










et al., 2001; Lutzmann et al., 2002); therefore, we consider it
likely that a similar Nup107/Nup133-containing protein com-
plex is recruited to the chromosomes in U. maydis.

In animal cells, it has been described that the Nup107-160
subcomplex associates with the kinetochores (Loiodice et al.,
2004). However, in U. maydis Nup107-GFP diffusely localized
on the entire chromosome mass that surrounds the spindle in
metaphase and early anaphase (Figure 4, A and B; chromo-
somes were labeled by histone4-CFP [H4], microtubules were
visualized by YFP-�-tubulin [Tub]; strains FB2YT1-H4C and
FB2N107Y_CT). This raised doubt about a recruitment of
Nup107-160 complex to the fungal kinetochores. Therefore,
we generated a strain that contained Nup107-RFP and a
fusion protein of the U. maydis homologue of kinetochore
protein Mis12 (UM04180; 14% identity to human Mis12 and
21% to Mtw1 from S. cerevisiae), fused to 3xGFP (strain

FB2N107R_Mis12G; Figure 4, A and B). Indeed, the kineto-
chore marker only partially overlaps with Nup107. Thus,
Nup107 localizes to the chromosomal DNA, rather than
specifically to kinetochores.

Nup107 Occurs at the Edge of the Separating DNA
in Anaphase B
In anaphase A, a short spindle forms; the spindle rapidly
elongates in anaphase B, thereby segregating the chromosomes
between the mother and the daughter cell (Fink et al., 2006).
The new envelopes are reestablished from the distal rim of the
separating chromosome masses (Straube et al., 2005). Interest-
ingly, spindle elongation seemed to coincide with the recruit-
ment of existing ER to the condensed chromosomes (Figure
5A, arrow; DNA is stained with histone 4 CFP and the ER with
YFP-HDEL; strain FB1ERY_H4C; and Supplemental Movies 9

Figure 4. Nup107 in U. maydis does not co-
localize with kinetochores in mitosis. (A) In
metaphase, a short spindle, lableded by YFP-
�tubulin (Tub), is formed in the daughter cell
that is surrounded by the condensed chromo-
somes, labeled by histone 4-CFP (H4). Nup107-
YFP (107) also encompassed the metaphase spin-
dle. Nup107-RFP (107) does not seem to
colocalize with the kinetochore protein Mis12
(Mis), labeled with 3xGFP. Bar, 2 �m. (B) In
anaphase A, the spindle (Tub) slowly elon-
gates, and the chromosomes (H4) align along
the spindle. Nup107-YFP (107) shows a similar
distribution, indicating that the nucleoporin
remains at the DNA during early anaphase.
Nup107-RFP again does not colocalize with
Mis12-3xGFP (Mis).

Table 2. Comparison of nucleoporins in U. maydis, S. cerevisiae, and H. sapiens

U. maydis S. cerevisiae H. sapiens Protein domaina

um04509 Nsp1p (25.9) Nup62 (28.4) C-terminal Nsp1_C domain
um05489 Nup1p (21.4) Nup153 (21.3)
um02688 Nup2p (18.2) Nup50 (14.3) C-terminal Ran binding domain
um02245 Sec13p (45.3) Sec13R (45.7) WD repeats
um01308 Nup42p (26.5) NupL2 (21.9) N-terminal zinc finger
um01418 Nup49p (23.8) NupL1 (20.4) Coiled coil domain
um11701 Nup57p (23.4) Nup54 (17.6)
um04795 Nup84p (21.2) Nup107 (23.6) Nup84_Nup100 domain
um04624 Nup85p (16.9) Nup85 (22.6) N-terminal Nup85 domain
um03813 Nic96p (27.3) Nup93 (27.3) NIC domain
um00639 Nup120p (16.5) Nup160 (19.7)
um02855 Nup133p (15.9) Nup133 (18.5) C-terminal Nup133 domain
um05158 Nup100p (18.3) Nup98-96 (25.5) Central nucleoporin 2 domain

Nup116p (18.8)
N/C-Nup145 (19.0)

um03853 Nup157p (20.2) Nup155 (24.2) Nup170 domain
Nup170p (20.9)

um01089 Nup159p (16.2) Nup214 (20.2)
um02524 Nup192p (15.9) Nup205 (21.5)
um01075 Mlp1 (18.9) TPR (18.5) C-terminal TPR_Mlp1_2 domain

