Nup2 performs diverse interphase functions
in Aspergillus nidulans
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ABSTRACT The nuclear pore complex (NPC) protein Nup2 plays interphase nuclear transport
roles and in Aspergillus nidulans also functions to bridge NPCs at mitotic chromatin for their
faithful coinheritance to daughter G1 nuclei. In this study, we further investigate the inter-
phase functions of Nup2 in A. nidulans. Although Nup2 is not required for nuclear import of
all nuclear proteins after mitosis, it is required for normal G1 nuclear accumulation of the NPC
nuclear basket-associated components Mad2 and Mlp1 as well as the THO complex protein
Tho2. Targeting of Mlp1 to nuclei partially rescues the interphase delay seen in nup2 mutants
indicating that some of the interphase defects in Nup2-deleted cells are due to Mlp1 mislo-
calization. Among the inner nuclear membrane proteins, Nup2 affects the localization of
Ima1, orthologues of which are involved in nuclear movement. Interestingly, nup2 mutant G1
nuclei also exhibit an abnormally long period of extensive to-and-fro movement immediately
after mitosis in a manner dependent on the microtubule cytoskeleton. This indicates that
Nup2 is required to limit the transient postmitotic nuclear migration typical of many filamen-
tous fungi. The findings reveal that Nup2 is a multifunctional protein that performs diverse
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functions during both interphase and mitosis in A. nidulans.

INTRODUCTION

The distinguishing feature of eukaryotes is the compartmentalization
of the genetic material into a nucleus by the nuclear envelope (NE).
The NE contains nuclear pore complexes (NPCs) that mediate
nuclear—cytoplasmic transport as well as inner and outer nuclear
membrane proteins that make contact with the chromatin and cyto-
skeleton, respectively (Hetzer, 2010). The NE of animal cells addition-
ally contains proteins called lamins that make up the nuclear lamina
conferring tensile strength on the nuclear periphery to resist me-
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chanical forces (Dahl et al., 2004). In organisms lacking lamins such as
yeast, inner nuclear membrane (INM) proteins perform lamin-like
functions (King et al., 2008; Gonzalez et al., 2012) and enable nuclear
architecture to resist cytoskeletal forces by anchoring chromatin to
the nuclear periphery (King et al., 2008; Schreiner et al., 2015).
Regulated bidirectional transport between the nucleus and the
cytoplasm is mediated via NPCs (Strambio-De-Castillia et al., 2010).
The overall NPC structure is conserved from yeast to vertebrates and
is made up of ~30 different proteins called nucleoporins (abbrevi-
ated as Nups) present in multiple copies (Rout et al., 2000; Alber
et al., 2007). Nups can be classified based on their location within
the NPC structure and include Nups residing on the nuclear side that
are connected by a distal ring to form a basket-like structure
(Grossman et al., 2012). The core scaffolding member of this NPC
basket is the conserved translocated promoter region (TPR) protein
in vertebrates, the orthologue of Mip1 and MIp2 in budding yeast
(Krull et al., 2010; Niepel et al., 2013). The nuclear basket also pos-
sesses the FG-repeat Nups Nup153 and Nup50 in vertebrates that
are homologous to Nupé0 and Nup2 in budding yeast (Guan et al.,
2000; Hood et al., 2000; Rout et al., 2000; Makise et al., 2012). In
addition to these proteins, the nuclear basket is the docking site for
Mad1 and Mad2 in yeast, fungi, plants, and vertebrates (Campbell
etal., 2001; lkui et al., 2002; louk et al., 2002; De Souza et al., 2009;
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Ding et al., 2012). MAD (mitotic arrest deficient) proteins locate to
interphase NPCs but locate to kinetochores during mitosis to medi-
ate the spindle assembly checkpoint (SAC) response that ensures
fidelity of chromosome segregation (Foley and Kapoor, 2013). Sev-
eral studies indicate that the nuclear basket-associated proteins
play roles in transcription, RNA biogenesis, SUMO homeostasis, and
chromatin organization (Strambio-De-Castillia et al., 2010).

Nucleocytoplasmic transport is executed by nuclear transporters
(NTRs) known as karyopherins/importins/exportins (Stewart, 2007).
The NTRs recognize specific signatures on their cargoes called the
nuclear localization sequence (NLS) or the nuclear export sequence
to be transported into or out of nuclei, respectively (Stewart, 2007).
The best studied type of NLS, also referred to as the “classical NLS,”
contains either a single cluster of basic amino acids such as lysine
and arginine (monopartite NLS) as found in the SV40 T-antigen NLS
(Kalderon et al., 1984) or two clusters of basic amino acids separated
by a spacer (bipartite NLS) such as in the nucleoplasmin NLS (Ding-
wall et al., 1988). The classical NLS sequences are specifically recog-
nized by importin o in the importin o: heterodimer that docks them
through the nuclear pores to release them into the nucleoplasm with
the help of karyopherin release factors (KaRFs; Gilchrist et al., 2002).

