an open mitosis. Budding yeast, on the other hand, where
the centrosome (known as spindle pole body) is embedded in the NE, performs a fully
closed mitosis [2]. The NE stays intact, the spindle is formed inside the nucleus and every
component needed for spindle assembly needs to be transported actively into the nucleus.
Likewise, there is no nuclear envelope break down in Dictyostelium, the nuclear lamina
as well as several membrane proteins remain present at the NE throughout mitosis [3].
Nevertheless, after prophase proteins, including tubulin dimers, can diffuse freely into
and out of the nucleus [3,4], which is why the terms semi-closed [3] or semi-open [5] are
used to describe the situation in the amoeba. In order to assemble a mitotic spindle, the
centrosome, which is situated outside of the nucleus in interphase and is tightly attached
to the membrane, has to be inserted into the NE. The mechanism behind the insertion
process is not known so far; however, previous studies have indicated that the centrosomal
core protein CP75 plays an important role in this process [6]. The resulting fenestra in the
membrane could be one reason for the leakiness of the NE. A further mechanism has been
observed in Aspergillus nidulans. Here the nuclear pore complexes (NPCs) are partially
disassembled and provide a channel for free diffusion of proteins through the NE [7].
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The nuclear pore complexes are highly organized protein complexes which are em-
bedded in the nuclear envelope. They show an eightfold symmetry and are composed of
several subcomplexes [8] (Figure 1). Scaffold nucleoporins (NUPs) form the central channel
(inner ring), flanked by two outer rings, one on the nuclear side, one facing the cytoplasm.
Transmembrane proteins anchor the complex with the membrane (transmembrane ring). In
the centre, FG-repeat NUPs plug the channel and allow only smaller molecules and proteins
to pass freely. Larger proteins need to carry a nuclear localization sequence in order to
be actively transported through the pores following a well characterized Ran-dependent
process [9]. Eight flexible filaments attached to the cytoplasmic ring (cytoplasmic filaments)
and the nuclear basket aid in binding and transporting the cargo [10,11].

Cytoplasmic filaments
Glel

Cytoplasmic outer ring
NUP85, NUP107, NUP133

Central FG repeat NUPs
NUP62

Transmembrane ring
NUP210

Inner ring
NUP53, NUP93, NUP155

Nuclear outer ring
NUP85, NUP107, NUP133

Nuclear basket
TPR

Figure 1. Schematic drawing of the nuclear pore complex. The NPC is organized in several different
subcomplexes. The pore consists of an inner ring and two outer rings and is anchored with the
membrane via transmembrane nucleoporins. FG-repeat NUPs form a plug inside of the pore to
regulate cargo traffic. The nuclear basket projects into the nucleoplasm and eight filaments extend
into the cytoplasm. On the right the selected Dictyostelium NUPs are mentioned.

In Dictyostelium the nuclear pores have been studied extensively using cryo-electron
tomography and fantastic snapshots of different stages of the complex during cargo trans-
port have been published [12,13]. However, up until this work little was known about
the individual proteins. About twenty NUP-genes have been identified in the genome of
Dictyostelium. Three of the corresponding proteins have been located at the NE during
interphase using GFP-fusion proteins [14]. In addition NUP43 was used as a marker for
the NE, but was not characterized in greater detail [15].

In this work we set out to characterize NUPs of Dictyostelium discoideum and analyse
their dynamic behaviour during the cell cycle. In addition to GFP-fusion proteins we
applied a knock-in strategy to study the proteins at an endogenous expression level. The
data we gained from both immunofluorescent microscopy and live cell imaging brings us
closer to understand the processes occurring during semi-closed mitosis in Dictyostelium.
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2. Materials and Methods
2.1. Cloning