Mlp2 (19.6)
um03950 Yrb2p (24.7) RanBP3 (21.3) C-terminal Ran binding domain
um03762 Gle2p (34.7) RAE1 (37.3) WD repeats
um03963 Pom152p (22.5) 3 N-terminal TM domains

Sequences of full-length U. maydis proteins were compared with sequences of S. cerevisiae and H. sapiens in NCBI databases. Percentage of
identity of full-length U. maydis proteins to their respective homologues is given in parentheses.
a Protein domains were predicted by the SMART server.
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and 10). While the spindle elongated, increasing amounts of
Nup107-RFP accumulated at the rim of the dividing DNA
(Figure 5B; strain FB2N107R_H4G), whereas minor traces were
still found on the separating chromosomes (Figure 5C, arrow).
First, patches of Nup107 occurred in late anaphase (Figure 5B).
In contrast, Nup214 and Pom152 levels above background in
the cytoplasm/endoplasmic reticulum were only detectable
after nuclear envelopes (NEs) had closed and began to expand
with a circumference of �4 �m (Figure 5D; strains
FB2P152G_ER and FB2N214G_ER). Thus, our experiments
suggest that Nup107 is the first of the markers investigated that
returns to the nuclear envelope. A similar order of addition has
been found in vertebrate cells (Harel et al., 2003; Walther et al.,
2003). However, we cannot exclude that undetectable traces of
other nucleoporins arrive with Nup107 at the nuclear enve-
lope.

In human cells and Xenopus laevis egg extracts depletion of
Nup107-160 leads to failure to incorporate NPCs into nuclear
envelopes (Harel et al., 2003; Walther et al., 2003). To test
whether Nup107 is essential in U. maydis, we used a genetic
analysis using a viable diploid strain that contained only one
wild-type allele of nup107. Analysis of the offspring after plant
infection revealed that of 57 germinated strains none carried

the deletion. This result strongly suggests that nup107 is essential
in U. maydis. To confirm this finding, we generated a conditional
promoter mutant of nup107 by using the crg-promoter, which is
repressed in the presence of glucose (Bottin et al., 1996). Although
low levels of Nup107-GFP persisted in these mutants under re-
strictive conditions, cells showed clustering of NPCs and morpho-
logical defects (Supplemental Figure 1; strain FB2rN107G).

Ordered Reassembly of NPCs in Telophase
In anaphase, membranes are recruited to form the new
envelopes. Nup107 occurred at the poles of the dividing
chromosome masses. At this stage, Nup214 was still undetect-
able and Pom152 only diffusely labeled the envelopes (Figure 6A;
strains FB2nRFP_ERG, FB2N107G_ER, FB2N214G_ER, and
FB2P152G_ER; and Supplemental Movies 11 and 12). Subse-
quently, Nup214-RFP appeared slightly before Pom152-GFP
levels increased above background ER fluorescence (Figure
6, C and D; strain FB2P152G_214R; and Supplemental Movie
13). All nucleoporins continuously accumulated until they
reached a maximum in G2 phase (Figure 6C; strains
FB2N107G_nR, FB2N214G_nR, and FB2P152G_nR; Supple-
mental Movie 14). Protein import, monitored by the appear-
ance of the nlsRFP reporter protein, was not found until the