One such KaRF is Nup2 and its mammalian orthologue Nup50
(Guan et al., 2000; Dilworth et al., 2001; Gilchrist et al., 2002).
Nup50 is essential for embryonic development in mice (Smitherman
et al., 2000) and for viability in the filamentous fungus Aspergillus
nidulans (Osmani et al., 2006). Nup2 is a highly mobile nucleoporin
with low residence times at NPCs (Denning et al., 2001; Dilworth
et al., 2001; Rabut et al., 2004) and exists in an additional nucleo-
plasmic pool in flies and vertebrates (Kalverda et al., 2010; Buchwal-
ter et al., 2014). The structure of Nup2 is conserved from yeast to
vertebrates with an N-terminal region that binds importin o, a C-
terminal region that binds RanGTP, and a central FG-rich region
(Booth et al., 1999; Lindsay et al., 2002; Matsuura et al., 2003; Mat-
suura and Stewart, 2005). Nup2 is targeted to nuclear pores via
Nup60 in budding yeast (Denning et al., 2001), Nup153 in mammals
(Makise et al., 2012), and NupA in A. nidulans (Markossian et al.,
2015). Nup2 performs various functions in the nuclear transport cy-
cle such as accelerating nuclear import rates, recycling importin o
back into the cytoplasm, and in nuclear protein export (Booth et al.,
1999; Guan et al., 2000; Hood et al., 2000; Gilchrist et al., 2002;
Lindsay et al., 2002; Matsuura et al., 2003; Matsuura and Stewart,
2005; Makise et al., 2012; Finn et al., 2013). Nup2 also interacts with
active genes in the nucleoplasm, participates in gene regulation,
and controls the epigenetic state of chromatin by preventing
spreading of repressive marks (Ishii et al., 2002; Dilworth et al.,
2005; Schmid et al., 2006; Kalverda et al., 2010; Buchwalter et al.,
2014). In A. nidulans and mammalian cells, Nup2 locates to mitotic
chromatin (Osmani et al., 2006; Dultz et al., 2008) and Nup2 is re-
quired for normal mitotic progression in A. nidulans (Markossian
etal., 2015). Recently identified roles of Nup2 include chromosome
organization during meiosis (Chu et al., 2017).

We recently reported that A. nidulans Nup2 is required for faith-
ful mitotic NPC segregation by bridging NPCs to segregating chro-
matin via a central targeting domain (Suresh et al., 2017). Nup2 null
mutants inherit fewer NPCs after mitosis and accumulate misplaced
NPC proteins in the cytoplasm (Suresh et al., 2017). Because Nup2
mutants have reduced NPC number, we sought to understand the
consequence of the lack of Nup2 on interphase progression. We
previously reported a defect in the G1 nuclear accumulation of
Mad1 in nup2 mutants (Markossian et al., 2015). In this work, we
report that lack of Nup2 delays interphase progression and leads to
defects in the G1 nuclear accumulation of specific classical NLS-
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bearing protein cargoes including the NPC basket proteins Mip1,
Mad2 and the nucleoplasmic protein Tho2. Furthermore, the con-
served INM protein Ima1 involved in nuclear movement (Borrego-
Pinto et al., 2012) fails to locate normally in nup2 mutants. This is
accompanied by prolonged G1 nuclear movements after mitosis
that are dependent on the microtubule cytoskeleton. Together, we
have shown that Nup2 is a multifunctional protein that performs di-
verse functions that contribute to normal NPC basket formation,
nuclear positioning, and transport in A. nidulans.

RESULTS

Nup2 is required for the normal localization of the nuclear
pore basket-associated proteins Mad2 and Mip1 in G1 after
completion of mitosis

A. nidulans Nup2 is dispensable for rapid reimport of NLS-DsRed
protein during mitotic exit, a nuclear transport marker used to moni-
tor nuclear import that contains a NLS from the APSES transcription
regulator StuA (Toews et al., 2004; Markossian et al., 2015). NLS-
DsRed is released from nuclei following NPC disassembly during
early mitosis and is efficiently reimported in G1 after NPCs are reas-
sembled (Figure 1A). Although dispensable for NLS-DsRed import,
Nup2 is required for the postmitotic G1 nuclear import of the NPC
basket-associated protein Mad1 (Markossian et al., 2015). Because
Mad1 resides with Mad2 at the nuclear basket (Lee et al., 2008; De
Souza et al., 2009; Ding et al., 2012), we investigated the nuclear
localization of Mad2-GFP without Nup2 function. In interphase wild-
type (WT) cells, Mad2-GFP locates to NPCs (Figure 1A) but then
transitions to kinetochores during mitosis to mediate the SAC
(Waters et al., 1998; Shah et al., 2004; Musacchio and Salmon, 2007;
De Souza et al., 2009). Once the SAC is satisfied, Mad2-GFP dis-
perses from nuclei during late mitosis and gets reimported into G1
nuclei and then incorporated back to NPCs (Figure 1A). In cells lack-
ing Nup2 (Figure 1B) or NupA function (Figure 1C), we found a
marked defect in Mad2-GFP cell cycle-specific locations. Although
Mad2-GFP located normally to interphase NPCs and mitotic kineto-
chores, it failed to accumulate normally into postmitotic G1 nuclei
but instead remained dispersed in the cytoplasm for an extended
period without Nup2 or NupA function (Figure 1, B and C).

In normal growing cultures a high population of WT cells (95%)
has Mad2-GFP at NPCs (Figure 1D) reflective of the long interphase
duration compared with the short mitosis in A. nidulans (Bergen and
Morris, 1983). A small percentage of WT cells (~5%) have Mad2-GFP
at mitotic nuclear locations reflective of those in mitosis (Figure 1D).
A very low percentage of cells have Mad2-GFP dispersed from nu-
clei when it is transiently released from nuclei during mitotic exit
before nuclear transport is reestablished during G1 (Figure 1D).
These ratios were significantly altered without Nup2 or its targeting
partner NupA (Markossian et al., 2015), with a large increase in the
percentage of cells with dispersed Mad2-GFP and a corresponding
decrease in the percentage of cells with NPC-localized Mad2 (Figure
1D). In Nup2-deleted cells, although the interphase location of
Mad?2 is affected, its mitotic kinetochore localization and ability to
signal the SAC response (Foley and Kapoor, 2013) was unaffected as
revealed by an active SAC in cells without Nup2 (Markossian et al.,
2015). This indicates that Nup2 and NupA are required for the timely
import and/or incorporation of Mad2 to NPCs after mitosis in G1.