In order to express GFP-fusion proteins of NUP53, NUP85, NUP93, NUP133, NUP155,
NUP201 and Glel in addition to the endogenous proteins, the complete coding regions
of the respective NPC proteins were amplified by PCR using linker primers containing
Sall (forward primers) and BamHI (reverse primers) restriction sites. The corresponding
Dictybase Gene IDs are listed in Table 1. As PCR template AX2 wildtype genomic DNA
was used; therefore, introns are included. The resulting products were cloned into plasmid
pIS77 [16], which supplies the cells with a G418 resistance. For the C-terminal Neon knock-
in constructs of the NPC-proteins NUP53, NUP62, NUP85, NUP93, NUP107 NUP210,
TPR and Glel the plasmid pIS1272 was used, which was generated from pIS1121 [17] by
replacing GFP with a codon-optimized mNeonGreen flanked by a Myc-tag. In addition to
Neon-Myc and the Blasticidin S resistance cassette, each knock-in construct contains two
sequences for homologous recombination. The first one consisted of the last 500-700 bp
of the coding region excluding the stop-codon, which was amplified by PCR using linker
primers containing Kpnl or Sall (forward primers) and Sall or EcoRI (reverse primers)
restriction sites. For the second fragment 500-700 bp of the 3’ region of the genes were
amplified by PCR using linker primers containing Pstl (forward primers) and BamHI
(reverse primers) restriction sites. As template AX2 wildtype genomic DNA was used.
The plasmids were linearized by Kpnl/BamHI digestion prior to transformation into
Dictyostelium AX2 wildtype cells.

Table 1. Selected NUPs, their Dictybase Gene ID and the corresponding NPC complex.

NPC Complex Protein Dictybase ID
Cytoplasmic filaments Glel DDB_G0267918
NUP53 DDB_G0276109
Inner ring NUP93 DDB_G0267480
NUP155 DDB_G0291163
NUP85 DDB_G0285415
Outer ring NUP107 DDB_G0285579
NUP133 DDB_G0287497
Central FG NUP62 DDB_G0274587
Nuclear basket TPR DDB_G0288073
Transmembrane NUP210 DDB_G0288545

2.2. Cell Culture

For cell culture HL5¢ medium (Formedium, Hunstanton, UK) was used, supplemented
with sterile filtered glucose added after autoclaving. For selection, 10 ug/mL G418 (GFP-
overexpressing strains) or 4 ng/mL Blasticidin S (knock-in strains) were added, respectively.
For microscopy cells were grown in adherent culture using tissue culture flasks.

2.3. Immunofluorescence and Microscopic Imaging

For immunofluorescence microscopy, both GFP and Neon-fusion protein expressing
cells were fixed with glutaraldehyde, as described previously [18], and counterstained
with the anti-a-tubulin antibody YL1/2 [19] and anti-rat AlexaFluor 568 (Thermo Fisher
Scientific, Darmstadt, Germany) or polyclonal antibody against CP224 [18] and anti-rabbit
AlexaFluor 568. DNA was stained with DAPI (4,6-diamidino-2-phenylindole). Microscopy
and image acquisition was performed at a Zeiss CellObserver HS system or an AxioOb-
server system equipped with a PlanApo 1.4/100x lens and Axiovision 4.8 software or
ZEN Blue Software including the iterative deconvolution module (Carl Zeiss Mikroskopie
GmbH, Jena, Germany). In the figures either only one slice of the deconvoluted Z-stack or
a brightest point projection of several slices is presented, as mentioned in the description
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of the individual figures. Fluorescence intensity measurements were done using Fiji. For
quantification of the fluorescence signal non-deconvoluted immunofluorescence images of
fixed Neon knock-in cells were used. A freehand line was drawn on the mitotic nuclear
envelope and the intensity value was measured. For each mitotic cell three measurements
were performed, and the mean value was calculated. For normalization the nuclear enve-
lope signal of three interphase cells from the same image was calculated, averaged, and
set to 100% as a control. Datasets were tested for normal distribution and p-values were
calculated using the parametric One-sample ¢ test. The significance level of p < 0.001 was
considered statistically very significant.