Figure 5. Nup107 rearrangement in anaphase. (A) As mitosis progresses through anaphase, the outer rims of the DNA masses (labeled by
histone 4-CFP; H4) seem to collect ER membranes (marked by YFP with an ER retention signal) that are later incoporated into the newly
forming nuclei (arrow). The outline of the cell is indicated by a profile in the first image. D, daughter cell; and M, mother cell. Time is given
in minutes. Bar, 3 �m. Also see Supplemental Material. (B) Colocalization of Nup107-RFP (107) and histone 4-GFP-labeled chromosomes (H4)
shows that the nucleoporin leaves the DNA and occurs at the outward edge of the separating chromosome masses during spindle elongation.
In late anaphase B, Nup107 concentrates in small areas. Bar, 3 �m. (C) Line-scan analysis of an anaphase B spindle demonstrates that traces
of Nup107-RFP are still found on the chromosomes (arrow), whereas most of the protein concentrates at the poles of the separating DNA.
Bar, 3 �m. (D) In anaphase B, the new envelope begins to form at the outward rim of the chromosomes. Although Nup107 becomes
incorporated into the newly forming NE, the other nucleoporins (Nup214, Pom152) are not yet concentrated at the new NE. Bar, 1.5 �m. Also
see Supplemental Material.
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diffusely distributed Pom152 started to accumulate in NPCs
(Figure 6A, nlsRFP; and Supplemental Movie 14), which did
not occur before NE closure and the onset of NE expansion.
Import continued while the nuclei enlarged during chromo-
somes decondensation (Figure 6B; strain FB2nRFP_ERG)
and a steady-state level was reached in cells with growing
buds, which are considered to be in G2 phase (Snetselaar
and McCann, 1997; Figure 6B). Together, these data suggest
that nuclear pores assemble in a stepwise manner, with
Nup107 being the first of the nucleoporins investigated at
the new forming envelope. However, nuclear import begins
in telophase, when the envelope closes (O’Donell and
McLaughlin, 1984b) and all nucleporins started to accumu-
late in the NPCs.

NPC Reassembly Proceeds Independently of Spindle
Elongation
We also set out to gain further insight in the mechanism of
nuclear envelope reassembly in living U. maydis cells. The
formation of the new envelope seemed to involve recruit-
ment of existing ER tubules by the elongating anaphase
spindle (Figure 5A and Supplemental Movies 9 and 10),
which is expected to involve microtubules. To investigate

whether nuclear envelope formation depends on spindle
elongation, we treated mitotic cells with benomyl, an inhib-
itor that disrupts fungal microtubules within 5 min (Fink
and Steinberg, 2006). Unfortunately, we have no means to
synchronize U. maydis; therefore, we selected large-budded
cells from logarithmically growing cultures that were char-
acterized by the presence of Nup107-GFP on chromosomes
flanking a short spindle in the daughter cell (Figure 4B; also
see Materials and Methods). These cells have entered an-
aphase (Fink and Steinberg, 2006); therefore, we expected
that the benomyl treatment should not activate mitotic spin-
dle assembly checkpoints that would halt all processes
associated with cell cycle progression. After 7 min on a
benomyl-containing cushion (see Materials and Methods for
details), most of the RFP-tubulin fluorescence was cytoplas-
mic (Figure 7A). This confirmed previous data showing that
this method leads to disassembly of the mitotic spindle
microtubules in U. maydis (Fink and Steinberg, 2006). Con-
sequently, chromosome segregation was abolished, and the
DNA remained in the daughter cell (data not shown). De-
spite the absence of the microtubules and an elongating
anaphase B spindle, a nuclear envelope was formed within
7 min (Figure 7B). This envelope contained nucleoporins

Figure 6. Ordered reassembly of NPCs in telophase. (A) The new envelope closes in telophase (O’Donell and McLaughlin, 1984b). At this
stage, Nup107 concentrates in the NE, whereas only traces of Nup214 and Pom152 are found. Note that low levels of Pom152 are present all
over the ER. The nuclear marker NLS-3xRFP (nRFP) does not yet occur in the lumen of the small envelopes, indicating that protein import
has not yet started. Bar, 1.5 �m. (B) As the chromosomes decondense, NLS-3xRFP occurs in the interior of the expanding nucleus, indicating
that active protein import takes place. Nuclear import proceeds until cells begin to grow and form apical buds (integrated intensity; triangles),
which indicates the beginning of G2 phase (Snetselaar and McCann, 1997; open symbols). Image series was taken from a single cell; the graph
is based on the analysis of numerous nuclei whose circumference at a central plane was taken as an indication of their size and degree of
chromosome decondensation. Elapsed time is given in minutes:seconds. Bar, 1.5 �m. (C) Quantitative analysis of the signal intensity of
Nup107-GFP, Pom152-GFP, and Nup214-GFP (strains strains FB2N107G_ER, FB2N214G_ER, and FB2P152G_ER) in relation to the size of the
nucleus, indicated by its circumference. An estimate of the timing and correlation to the cell cycle is presented above the graph. The amount
of all nucleoporins continuously increases until cells begin to bud and reach G2 phase (open circles). (D) Colocalization of Pom152-GFP and
Nup214-RFP in nuclei with a circumference of �4 �m shows that Pom152-GFP gives only a weak punctuate localization as indication of
incorporation into NPCs, whereas the signal of Nup214-RFP is more pronounced (strain FB2P152G_214R), suggesting that Pom152
accumulates slightly before Nup214. Bar, 1 �m.
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(Figure 7C) and imported the nlsRFP reporter protein (Fig-
ure 7D), indicating that these new envelopes contained func-
tional NPCs. Next, we tested for a role of F-actin in NE
formation. We previously demonstrated that the inhibitor
latrunculin A rapidly depolymerizes F-actin in U. maydis
(Fuchs et al., 2005). In many fungi, phalloidin does not
bind to F-actin (Heath et al., 2003), and this includes U.
maydis (unpublished data). Therefore, we placed control
cells with fimbrin-GFP labeled actin patches (strain
FB2Fim2G; Castillo-Lluva et al., 2007) on agarose pads