Nup2 is required for normal nuclear localization of the nuclear
basket—associated proteins Mad1 and Mad2 and both proteins are
tethered to the NPCs via a third protein, Mlp1 (De Souza et al.,
2009). We therefore analyzed the localization of Mlp1 without Nup2
or without NupA. Mlp1 localizes to interphase NPCs, transitions
onto the mitotic spindle matrix during mitosis, then disperses into
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Nup2 and NupA facilitate the G1 nuclear import of the nuclear basket protein
Mad2. Time-lapse microscopy of Mad2-GFP and NLS-DsRed in (A) WT (strain SGS282),
(B) Anup2 (SGS285-H), and (C) AnupA (§GS287-H). (D) Quantitation of the mislocalization of
Mad2 in asynchronously growing WT, Anup2, and AnupA cells (n = 375 cells). Scale bar, ~5 pm.

the cytoplasm and is immediately imported and incorporated into
G1 nuclei concomitant with NLS-DsRed in WT cells (Figure 2A).
However, without Nup2 (Figure 2B) or NupA (Figure 2C), although
MIp1 located normally during G2 and mitosis, it failed to accumu-
late into G1 nuclei and remained cytoplasmic. Quantitation in a
population of cells, as described for Mad2 (Figure 1D), indicated
that MIp1-GFP remained dispersed in most of the cells in a popula-
tion suggestive of a long delay in its NPC incorporation (Figure 2D).
Mlp1-GFP was eventually incorporated to NPCs (Supplemental
Figure S1A) and almost all cells located Mip1 to NPCs before enter-
ing mitosis (Supplemental Figure S1B). We have previously reported
that Nup2 mutants exhibit a range of nuclear sizes and shapes with
nuclear chromatin appearing in unequal masses (Osmani et al.,
2006). These defects were also recapitulated in NupA mutants
(Figure 2C) in which nuclei characteristically underwent dynamic
changes in shape due to constant pulling forces as can be seen in
Supplemental Movie 1, which tracks MIp1-GFP and NLS-DsRed in a
AnupA cell. Together, these data show that Nup2 and NupA are
required for the timely nuclear localization of the nuclear basket
proteins Mlp1 and Mad2 during G1.

While analyzing the defects in the nuclear accumulation of Mad2
and Mlp1 in Nup2-deleted cells, we observed that interphase was
longer without Nup2 function. Calculation of interphase timing by
measuring the time between consecutive mitosis when NLS-DsRed
disperses revealed that interphase is significantly prolonged in
Nup2-deleted cells (Supplemental Figure S1C). Whereas WT cells
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temperature (23-25°C), Nup2-deleted cells
spend, on average, 450 min in interphase
(Supplemental Figure S1C). Together, these
studies indicate that Nup2 is required for
normal postmitotic nuclear localization of
nuclear basket-associated proteins and for
normal interphase progression timing.

Retargeting Mlp1 to interphase nuclei
without Nup2 partly rescues the
interphase delay but not the mitotic
delay
Mlp1 is a key element of the nuclear pore
basket that performs various interphase
functions including mRNA export and sur-
veillance, and regulation of SUMO protein
dynamics (Galy et al., 2004; Zhao et al.,
2004). We considered the possibility that
lack of Mlp1 at NPCs during interphase
‘} might therefore contribute to some Nup2
deletion defects. To address this, we first
determined the impact of Mlp1 on cell cycle
duration in A. nidulans. It was previously re-
ported that Mlp1-deleted cells undergo
several nuclear divisions but cannot grow to
form a colony (De Souza et al., 2009). The
localizations of Nup2 (unpublished data)
and NupA are largely unaffected without
Mip1 (Supplemental Figure S2B). We could
therefore monitor mitosis by following
NupA-GFP and NLS-DsRed. NupA is the
targeting partner for Nup2 and, like Nup2,
locates to interphase NPCs and mitotic
chromatin (Markossian et al.,, 2015). We
found that Mlp1 deletion led to a prolonged
presence of NupA on chromatin and a prolonged period with dis-
persed NLS-DsRed indicating that progression through mitosis is
delayed (Supplemental Figure S2, A and B). Quantitation of mitotic
timing revealed a mitotic delay in around 50% of cells that varied
between 11 and 50 min in contrast to <10” for WT cells at room
temperature (Supplemental Figure S2C). Measurement of inter-
phase timing by monitoring two consecutive rounds of NLS-DsRed
dispersal indicated a modest increase in interphase duration
without MIp1 (Supplemental Figure S2D). These results support the
conclusion that Mip1 is important for normal rates of cell cycle
progression in A. nidulans.

To determine whether Mlp1 mislocalization contributes to Nup2-
deletion phenotypes in interphase, we targeted Mlp1 into inter-
phase nuclei without Nup2. This was achieved by fusing the endog-
enous copy of Mlp1 with the NLS sequence of StuA (Suelmann
et al., 1997) that is independent of Nup2 for its nuclear import
(Markossian et al., 2015). NLSS"* was fused in frame with endoge-
nous MIp1-GFP at its carboxy terminus to enable visualization of the
fusion protein by live cell microscopy (Figure 3A). In WT cells, Mlp1-
GFP-NLSS4 behaved like Mlp1-GFP and located to NPCs in inter-
phase, nuclear structures during mitosis, dispersed later in mitosis,
and was reimported and incorporated into NPCs in G1 (Figure 3B).
In the absence of Nup2, although MIp1-GFP-NLSS"“A behaved like
MIp1-GFP during G2 and M, there was a difference between the
two proteins during G1 (Figure 3C). Whereas Mlp1-GFP failed to
return to G1 nuclei (Figure 2B), MIp1-GFP-NLSS“ |ocated to nuclei

AnupA
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Nup2 and NupA facilitate the postmitotic nuclear import of the NPC basket protein
Mlp1. Time-lapse microscopy of MIp1-GFP and NLS-DsRed in (A) WT (SGS102), (B) Anup2
(SGS121-H), and (C) AnupA cells (SGS105-H). (D) Quantitation of the mislocalization of Mlp1 in
asynchronously growing WT, Anup2, and AnupA cells (n = 450 cells). Scale bar, ~5 um.

much quicker in G1 (Figure 2B vs. Figure 3C). Although there was a
delay in the nuclear import of MIp1-GFP-NLSS" in G1 compared
with StuA-NLS-DsRed, this delay was negligible compared with the
delay seen for Mlp1-GFP. In a cell population, the percentage of
cells with dispersed MIp1-GFP were rescued to WT levels in Mlp1-
GFP-NLSSA cells (Figure 3D) indicating that the interphase NPC
location of Mlp1 was largely restored without Nup2 by the NLS
addition.