2.4. Live Cell Imaging

Live cell imaging was performed using a ZEISS Cell Observer SD confocal microscope
(Carl Zeiss Microscopy GmbH, Jena, Germany) equipped with the Yokogawa Spinning Disk
Unit CSU-X1 and two highly sensitive Evolve EM-CCD cameras (Photometrics, Tucson,
AZ, USA). Living cells were imaged with a LCI Plan-Neofluar 63 /1.3 Imm Korr DIC
objective and excited with a 488 nm (100 mW) solid state laser using Zeiss AxioVision
Rel. 4.9.1 software. Z-stack settings were set to 7-10 slices per stack at a frame spacing of
0.21 um for NUP62 Neon knock-in and 0.5 um for NUP210 Neon knock-in cells. Stacks were
recorded every 10 s. Maximum intensity projections of image stacks were calculated using
Fiji [20]. For live cell imaging cells were settled down in glass bottom dishes (FluoroDish,
WPI, Berlin, Germany) for at least 30 min, as described previously [4]. The medium was
replaced by Low Fluorescence (LoFlo) medium pH 6.5 (Formedium, Hunstanton, UK) and
ascorbic acid was added to a final concentration of 2 mg/mL to reduce phototoxic effects
during imaging. Intensity of the NUP signal was measured with Fiji using a summed sliced
projection and normalized by the highest value in the time course.

3. Results

To study the dynamics of the nucleoporins in Dictyostelium discoideum, we chose
representative marker components for the individual NPC subcomplexes (Figure 1 and
Table 1).

3.1. Nuclear Pore Complexes Are Excluded from Nucleoli

We started with the expression of the selected NUPs N-terminally fused to GFP in
addition to the endogenous proteins, leading to rather high overexpression. This included
Glel, NUP53, NUP93, NUP85, NUP133, NUP155 and NUP210. All GFP-fusion proteins
localized to the nuclear envelope. In addition, transmembrane nucleoporin NUP210 could
be found at the endoplasmic reticulum (data not shown). Overexpressed N-terminally
tagged GFP-NUP133 was not only observed at the nuclear envelope but, in addition, inside
the nucleoli (Figure 2A). We cannot exclude that this is an overexpression effect. Therefore,
we wanted to analyse NUP localisation with fusion proteins at endogenous expression
levels using the brighter green fluorescing mNeonGreen-Myc tag (short: Neon).

Unfortunately, we were not able to generate a NUP133-Neon knock-in or an NUP155-
Neon strain. In our knock-in strategy, the tag must be inserted after the coding sequence
of the protein of interest, in order to express the fusion protein under the endogenous
promoter. The failure of our knock-in attempts could be explained by C-terminally tagged
NUP133 or NUP155 proteins not being fully functional.

For all other tested NPC-components, our Neon-fusion knock-in strategy worked
nicely. We therefore analysed fusion proteins of altogether eight NPC-components (NUP53,
NUP62, NUP85, NUP93, NUP107, NUP210, Glel, TPR) with a C-terminal Neon-tag under
control of the respective endogenous promoter. We found that, in all these strains, the
Neon signal was not equally distributed at the NE. When we compared the GFP-signal
with the localization of the nucleoli, which are visible as dark areas inside the nucleus in
phase contrast microscopy, we observed that most fusion proteins were absent from the
contact sites of the nucleoli with the nuclear envelope (Figures 2B and S1).
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Figure 2. NUPs are absent from the contact sites of the nucleoli with the nuclear envelope. Wide field
fluorescence microscopy of glutaraldehyde fixed GFP-NUP133 (A) or NUP-Neon-fusion protein (B)
expressing cells in interphase. Nucleoli are visualized with phase contrast and can be seen as dark
areas inside of the nucleus. Overlay (right) of the green fluorescent protein signal (green) with phase
contrast (red) and DAPI (blue). Only one Z-slice is shown. Z-stacks are provided as Videos S1-54.
Bar =5 um.

3.2. Some NUPs Localize to the Centrosome

Some of the overexpressed GFP-fusion proteins show signals that colocalize with the
microtubule organizing centre (MTOC), which becomes visible after staining with tubulin
antibodies (Figure 3A). In Dictyostelium the centrosome, which is the only MTOC during
interphase, consists of a layered core structure surrounded be the corona and is closely
attached to the nucleus [21]. While GFP-NUP53 localized to the centrosome of every cell,
the GFP-fusion proteins of Glel, NUP93 and NUP85 showed this localization only in cells
with brighter GFP fluorescence, indicating higher expression levels. Only in very few cells
GFP-NUP133 and GFP-NUP155 could also be observed at the centrosome (Figure S2).

GFP-NUP53, GFP-NUP85 and GFP-NUP93 showed rather small dot-like signals at the
centrosome, indicating a localisation at its core structure. Glel on the other hand is more
likely associated to the corona, as larger and doughnut-shaped GFP-signals could be seen.