containing 10 �M latrunculin. This treatment led to dis-
assembly of the fimbrin-GFP–stained actin patches within
5 min (data not shown), but it had no obvious effect on
nuclear envelope or pore formation (Figure 7E, LatA).
However, when cells were simultaneously treated with
both 10 �M latrunculin A and 30 �M benomyl, Nup107
did not accumulate into dots, suggesting that functional
pores did not assemble. Consequently, we observed no
import of nRFP (Figure 7E, LatA 	 Ben). These results
suggest that microtubules and F-actin cooperate in refor-
mation of the NE, but neither component of the cytoskel-
eton is essential on its own.

DISCUSSION

A fundamental difference between mitosis in animals and
fungi is the behavior of the nuclear envelope and its nuclear
pores (Figure 8). In animal cells, the nuclear envelope breaks
down in prophase, and it is removed by a microtubule-
based mechanism that involves the motor protein dynein
(Beaudouin et al., 2002; Salina et al., 2002). Simultaneously,
the NPCs disassemble and transmembrane domain-an-
chored compounds disperse into the ER, whereas peripheral
nucleoporins are released into the cytoplasm or are recruited
to the chromosomes and kinetochores (Terasaki et al., 2001;
Loiodice et al., 2004). Subsequently, the nucleoporins of the
Nup107-160 complex return from the chromosomes to the
newly forming envelope in anaphase, where they participate
in the assembly of the NPC (Belgareh et al., 2001). In contrast,
in fungi the mitotic spindle is formed within the intact
nuclear envelope (Sazer, 2005). In such closed mitosis in S.
cerevisiae, the NPCs remain intact (Hetzer et al., 2005),
whereas in A. nidulans, NPCs partially disassemble (De
Souza et al., 2004). However, central compounds such as the
Nup107-160 complex still remain in the envelope (Osmani et
al., 2006), suggesting that the recruitment of the Nup107-160
complex to the chromosomes might be linked to the mech-
anism of the open mitosis.

In this study, we set out to investigate the behavior of
nucleoporins in the open mitosis of U. maydis, which was
reported recently (Straube et al., 2005). In agreement with
our expectations, most of the 23 nucleoporins that we iden-
tified in the U. maydis genome were found to have close
homologues in S. cerevisiae. However, some nuclear pore
proteins in U. maydis showed up to 5–6% higher identity
with their human counterpart. Among these are Nup107
and Nup133, which are components of the Nup107-160 com-
plex in human cells. We describe here that both proteins
leave the nuclear envelope at the onset of mitosis, but they
return at the chromosomes in metaphase and are the first
that reappear at the rim of the segregating chromosomes in
anaphase. This dynamic rearrangement is in agreement with
the behavior of their orthologues in human cells (Belgareh et
al., 2001; Loiodice et al., 2004). However, in contrast to hu-
man Nup107/133, the fungal counterparts do not seem to
colocalize with Mis12, which is an important kinetochore
component in humans and fission yeast (Goshima et al.,
1999; Amor et al., 2004). The biological role of U. maydis
Nup107/133 at the meta- and anaphase chromosomes in not
known. In later stages in mitosis, Nup107 occurs first at the
newly formed envelopes, and nup107 null mutants are not
viable. This behavior is reminiscent of animal cells, in which
Nup107 participates in the reformation of the NPCs (Boeh-
mer et al., 2003; Harel et al., 2003; Walther et al., 2003).
However, Nup107 is also essential in fission yeast, which
might be related to defects in its function in transporting
poly(A)	 RNA across the nuclear envelope (Bai et al., 2004).