Mlp1 plays interphase roles and its absence leads to an inter-
phase delay (Supplemental Figure S2D). Therefore, restoration of
the interphase location of Mlp1 in Nup2-deleted cells might at least
in part rescue the interphase delay. Consistent with this expectation,
Nup2-deleted cells with MIp1-GFP-NLSS“A spent significantly less
time in interphase compared with Nup2-deleted cells with Mlp1-
GFP (Figure 3E). Despite partial rescue in interphase delay in Nup2-
deleted cells when Mlp1 location was corrected, no rescue in colony
growth (Supplemental Figure S3A) or mitotic timing was observed
(Supplemental Figure S3B). The results indicate that Nup2 contrib-
utes to normal interphase progression partly by ensuring normal
interphase localization of Mlp1.
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Nup2 is required for normal G1

nuclear accumulation of specific
nucleoplasmic cargoes

Nup2 deletion affects the nuclear localiza-
tion of the nuclear basket-associated
proteins Mad1, Mad2, and Mlp1. Mad1 is
imported via the importin o/p pathway in
yeast (Scott et al., 2005) and Mlp1 is im-
ported via the same pathway in vertebrates
(Ben-Efraim et al., 2009). Nup2 could
therefore potentially affect nuclear import
of specific proteins that are associated with
NPCs. We therefore wished to determine
whether Nup2-affected proteins extend
beyond NPC proteins. In yeast and human
cells, Nup2 interacts with importin o to in-
crease the rate of cargo disassociation
via the canonical importin o/f pathway
(Gilchrist et al., 2002; Lindsay et al., 2002;
Matsuura et al, 2003; Matsuura and
Stewart, 2005). In A. nidulans, Nup2 puri-
fies with importins o and B1 as well as
NupA (Markossian et al., 2015). A. nidulans
has four nuclear transport pathways that
are essential based on knockout analysis of
karyopherin genes (Markina-Inarrairaegui
et al., 2011). Among these pathways, we
expected that Nup2 might function
through the importin o/ pathway and
identified potential cargo proteins that in-
teract with importins o and/or B. The
candidates were identified using affinity
purifications of importin o and B followed
by mass spectroscopy analysis (A.O. and
S.0., unpublished data). We identified
two importin o/ interacting proteins en-
coded by the loci AN2226 and AN5694
(Supplemental Table S3). AN2226 encodes
the predicted orthologue of the THO com-
plex protein Tho2 involved in transcription
elongation in Saccharomyces cerevisiae
(Piruat and Aguilera, 1998). AN5694 en-
codes a ribonucleotidyltransferase protein called CutB involved in
mRNA degradation in A. nidulans (Morozov et al., 2012). Tho2 and
CutB were endogenously tagged with GFP at the carboxy terminus
and their localization during the cell cycle examined. Both proteins
contain predicted classical NLS sequences (http://nls-mapper.iab
.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi). CutB-GFP located to
nuclei during interphase as expected (Figure 4A). During mitosis,
CutB-GFP largely dispersed from nuclei albeit with different kinet-
ics compared with NLS-DsRed (Figure 4A). During mitosis in WT
cells, CutB located to focal structures and this concentration was
compromised in Nup2 null mutants (Figure 4, A and B). What these
structures represent is currently unknown. After completion of mi-
tosis, CutB-GFP located back to interphase nuclei in WT cells
(Figure 4A). In the absence of Nup2, the localization of CutB-GFP
was mildly affected in G1 (Figure 4B). In an interphase cell popula-
tion, measurement of the nuclear-cytoplasmic ratio of CutB-GFP
revealed an approximate twofold difference between WT and
Anup2 cells (Figure 4E). Similar to CutB-GFP, Tho2-GFP located
to interphase nuclei (Figure 4C). During mitosis Tho2-GFP dis-
persed from nuclei later than NLS-DsRed in WT and Anup2 cells

AnupA
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Fusion of Mlp1 with the StuA NLS rescues its interphase nuclear targeting in
Nup2-deleted cells. (A) Cartoon depicting the chimeric protein construct of Mlp1 fused
C-terminally with GFP followed by the StuA-NLS. Live cell confocal images of Mlp1-GFP-NLSSA
and NLSS“A-DsRed in (B) WT cells (SGS311) and (C) Anup2 cells (5GS306-H) during G2-M-G1
transitions. (D) Quantitation of cells based on the localization of Mlp-GFP-NLSS**A and MIp1-GFP
in asynchronously growing WT and Anup2 cells (n = 250 and 450 cells respectively, for WT and
Anup2 cells). (E) Time spent in interphase in Mlp1-GFP and Mlp-GFP-NLSS%A cells with or

without Nup2. p value < 0.001 (n = 20 mitoses each). Scale bar, ~5 pm.

(Figure 4, C and D). Although Tho2-GFP reaccumulated into WT
nuclei in G1 similar to NLS-DsRed, it remained largely cytoplasmic
in Anup2 cells (Figure 4, C and D). In a cell population, measure-
ment of the nuclear—cytoplasmic ratio of Tho2-GFP indicated
an approximate fivefold reduction in Anup2 cells (Figure 4F). To-
gether, these results indicate that Nup2 differentially impacts the
interphase nuclear accumulation of importin a/B interacting nu-
clear proteins while having little to no effect on the nuclear marker
protein NLS-DsRed (Markossian et al., 2015).