When observing the fusion proteins at endogenous protein expression levels, only
NUP53-Neon showed a weak, but in every cell visible centrosomal signal (Figure 3A).
When staining the cells with an antibody against the centrosomal corona protein CP224,
NUP53- Neon is visible as a small spot in the centre of the larger, doughnut shaped signal
of CP224 indicating that NUP53 is part of the centrosomal core structure (Figure 3B). All
other C-terminally tagged Neon-fusion proteins were absent from interphase centrosomes.
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Figure 3. Centrosomal localization of overexpressed Glel, NUP53, NUP85 and NUP93. At endoge-
nous expression levels only NUP53-Neon can be found at the centrosome (red arrow). Immunoflu-

Neon

NUP53

orescence microscopy of GFP-NUP (overexpressed, left side) or NUP-Neon (knock-in, right side)
expressing cells in interphase fixed with glutaraldehyde, stained with either anti-o-Tubulin and
secondary antibody anti-rat-AlexaFluor-568 (A) or anti-CP224 and secondary antibody anti-rabbit-
AlexaFluor-568 (B). Only the one focus plane containing the centrosome is presented. Overlay of the
Green Fluorescent Protein signal (green) with «-Tubulin or CP224 (red) and DAPI (blue). Bar =5 pm.

3.3. NUPs Show Divergent Behaviour during Mitosis

In Aspergillus, a partial disassembly of nuclear pore complexes during mitosis has
been described [7]. Therefore, we also studied the mitotic behaviour of the NPC proteins
in Dictyostelium. In the Neon knock-in strains of Glel and NUP93 (Figure 4A), as well as
NUP62 and NUP53 (Figure S3), we observed a strong reduction of the Neon signal around
the nucleus in metaphase. For the remaining components, however, a consistent fluorescent
signal could be observed at the nuclear envelope throughout mitosis, indicating that at least
parts of the pore complex stay assembled. This behaviour could be observed for NUP210,
NUP85, NUP133, NUP155 and the nuclear basket protein TPR (Figures 4 and S3).

To quantify the decrease of the proteins at the NE in the knock-in strains, we measured
the mean intensity of the Neon signal at the NE of metaphase cells in comparison to the
signal of interphase cells (Figure 4B). In Glel-Neon metaphase cells, the NE was not visible
at all, therefore we were not able to collect the data. The strongest reduction that could be
measured was for the central FG protein NUP62. Here, the signal was, on average, reduced
to 22% of its interphase intensity. The signal of NUP53-Neon and NUP93, two components
of the inner ring complex, were also clearly reduced. For these, average mean intensity
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went down to 63% or 48%, respectively. By contrast, an increased Neon signal could be
observed for the knock-in strains of NUP85, NUP107, NUP210 and TPR, probably due to a
reduced diameter of the nuclei leading to a higher density of the NPCs.

merged Glel-Neon
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ﬁ\) \Q\) v\\) '&\)? \)?

Figure 4. NUP93 and Glel disappear from the nuclear envelope during mitosis, whereas NUP210 and
TPR remain. (A) Immunofluorescence microscopy of Neon knock-in cells fixed with glutaraldehyde,
stained with anti-a-Tubulin and secondary antibodies anti-rat-AlexaFluor-568. One metaphase cell
and neighbouring interphase cells are shown. Maximum intensity projection of the slices containing
the nuclei. Overlay of the green fluorescent protein signal (green) with «-Tubulin (red) and DAPI
(blue). Bar = 5 um. (B) Quantification of the fluorescence intensity signal of respective NUP-Neon
knock-in cells during metaphase. Columns represent the mean fluorescence intensity measured
from widefield microscopy images. For each mitotic cell the fluorescence intensity of a neighboring
interphase cell was measured and normalized to 100% (Control). Mean values and standard deviation
(SD) are shown in the table. Due to a lack of Glel signal during metaphase, there are no measurements
available. n = sample number, SD was calculated only for n > 4; n.d. =not defined. Error bars represent
standard deviation of the mean. One-sample f test; ** p value < 0.001.
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For live cell imaging we chose knock-in strains of the transmembrane protein NUP210
and the central FG-repeat protein NUP62. While the NUP210-Neon signal persists at the
nuclear envelope throughout all mitotic stages (Figure 5B,D, Video S6), NUP62-Neon leaves
its localization around the nucleus at the onset of mitosis and more of the fluorescent protein
can be observed in the cytoplasm (Figure 5A,C, Video S5). In anaphase NUP62-Neon starts
to reappear at the nuclear envelope regaining normal intensity after the separation of the
two daughter nuclei in early telophase.
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Figure 5. Dynamic changes of the NPCs during mitosis. Live cell spinning disk confocal microscopy
of NUP62 Neon knock-in cells (A,C) and NUP210 Neon knock-in cells (B,D) with excitation at
488 nm. Selected time points of Videos S5 and S6 are shown. (A) The central FG NUP62 disappears
from mitotic NPCs at the onset of mitosis and reappears right before karyokinesis at time point
10:50 min. (B) The transmembrane protein NUP210 remains at the NPC during the entire cell cycle.
Maximum intensity projections of 7-10 slices per image stack (z-distance 0.21 um (A) and 0.5 um
(B), respectively). Stacks were recorded every 10 s. Bar = 5 um. (C,D): Intensity of the nuclear Neon
signal of the of mitotic and interphase cells shown in (A,B). Estimated start points of mitotic phases
are indicated on the time line (x-axis) based on cell morphology and nuclear shape observed in the
fluorescence channel (specific and background signal). Intensity of the NUP signal was measured
with Fiji using a summed sliced projection and normalized to the maximal value.