Figure 7. Role of the cytoskeleton in nuclear envelope reassembly.
(A) Cells that express 2xRFP-Tub1 (Tub1) were placed on agarose
cushions containing 30 �M benomyl. After 7 min (T � 7
), micro-
tubules of the spindle are mainly disrupted (inset). D, daughter cell;
and M, mother cell. Bar, 5 �m. (B) Anaphase cells are characterized
by a cloud-like Nup107-GFP signal in the daughter cell that is
divided by a cleft representing the spindle (see Figure 4). When
placed on benomyl cushions (T � 0
), no ER membranes, marked by
ER-RFP (ER), were surrounding the chromosomes. However, after
7-min treatment with benomyl (T � 7
), ER membranes surround
the undivided chromosomes. These membranes are also decorated
with a distinct Nup107-GFP signals, suggesting that they are newly
formed NEs. Note that nuclear division and migration stopped in
the absence of microtubules. Bar, 5 �m. (C) All nucleoporins tested
reappear after 7 min of treatment with benomyl (T � 7
; strains
FB2N133G_ER, FB2N214G_ER, and FB2P152G_ER). Bar, 2 �m. (D)
In the absence of microtubules, chromosomes still decondese, and
the Nup107-GFP containing nuclei enlarge. In agreement with the
appearance of nucleoporins, protein import occurs, which is indicated
by increasing levels of the NLS-3xRFP reporter protein (nRFP; T � 20
),
suggesting that functional pores are formed. Time is given in minutes.
Bar, 5 �m. (E) Treatment with 10 �M of the F-actin inhibitor latrunculin
A did not have an obvious effect on NPC formation (Nup107) and
protein import (nRFP; left, LatA), whereas simultaneous treatment
with latrunculin and benomyl (right, LatA 	 Ben) abolished the for-
mation of Nup107-labeled NPCs and nuclear import, suggesting that
microtubules and F-actin cooperate in NE formation in U. maydis. Time
is given in minutes. Bar, 2 �m.
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Consequently, the observed lethality of mutations in nup107
in U. maydis could also be due to a malfunction of the NPCs
in interphase.

Open or Closed Mitosis: Which Came First?
Our studies on the mechanism of open mitosis in U. maydis
suggest that this organism combines features of the ascomy-
cete fungi, such as S. cerevisiae and A. nidulans, and animal
cells. As a fungus U. maydis shares much sequence similarity
with its fungal cousins, which is best illustrated by the
presence of Pom152 that is absent from animals. In contrast,
U. maydis removes the nuclear envelope (Straube et al., 2005),
a process that is not found in the other ascomycete model
fungi. The data presented in this study place U. maydis
mitosis even more similar to animals. We demonstrate that
the NPCs disassemble in prophase and that the Nup107-160
complex is recruited to the DNA, albeit not to the kineto-
chores. In view of these results, we consider it likely that the
open mitosis resembles an evolutionarily original mode of
chromosome inheritance. This is supported by ultrastruc-
tural data in zygomycete fungi. This ancient group of fungi
is considered to be the ancestors of ascomycetes, including S.
cerevisiae and A. nidulans, and of basidiomycetes, such as U.
maydis (Fitzpatrick et al., 2006). Ultrastructural data indicate
that zygomycete fungi also undergo an open mitosis,
whereas this has not been observed in ascomycetes (Heath,
1980). Thus, it is most likely that the removal of the envelope
is an ancient process, which was abandoned in ascomycete
fungi. It is presently not known, why U. maydis undergoes
an open mitosis, but further studies on this organism prom-
ise to give new insight into the biological meaning of this
fascinating process.
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