We next examined whether the G1 nuclear accumulation of
Mlp1 and Tho2 is dependent on the transport functions of Nup2,
which are known to involve its conserved N- and C-terminal impor-
tin oo and RanGTP-binding domains, respectively (Booth et al.,
1999; Lindsay et al., 2002; Matsuura et al., 2003; Matsuura and
Stewart, 2005). These domains were removed from endogenous
Nup2 (referred to as Nup2AA) and the truncated protein is, perhaps
surprisingly, known to be functional (Suresh et al., 2017). The G1
localization of Mlp1 and Tho2 was examined in Nup2AA cells and
found to be mildly affected when compared with cells without
Nup2 function (Figure 5, A and B, compared with Figures 2B and
4D, respectively). Measurement of interphase timing in Nup2AA
cells indicated a slight delay (Figure 5C) compared with Anup2 mu-
tants (Supplemental Figure S1C). These studies indicate that Nup2
affects G1 nuclear accumulation of proteins in a manner largely in-
dependent of its conserved importin o and Ran-binding domains
involved in accelerating the rate of nuclear transport in yeast and
vertebrate cells.
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Nup2 is required for the normal
localization of the INM protein Ima‘
Because Nup2 deletion leads to specific
nuclear accumulation defects in NPC-asso-
ciated as well as nucleoplasmic proteins, we
next examined whether the localization of
INM proteins is affected without Nup2 func-
tion. Some INM proteins bear classical NLS
sequences and are imported through nu-
clear pores via the importin o/p pathway
involving Nup2 in budding yeast (King
et al., 2006). Previous analyses showed that
the localization of the INM protein MtgA
(Chemudupati et al., 2016), the fission yeast
orthologue of Bqt4 involved in anchoring
telomeres to the NE (Chikashige et al.,
2009), is unaffected without Nup2 function
(Markossian et al., 2015). The localization of
the INM protein Src1 (Liu et al., 2015) was
also unaffected without Nup2 (unpublished
data).

Ima1 is an integral INM protein that helps
connect the nucleus to the cytoskeleton

Dispersed
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along with the other INM proteins Lem2 and
Man1 (King et al., 2008; Hiraoka et al., 2011).
The orthologue of vertebrate Ima1, termed
Samp1, is involved in nuclear movement
(Borrego-Pinto et al., 2012). Interestingly,
without Nup2 function, we observed a de-
fect in the localization of Ima1 within the NE.
Ima1-GFP localizes uniformly around the
nuclear periphery in WT cells during inter-
phase and mitosis (Figure 6A). However,
when Nup2 or NupA was deleted, Ima1 con-
centrated into one or two foci at the nuclear periphery during inter-
phase. It then notably redistributed throughout the NE during mitosis
(Figure 6, B and C). Quantitation of a cell population, based on the
localization of Ima1-GFP, revealed a significant penetrance of this de-
fect (Figure 6D). To determine whether microtubules contribute to
the focal accumulation of Ima1-GFP in Nup2-deleted cells, the cells
were treated with benomyl and we followed the localization of Ima1-
GFP. The focal accumulation of Ima1-GFP in Nup2-deleted cells was
found to be MT-independent (Supplemental Figure S4). Together,
these results indicate that Nup2 functions to ensure normal localiza-
tion of the integral INM protein Ima1 during interphase.

Nup2 mutants exhibit increased microtubule-dependent
nuclear movement during G1

A. nidulans cells contain evenly spaced nuclei in a shared cytoplasm.
However, a prior study revealed that in WT cells, postmitotic G1
daughter nuclei undergo transient bidirectional rapid movement
along hyphae for a short duration before being more stably posi-
tioned evenly apart from each other (Fox et al., 2002). Similar tran-
sient (ca. 5-15 min) postmitotic nuclear migrations have also been
reported for other fungi (reviewed in Aist and Morris [1999]). Fox
et al. tracked GFP-tagged BimG, a type 1 phosphatase that locates
to nuclei and spindle pole bodies, to observe the rapid nuclear
movements after completion of mitosis (Fox et al., 2002, in their
Supplemental file 2 movie). By monitoring NLS-DsRed we were also
able to track mitosis (dispersal of NLS-DsRed from nuclei) as well as
postmitotic G1 nuclear movements (NLS-DsRed within nuclei after
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sumed in the Nup2-deleted cells (Figure 7D).
These results indicate that Nup2 is required
to limit the normal postmitotic microtubule-
dependent nuclear movements transiently
triggered after completion of mitosis in
A. nidulans.
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DISCUSSION

Nup2 is an essential NPC protein in A. nidu-
lans with roles in interphase and mitosis
(Matsuura et al., 2003; Matsuura and Stew-
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art, 2005; Markossian et al., 2015; Suresh
et al, 2017). We recently reported that
Nup2 mediates NPC segregation by bridg-
ing NPCs to chromatin during mitosis such
that nup2 mutants inherit fewer NPCs in
their NE after completion of mitosis (Suresh
etal., 2017). Notably, however, if the mitotic
NPC segregation defect is corrected in
Nup2 null cells, by providing an artificial
chromatin-NPC bridge, cells still remain in-
viable (Suresh et al., 2017) indicating that
additional essential Nup2 functions exist. In
the current study, we investigated the con-
sequences of the loss of Nup2 during inter-
phase and report that Nup2 is required for
the nuclear accumulation of specific pro-
teins after mitosis as well as for stable post-
Hohonn mitotic nuclear positioning in G1.

T Nup2 was previously shown to be re-
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Nup2 affects G1 nuclear localization of different proteins to various degrees. Live
cell imaging of CutB-GFP in relation to NLS-DsRed during interphase and mitosis in (A) WT
(SGS206) and (B) Anup2 cells (§GS290-H). (C) Live cell imaging of Tho2-GFP in relation to
NLS-DsRed during interphase and mitosis in WT (SGS212) and (D) Anup2 cells (SGS263-H).
Quantitation of the nucleo/cytoplasmic ratios of (E) CutB-GFP and (F) Tho2-GFP signal
intensities in interphase cells indicating differential effects without Nup2. p value < 0.0001 for

E and F (n = 25 nuclei each). Scale bar, ~5 pm.