3.4. During Mitosis Some NUPs Concentrate at Spindle Poles

When overexpressed, the GFP-fusion proteins of Glel and NUP93 could be found at
the spindle poles in metaphase (Figure 6A) and telophase (Figure 6B); GFP-NUP93 in addi-
tion also at the kinetochores of metaphase spindles. As in interphase cells, the centrosomal
localization cannot be observed for Neon-fusion proteins expressed at endogenous levels
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(Figures 4 and S4). NUP53-Neon, which is present at the centrosomes in interphase, disap-
pears from the mitotic centrosome in an early stage of mitois and is absent from the spindle
poles during metaphase (Figure 6A). In telophase the centrosomal signal has reappeared
together with the NE staining (Figure 6B). TPR-Neon and NUP210-Neon showed increased
fluorescence around the poles leading to a ring-like appearance if the metaphase spindle is
not in a horizontal position but slightly tilted (Figure 6C,D). In later stages TPR-Neon and
also NUP210-Neon could be found concentrated close to the spindle poles, which, at this
mitotic stage, are already positioned back outside of the nuclear envelope (Figure 6B).

a-Tubulin merged B GFP/Neon o-Tubulin merged

4 >

.. | ::; .

D Neon merged D’ Neon merged D’ Neon

merged
. .

Figure 6. Overexpressed Glel and NUP93 localize to spindle poles. NUP53 Neon is absent from
spindle poles in metaphase but reappears in telophase (red arrows). Neon-fusion proteins of NUP210
and TPR are concentrated close to the spindle poles and form a ring around the poles in metaphase.

NUP210-Neon

Immunofluorescence microscopy of GFP-NUP or NUP-Neon-fusion protein expressing cells in
interphase fixed with glutaraldehyde, stained with anti-a-Tubulin and secondary antibodies anti-
rat-AlexaFluor-568. In (A) only the slice with focus on the metaphase spindle is shown. In (B,C)
projections of several Z-slices are presented. (D) shows three different slices of the same NUP210-
Neon metaphase cell with a tilted spindle (D: focus on the left pole, D’ focus on the centre, D”: focus
on the right pole). Overlay of the green fluorescent protein signal (green) with «-Tubulin (red) and
DAPI (blue). Bar =5 um.
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4. Discussion

In order to increase our knowledge of the nuclear envelope in Dictyostelium, we
selected components of every NPC subcomplex and expressed them as fluorescent fu-
sion proteins. Our first observation was that in interphase cells all studied NUPs were
distributed unevenly but were excluded from the area where the nucleoli are attached,
indicating that there are no pore complexes in these regions. In the nucleoli the ribosomal
subunits are assembled. Therefore, these large complexes must be transported out of the
nucleoli into the nuclear matrix prior to their export through the nuclear pore complexes.
In animal cells there is mostly one nucleolus, which is located centrally in the nucleus and
has no contact to the nuclear envelope. Thus, there is no connection between the nuclear
envelope and the nucleolus. In budding yeast, on the other hand, the nucleolus occupies
about a third of the nuclear volume and is located at the periphery of the nucleus. Most
NUPs are present in this area; only the basket proteins Mlp1 and Mlp2 are excluded from
nucleoli-associated pore complexes [22-24]. This indicates that there are different types
of NPCs present in yeast and the NPCs in the vicinity of the nucleoli are devoid of the
nuclear basket structure. In Dictyostelium, however, all analysed NUPs, which included at
least one component of every subcomplex, showed the same distribution when expressed
at endogenous levels, all of them being absent from the nucleolar attachment sites. We
can only speculate about the mechanism behind this exclusion of NPCs from this area. It
was previously observed that, in Dictyostelium, the MAN1-like transmembrane protein
Srcl is concentrated at the nuclear envelope close to the nucleoli, suggesting a nucleolar
function [25]. This makes Srcl a good candidate to play a role in the exclusion of NPCs from
the nucleolar attachment sites. In a search for interaction partners using the BiolD method,
lamin protein NE81 was identified. This connection to the lamin network could provide
the mechanical stability for Srcl to organize the nucleoli and exclude the pore complexes
from this NE-region, potentially by condensing the lamin network. Other likely interactors
for Srcl identified by BioID are NUP93, NUP107 and NUP133 (Batsios, unpublished data),
which provides a possible explanation of why NUP133 can be found inside the nucleoli
when overexpressed.

In mitotic Dictyostelium cells the NUPs showed two different behaviours with some of
them staying at the NE and some disappearing. This indicates that a partial disintegration
of the pore complexes in mitosis takes place in Dictyostelium, which then allows free
diffusion of proteins through the remaining parts of the pores complexes during semi-
closed mitosis. In open mitosis disassembly of the NPCs is also a key event during NEBD.
Here, the PLK1 mediated phosphorylation of NUP98 and subsequent dissociation from the
NE correlates with the leakage of nuclear proteins into the cytoplasm in prophase [26,27].
Phosphorylation of NUP53 then triggers disassembly of the central NPC scaffold, breaking
the barrier of the NE. While, in semi-closed mitosis, the disintegration process apparently
stops at this stage, the subcomplexes of the outer rings leave the NE in open mitosis as well.

In Dictyostelium the disassembly of the NPCs is quite similar to the corresponding
process Aspergillus [7]. In both species, the analysed central FG NUPs are released from the
pore complex, which is prerequisite to open the pores and enable free diffusion of proteins
that are crucial for constructing the mitotic spindle inside the nucleus. In addition, some
components of the inner ring complex also disassemble. In Dictyostelium this includes
NUP93 and NUP53 (for the latter no orthologue is known in Aspergillus). However, not all
Dictyostelium NPC proteins correspond in their behaviour to Aspergillus. In the fungus the
cytoplasmic filament protein Glel is a permanent component of the nuclear pores, while it
is dispersed during mitosis in Dictyostelium.

Quite surprising is the mitotic presence of the basket protein TPR at the nuclear
envelope in Dictyostelium. In animal cells, the basket protein is among the first proteins
to disappear with the NEBD and is reassembled only in G1 [28]. In Aspergillus the partial
disassembly during semi-closed mitosis includes the basket proteins Nup2, Mlp2 and
the TPR orthologue Mlp1. While Mlp1 and Mpl2 diffuse into the cytoplasm, Nup2 stays
within the nucleus by binding to chromatin [7]. A similar scenario is possible for TPR in
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Dictyostelium. In mammalian cells, it has been shown that TPR connects the pore complexes
with the nuclear lamina by interacting with lamin B1 [29]. If this is also the case for TPR in
Dictyostelium, it is possible that the protein disassembles from NPC after all but stays at the
nuclear envelope only through its binding to the Dictyostelium lamin protein NE81.