mitosis). By generating kymographs of cells completing mitosis we
could track G1 nuclei and observed nuclei moving immediately after
mitosis before they became less mobile (Figure 7A). Interestingly,
Nup2 mutants exhibited prolonged postmitotic nuclear movement
that extended for more than 30 min after mitosis (Figure 7B). In
Nup2 null mutants, unlike WT cells, it was difficult to track specific
individual nuclei through time because of their higher mobility and
tendency to travel past each other. Therefore, we have presented
kymographs of an entire cell with two nuclei in this case (Figure 7B).
Quantitation of the total distance moved by nuclei for identical time
periods postmitosis indicated a significant increase in the distance
moved by nuclei in Anup2 in comparison to WT cells (Figure 7C).
We next examined whether the excessive movement of postmi-
totic G1 nuclei was dependent on the microtubule cytoskeleton.
Treatment of postmitotic G1 cells with the microtubule depolymer-
izing drug benomyl had little effect on the movement of G1 nuclei
of WT cells (Figure 7D). However, in Nup2-deleted cells, addition of
benomyl stopped the extensive nuclear movement seen during
postmitotic G1 nuclei (Figure 7D). However, upon removal of beno-
myl, allowing repolymerization of microtubules (Horio and Oakley,
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the NPC basket-associated protein Mad1
although Nup2 is not required for the nu-
clear accumulation of NLS-DsRed (Markos-
sian et al, 2015). Extending this analysis
to other nuclear pore basket-associated
proteins, we find that the Mad1-anchoring
protein Mlp1, as well as Mad2, also do not
accumulate normally in G1 nuclei without
Nup2. In yeast and vertebrate cells, the
tethering of Mlp1 to NPCs is dependent on
Nup153 (NupA is the likely A. nidulans Nup153 functional ortho-
logue; Hase and Cordes, 2003). However, our studies in A. nidulans
indicate that Nup2 and NupA are involved in the nuclear import of
Mlp1, Mad1, and Mad2. In A. nidulans, Mlp1 acts as a tether for
Mad1 and Mad2 at the NPC basket within nuclei (De Souza et al.,
2009) and in the absence of Mlp1, both Mad1 and Mad2 are trans-
ported into nuclei but then fail to locate to NPCs and remain in the
nucleoplasm (De Souza et al., 2009). This indicates that their nuclear
accumulation is not dependent on NPC tethering. In contrast, when
Nup2 is deleted neither Mad1 nor Mad2 locates within nuclei after
mitosis but instead remain in the cytoplasm for an extended dura-
tion. The data indicate that Nup2 likely plays a role in the nuclear
transport of Mlp1, Mad1, and Mad2 but not for the import of NLS-
DsRed. This suggests Nup2 might preferentially affect nuclear im-
port of NPC-associated proteins. However, analysis of two additional
nuclear proteins provides evidence that Nup2 affects the nuclear
accumulation of different proteins to different degrees. Although
the conventional nuclear transport roles of Nup2 are mediated via
its N- and C-terminal domains, lack of these domains in A. nidulans
does not drastically impact the nuclear accumulation of the proteins

quired for the timely G1 accumulation of
Tho2
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consecutive cycles of mitotic NLS-DsRed dispersal in comparison to
WT cells. p value < 0.0001 (n = 50 mitoses each for control and
mutants). Scale bar, ~5 pm.

affected in the absence of Nup2. These findings suggest that Nup?2
promotes nuclear accumulation of specific proteins in G1 via mech-
anisms that are independent of its conserved IABD and RBD

A. WT B.

Anup2

domains and could potentially involve effective mitotic NPC inheri-
tance (Suresh et al., 2017).

Because Mip1 is the key architectural element of the nuclear bas-
ket (Krull et al., 2010; Niepel et al., 2013), lack of nuclear Mlp1 in
Nup2-deleted cells compromises the NPC basket structure. mRNA
surveillance and export proceeds with docking of mRNPs onto the
nuclear basket of NPCs (Zhang et al., 2002; Zhao et al., 2004; Green
et al., 2003; Saroufim et al., 2015; Schneider et al., 2015). Hence, it
is likely that aspects of RNA biology are defective in the absence of
Nup2, although this remains to be directly tested. Interestingly,
some interphase defects caused by the mislocalization of Mip1 to
the cytoplasm in the Anup2 null mutants are somewhat fixable as
indicated by a rescue in interphase delay by artificial targeting of
Mlp1 to NPCs without Nup2. We have previously shown that dele-
tion of Mlp1 does not impact the SAC response in A. nidulans
(De Souza et al., 2009). Consistent with that observation, we find
that in the absence of Mlp1, cells undergo a delay before anaphase
with Nup2 and NupA locating throughout unseparated mitotic
chromatin. Therefore, it is likely that Mlp1 performs yet unidentified
early mitotic roles in A. nidulans.

In addition to NPC proteins, Nup2 is required for the G1 nuclear
accumulation of other proteins that purify with importins o/p. Al-
though the examined proteins CutB and Tho2 possessed classical
NLS sequences, Tho2 was more sensitive for its nuclear import to
lack of Nup2 function. Therefore, there might be other determinants
in proteins in addition to their NLS sequences that dictate the Nup2
dependence of their nuclear import as previously reported for
Nup124 (Dang and Levin, 2000; Varadarajan et al., 2005; Sistla
et al., 2007). Nuclear protein transport dependencies on specific
Nups have been observed before which could also contribute to
differential import of a subset of proteins (Balasundaram et al., 1999;
Dang and Levin, 2000; Varadarajan et al., 2005; Sistla et al., 2007;
Walde et al., 2012).

Another consideration to take into account for understanding the
varying effects of Nup2 deletion on nuclear import of different pro-
teins is that NLS sequences with varied strengths have previously
been noted (Hodel et al., 2001; Kakar et al., 2007). In yeast and hu-
mans, Nup2 contributes to the recycling of
importin-o. from the nucleus to the cyto-
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plasm, making it available for further import
complex formation (Solsbacher et al., 2000;
Matsuura and Stewart, 2005). If importin-o.
becomes limiting in the cytoplasm without
Nup2, one can imagine a scenario in which
only high-affinity NLS sequence-bearing
proteins would manage to bind the avail-
able limited importin o and get imported
preferentially over weaker NLS-bearing pro-
teins. Moreover, the abnormal occurrence
of peripheral FG Nups in the cytoplasm
without Nup2 (Suresh et al., 2017) could
lead to their binding of importin B, further
limiting the importin a/f complex available
for nuclear import. In the future, it might be
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Nup2 is required for normal interphase localization of the INM protein Ima1.
Localization of the INM protein Ima1-GFP in relation to NLS-DsRed in (A) WT (HA449) cells,
(B) Anup2 cells (SGS159-H), and (C) AnupA cells (SM106-H) during G2-M-G1 transitions.