Interestingly TPR, and after metaphase also the transmembrane protein NUP210 are
enriched in the area close to the spindle poles. Not all NUPs are concentrated there, hence
the two proteins are not only part of the nuclear pore complexes but gain this additional
localization through interaction with non-NUP proteins. A likely candidate for the latter is
the nuclear membrane protein Sunl, which is also enriched around the mitotic centrosome
and is known to play a role in anchoring the centrosome to the NE in interphase [15,30]. This
leads to the idea that TPR and /or NUP210 together with Sun1 could play a role in tethering
the mitotic centrosome within the nuclear envelope. In S. cerevisiae the transmembrane
NUP Ndcl locates to both the NPC and the SPB [31]. The S. pombe Ndc1 orthologue Cutl1
locates to the NPC and transiently to the SPB during mitosis [32]. It has also been shown
to interact with Sunl orthologue Sadl. So far, no Ndcl orthologue could be identified
in Dictyostelium and with NUP210 being the only known transmembrane NUP in the
amoeba, it is possible that NUP210 adopts the function of the yeast proteins Ndc1/Cutll
in connecting the centrosome with the nuclear membrane. In addition, NUP210 starts
accumulating close to the centrosome in anaphase, so it could also be involved in the
centrosome’s movement back into the cytoplasm and possibly also in resealing the nuclear
membrane after completion of chromosome segregation.

Apart from their role as components of the nuclear pore complexes and, therefore,
in nuclear import and export, additional functions have been identified for several NUPs.
NUP62 for example is associated with spindle microtubules. It plays a role in the spindle
assembly checkpoint and is, therefore, important for the maintenance of chromosome
integrity [33,34]. The complex Nup107/Nup160 also has a connection to the microtubule
cytoskeleton. Those NUPs have been shown to promote spindle assembly through Ran-
GTP-regulated nucleation of microtubules by y-TuRC at kinetochores [35]. In Xenopus
tropicalis both Nup93 and Nup188 are localized at centrosomes and basal bodies and are
required for ciliary function [36]. Finally, Glel has also been found at the centrosome and
basal bodies of human cells, with its down regulation leading to defects in centrosome
integrity and ciliary motility [37].

In Dictyostelium, Glel localizes to the centrosome in interphase, as well as to the
spindle poles, during mitosis, but only when overexpressed. It is possible that if expressed
at endogenous levels, only few single molecules reside at the centrosome and that this
leads to a signal too weak to be observed by our methods. The same holds true for NUP85
and NUP93 but compared to Glel they show a more central localization at the centrosome,
probably at its core structure when expressed at higher levels. Even though this localisation
might be artificial due to the overexpression, it could potentially tell us something about
interaction partners that anchor them at the centrosome. A good candidate for this would
be NUP53, since this inner ring NUP was the only protein in this study which could be
found at the centrosome of interphase cells when expressed at endogenous protein levels.
In addition, NUP93 and NUP53 are part of the same subcomplex and are known to interact
in animal cells [38,39]. Thus, it is not far-fetched to presume that NUP93 could also bind to
the centrosomal fraction of NUP53 in Dictyostelium. Due to its central localization it can be
assumed that NUP53 interacts with one of the core components, either with Cep192 [40]
in the outer layers, or one of the central layer proteins CP39, CP75 or CP91 [16]. For CP75
it has been speculated to play a role in the insertion of the centrosome into the nuclear
envelope at the onset of mitosis, and it is conceivable that NUP53 assists the centrosomal
protein in this function by virtue of its membrane-shaping properties [41]. It will be exciting
to analyse this in future studies and, hopefully, to identify the reason why this NUP resides
at the centrosome. In addition, more work needs to be done to correlate the processes of
centrosome insertion and partially disassembly of the NPCs with the leakiness of the NE to
clarify the chronology of these events in semi-closed mitosis.
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5. Conclusions