(D) Quantitation of cells based on the localization of Ima1-GFP along the nuclear rim vs. at a
concentrated focus in WT, Anup2, and AnupA cells (n = 387, 158, and 186 cells, respectively).

Scale bar, ~5 pym.
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informative to examine the localization of
importin o and B to determine whether their
localizations are altered by lack of Nup2.
Another nuclear protein that is mislocal-
ized in the absence of Nup2 is the INM
protein Imal. As an integral INM protein
containing multiple transmembrane do-
mains, Imal remains at the NE throughout

Anup2 AnupA
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import of Imal. Some INM proteins are
transported to the INM after integrating
into the endoplasmic reticulum membrane
through the nuclear pore membrane into
the INM (King et al., 2006, Meinema et al.,
2011). Therefore, if INM proteins fail to be
transported though NPCs to the INM, they
typically remain located within the endo-

plasmic reticulum (ER) (King et al., 2006;
Meinema et al., 2011). However, rather than
occurring in the ER without Nup2/A func-
tion, Ima1 locates to foci at the nuclear pe-
riphery. At this time, we cannot explain why
Imal accumulates at such foci in the ab-
sence of Nup2/A. Further studies are re-
quired to identify the exact location of the
Ima1 foci and to better understand whether
this defective location is in fact caused by
defects in nuclear transport of Ima1 in the
absence of Nup2 and NupA. Interestingly, a
recent study found that the INM proteins
Heh1 and Heh2 in S. cerevisiae possess
highly potent NLS sequences that can bind
the importin B-binding domain of importin
o in the absence of importin B (Lokareddy
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etal., 2015). In such a scenario when the im-

port complexes lack importin B, RanGTP

binding would be insufficient for cargo re-
30’ lease. Importantly, Nup2 displaces Heh2
from importin by competing for the same
binding site on importin o, facilitating cargo
release in the nucleoplasm. Therefore, the
presence of noncanonical, high-affinity NLS
sequences could also contribute to differen-
tial nuclear protein import defects in the ab-
sence of Nup2. However, deletion of the

v

25.6 pm

Nup?2 is required to limit microtubule-dependent nuclear mobility after mitosis in
early G1. Kymographs of NLS-DsRed during mitosis (yellow line) and for 30 min into G1 (red line)
in (A) WT cells (5§GS197) and (B) Anup2 cells (SGS159-H). (C) Quantitation of total distance
moved by nuclei in G1 analyzed for 15 min at 1 min intervals (n = 10 mitoses each for WT and
Anup2 cells. p value < 0.0001). (D) Kymographs of NLS-DsRed 30 min postmitosis followed by
addition of 2.4 pg/ml benomyl for 15 min and after benomyl washout for 15 min.

interphase and during mitosis in WT cells. However, in the absence
of Nup2 or NupA, the levels of Ima1 around the NE are reduced and
one to two foci of the protein instead accumulate at the nuclear
periphery. Most noticeably, when cells enter mitosis, Ima1 levels at
the foci drop while the levels around the NE increase. Upon comple-
tion of mitosis and entry into interphase Ima1 remains at the NE but
no longer locates at foci. Ima1 subsequently accumulates at the NE
foci before the next mitosis. These Ima1 locations in Nup2 and
NupA null cells might be explained if the ability of Ima1 to locate to
the INM during mitosis is linked to the opening of NPCs that occurs
during A. nidulans mitosis. In this scenario, the absence of Nup2 or
NupA might potentially prevent nuclear import of Imal such that
when NPCs open during mitosis Imal can then enter nuclei to the
INM through the partially open mitotic NPCs. Once it has entered
the mitotic nuclei, it remains there after mitosis while newly synthe-
sized Ima protein fails to enter nuclei and so again accumulates at
foci. In this model, Nup2 and NupA would be involved in the nuclear
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N- and C-terminal regions of Nup2 have
minimal effect on protein import suggesting
that the central region of Nup2 might be in-
volved in cargo release.

Another unexpected phenotype ob-
served in Nup2 null mutants was excessive
nuclear movement during G1 and lack of
stable nuclear positioning in the cytoplasm
as is typical of WT cells. In A. nidulans, and
some other filamentous fungi, nuclei are evenly spaced within inter-
phase hyphae via microtubules and the motor protein dynein.
During mitosis, as daughter nuclei are forming, they are moved via
the mitotic spindle apparatus, most noticeably during telophase.
However, once nuclei exit mitosis and enter G1 they undergo addi-
tional transient increased movements (Fox et al., 2002), which can
involve them passing each other moving both toward and away from
the growing tip of the cell, mediated by microtubules. Because cel-
lular compartmentalization occurs by septation after mitosis in fila-
mentous fungi, nuclear mixing involving transient rapid movements
up and down hyphae perhaps provides a mechanism for cells to
maintain a heterogeneous nuclear population within compartments.
Consistent with reported studies (Fox et al., 2002), we found that WT
nuclei exhibit transient rapid movements before being more steadily
positioned in the G1 cytoplasm after mitosis (Figure 7). However,
Nup2 mutant nuclei continue to move along hyphae, in both direc-
tions, for a prolonged duration. Interphase nuclear movement and
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positioning is known to be an active microtubule-dependent process
in A. nidulans (Oakley and Morris, 1980). The rapid nuclear move-
ment in cells lacking Nup2 was abolished when microtubules are
depolymerized, indicating that the transient rapid nuclear move-
ments seen in G1 are also microtubule based, similar to WT cells.
How cells regulate the transition from rapid two-way nuclear move-
ments in early G1 to having nuclear movement regulated to ensure
less mobile and evenly spaced locations for the rest of interphase
remains to be determined. However, our analysis indicates Nup2 and
NupA functions are required for cells to complete this transition. To
test whether the excessive G1 nuclear movements in Nup2 nulls are
a consequence of the mitotic NPC segregation defect, we utilized
cells where this defect is fixed by an artificial NPC-chromatin bridge
as described previously (Suresh et al., 2017). Interestingly, analyses
of the nuclei in Nup2 null cells in which the NPC segregation defect
is fixed revealed that they still moved their nuclei excessively over a
15 min period after mitosis (27.7 + 7.5 um compared with WT cells
10.5 £ 3.4 pm). In addition, in a population, WT cells are rarely seen
to exhibit nuclear movements in interphase, whereas Nup2 null cells
exhibited abnormal nuclear movements irrespective of whether mi-
totic NPC segregation proceeded normally or not. Therefore, the
nuclear movement phenotypes seen in Nup2 nulls is independent of
defects in NPC segregation. Interestingly, Samp1, the mammalian
orthologue of the INM protein Imaf1, is involved in nuclear migration
and positioning (Borrego-Pinto et al., 2012). Although deletion of
Imal in A. nidulans has no obvious effect on nuclear movement
(unpublished data), it is difficult to rule out the possibility that mislo-
calized Ima1 in Nup2-deleted cells could contribute to defective
nuclear positioning. To test whether mislocalization of Ima1-GFP
could contribute to nuclear positioning defects, we performed a
double deletion of Ima1 and Nup2 to track nuclear movement and
positioning. However, the double-deleted cells were unable to grow
past the swollen spore stage prohibiting further analysis.

Taken together, our studies reveal that Nup2 performs diverse
functions to ensure normal nuclear functions and behavior and cell
cycle progression. Although studies in budding yeast and human
cells have highlighted the importance of Nup2 in the nuclear trans-
port cycle, work in the filamentous fungus A. nidulans reveals addi-
tional intricacies in the functions of Nup2 during nuclear transport
and beyond. It is interesting to note that Nup2 is involved in
NPC inheritance in A. nidulans indicating further studies are war-
ranted to determine if specific defects in nuclear biology caused
by lack of Nup2 or NupA represent a global response to reduced
NPC number.

MATERIALS AND METHODS

General techniques

Classical genetic techniques, media preparation, culture, and trans-
formation of A. nidulans were done as described previously
(Pontecorvo et al., 1953; Osmani et al., 2006; Markossian et al.,
2015). The heterokaryon rescue technique was used to study the
phenotypes of the essential genes nup2, nupA, and milp1 as de-
scribed previously (Osmani et al., 2006). Strains used in the study
are listed in Supplemental Table 1, and the oligos used in the study
are listed in Supplemental Table 2. All experiments were repeated at
least three times and at least two independent transformants were
examined for every experiment.

Imaging analysis

Cells were grown and imaged live as described previously
(Markossian et al., 2015). A spinning disk confocal system (Ultra-
VIEW Vox CSUX1 system; PerkinElmer) with 440-, 488-, 515-, and
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561-nm solid state lasers and dual back-thinned EM CCD cameras
(C9100-13; Hamamatsu Photonics) on a microscope (Ti-E; Nikon)
with the dual camera mode utilizing a 60x/1.4 NA Plan-Apochro-
mat objective lens (Nikon) was used. The distance between imag-
ing planes was 0.8 pm. The microscopy images are represented as
maximum intensity projections.

Quantitation analysis

Analysis of microscopy data was performed using the following soft-
ware: 1) Volocity (PerkinElmer), 2) UltraVIEW (PerkinElmer), and
3) ImageJ (National Institutes of Health). Microsoft Excel (Microsoft)
was used for plotting graphs and statistical analysis. A paired, two-
tailed t test was performed to test for statistical significance. Data
points represent the mean + SD. Localization analysis of Mad2-GFP,
MIp1-GFP, and Mlp1-GFP-NLSS*A in nup2 or nupA deletions was
performed as described previously for Mad1-GFP (Markossian et al.,
2015). Mitotic cells were identified based on the dispersal of the
NLS-DsRed signal from nuclei and the localization of Mad2-GFP as
a nuclear focus and MIp1-GFP/ MIp1-GFP-NLS4 as nuclear sig-
nals. For measurement of Ima1 mislocalization, cells with a focus of
Ima1-GFP at the nuclear periphery were measured as defective. The
nuclear periphery was inferred from the NLS-DsRed signal within
nuclei. For measuring interphase timing, long-term time-lapse im-
ages were captured at 10-min intervals. NLS-DsRed dispersal was
counted as mitosis and the time between two consecutive mitoses
was calculated as the time spent in interphase. Typically, the time
between first and second or second and third mitoses was mea-
sured and used for the analysis. For measurement of mitotic timing,
the time for which the NLS-DsRed signal was dispersed from nuclei
in the cell was measured. For analysis of Amlp1 cells, a mitotic time
of 10 min or lower was counted as normal mitosis; higher than
10 min was counted as delayed mitosis. For measuring nuclear and
cytoplasmic localization of CutB-GFP and Tho2-GFP, nuclei were
defined using the nuclear NLS-DsRed signal and the mean green
fluorescence intensity in the defined red voxels was measured. For
measuring mean cytoplasmic intensity, regions of interest (ROls)
were drawn in the cytoplasm and the average fluorescence intensity
was measured. Mean background intensities were measured using
the same ROls in the field but adjacent to the cells of interest and
subtracted from the nuclear and cytoplasmic intensity values. A ratio
was then obtained using the background-corrected values. For
measurement of nuclear movement, nuclei were tracked using the
nuclear NLS-DsRed signal. The total distance moved by G1 nuclei
for 15 min after mitosis followed at 1 min intervals was measured
using Volocity software and plotted. Kymographs were generated
from movies collected at 1 min intervals following the localization of
NLS-DsRed in WT and mutants. Benomyl was added at a concentra-
tion of 2.4 pg/ml to depolymerize microtubules (Ovechkina et al.,
1999).
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