In this work, we analysed individual components of Dictyostelium nuclear pore com-
plexes. We learned that the NPCs are excluded from the regions where the nucleoli are
attached to the NE, but the mechanism behind this has yet to be elucidated. We found that
several NUPs have a connection to the centrosome in interphase and the spindle poles
during mitosis. They could play a role in the process of centrosome insertion into the
NE prior to spindle assembly and the tethering of spindle poles in the membrane during
chromosome separation. In addition, we observed that in the beginning of mitosis the
NPCs are partially disassembled, a mechanism so far only described for fungi, indicating
that it was not an invention of the Opisthokonta. This, presumably together with the
fenestra around the inserted centrosome, facilitates free diffusion of proteins between the
cytoplasm and the nucleus in semi-closed mitosis in Dictyostelium.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells11030407 /s1, Figure S1: NUPs are absent from the contact
sites of the nucleoli with the nuclear envelope. Wide field fluorescence microscopy of glutaraldehyde
fixed GFP-NUP or NUP-Neon-fusion protein expressing cells in interphase. Only one Z-slice is
shown. Nucleoli are visualized with phase contrast and can be seen as dark areas inside of the
nucleus. Overlay (right) of the green fluorescent protein signal (green) with phase contrast (red) and
DAPI (blue). Bar = 5 um. Figure S2: When overexpressed GFP-NUP133 and GFP-NUP155 localize to
the centrosome in some, but not all cells. In knock-in strains expressing C-terminally tagged NUP62,
NUP107, NUP210 and TPR don’t show centrosomal localization. Immunofluorescence microscopy
of in interphase fixed with glutaraldehyde, stained with anti-«-Tubulin and secondary antibody
anti-rat-AlexaFluor-568. Only the one focus plane holding the centrosome is presented. Overlay of the
green fluorescent protein signal (green) with «-Tubulin (red) and DAPI (blue). Bar = 5 pm. Figure S3:
While NUP53-Neon and NUP62-Neon are absent from the NE in metaphase cells, NUP85-Neon,
NUP107-Neon, GFP-NUP133 and GFP-NUP155 are present throughout mitosis. Immunofluorescence
microscopy of Neon knock-in cells or GFP overexpressing cells with glutaraldehyde, stained with anti-
a-Tubulin and secondary antibodies anti-rat-AlexaFluor-568. One metaphase cell and a neighbouring
interphase cell are shown. Maximum intensity projection of the slices containing the nucleus. For
GFP-NUP133 and GFP-NUP155 a montage of two cells taken from the same image is shown. Overlay
of the green fluorescent protein signal (green) with o-Tubulin (red) and DAPI (blue). Bar = 5 um.
Figure S4: When expressed at endogenous levels NUP93 and Glel are not enridged at telophase
spindle poles. Immunofluorescence microscopy of Neon knock-in cells with glutaraldehyde, stained
with anti-a-Tubulin and secondary antibodies anti-rat-AlexaFluor-568. One telophase cell and a
neighbouring interphase cell are shown. Maximum intensity projection of the slices containing the
nucleus. Overlay of the green fluorescent protein signal (green) with «-Tubulin (red) and DAPI (blue).
Bar =5 um. Video S1: Z-stack of the NUP133-Neon cell shown in Figure 2A. Left: NUP133-Neon;
middle: Overlay of NUP133 (green), microtubules (red), DAPI (blue) and phase contrast; right:
phase contrast. Video S2: Z-stack of the NUP53-Neon cell shown in Figure 2B. Left: NUP53-Neon;
middle: Overlay of NUP53 (green), microtubules (red), DAPI (blue) and phase contrast; right: phase
contrast. Video S3: Z-stack of the NUP210-Neon cell shown in Figure 2B. Left: NUP210-Neon; middle:
Overlay of NUP210 (green), microtubules (red), DAPI (blue) and phase contrast; right: phase contrast.
Video S4: Z-stack of the TPR-Neon cell shown in Figure 2B. Left: TPR-Neon; middle: Overlay of TPR
(green), microtubules (red), DAPI (blue) and phase contrast; right: phase contrast. Video S5: Live
cell imaging of NUP62 Neon knock-in expressing Dictyostelium cells during mitosis (see Figure 5).
The central FG NPC protein NUP62 starts dissociating from the NPCs at the onset of mitosis at time
point 90 sec. It firstly reassembles at the nuclear envelope in anaphase at 440 sec and is reappeared
after karyokinesis in telophase.. Z-stacks of 7 slices with slice spacing of 0.21 um were recorded every
10 s. Maximum intensity Z-projections of image stacks were calculated in Fiji. Video S6: Live cell
imaging of NUP210 Neon knock-in expressing Dictyostelium cells during mitosis (see Figure 5). The
transmembrane NPC protein NUP210 is localizing to the NPCs during the whole cell cycle. Thus, it
is permanently located at the nuclear envelope. Z-stacks of 10 slices with slice spacing of 0.5 um were
recorded every 10 s. Maximum intensity Z-projections of image stacks were calculated in Fiji.
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