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n higher eukaryotes, mitosis proceeds

with nuclear envelope breakdown
(NEBD) and disassembly of the nuclear
pore complex (NPC); this is designated
“open” mitosis. On the other hand, in
many fungi, mitosis and chromosome
segregation takes place without NEBD;
this is designated “closed” mitosis. In
a recent study on Schizosaccharomyces
pombe, a closed mitosis organism, we
reported a novel phenomenon that is
equivalent to NEBD: a mixing of nuclear
cytoplasmic
occurred transiently for a few minutes in
meiosis without physical breakdown of
the nuclear envelope. We designated this
event virtual nuclear envelope breakdown
(V-NEBD). In S. pombe, nuclear trans-
location of Rnal, a RanGAP1 homolog
in S. pombe, occurs during meiosis, and
this translocation of Rnal leads to col-
lapse of the Ran-GTP gradient across the
nuclear envelope and occurs coincidently
with V-NEBD. Here, we describe pos-
sible roles of RanGAP1 in V-NEBD in
S. pombe and provide insights into the
roles V-NEBD may play in meiosis.

proteins and proteins

In eukaryotic cells, nuclear and cyto-
plasmic compartmentalization is main-
tained by the activity of Ran, a small
Ras-like GTPase, regulated by asymmet-
ric localization of Ran guanine nucleo-
tide exchange factor (RanGEF/RCC]) in
the nucleus and Ran activating proteinl
(RanGAP1) in the cytoplasm. The bal-
ance between the opposing activities of
RanGEF/RCCI and RanGAP1 generates
a gradient of Ran-GT7P across the NE, and
this gradient controls the directionality
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of nucleocytoplasmic transport.”* In
open mitosis, NEBD leads to collapse of
the Ran-GTP gradient and diffusion of
nuclear and cytoplasmic macromolecules
(Fig. 1A) and allows microtubules to
attach to the centromeres for chromosome
segregation. On the other hand, in closed
mitosis, the nuclear envelope remains
intact throughout the mitotic cell cycle.
The Schizosaccharomyces
pombe is one of the closed mitosis organ-

fission  yeast

isms: the nuclear envelope and NPC
remain intact throughout the meiotic and
mitotic cell cycles and the mitotic spindle
forms within the nucleus during mitosis
(Fig. 1D); in closed mitosis, tubulins are
transported into the nucleus by importin.®

Recently, we reported that in S. pombe
nuclear proteins diffuse into the cyto-
plasm transiently in anaphase of the sec-
ond meiotic division (anaphase II) as if
NEBD had occurred in this closed mito-
sis organism: The nuclear membrane and
NPCs remain intact throughout meio-
sis,®” but the permeability of the nuclear
envelope during anaphase II indicates that
the nuclear envelope is structurally closed
but functionally open. Thus, we named
this phenomenon virtual nuclear enve-
lope breakdown (V-NEBD) (Fig. 1C).
Strikingly, our study also revealed that
RanGAP1 changes its localization from
the cytoplasm to the nucleus at the onset
of anaphase II in exact correlation with the
timing of nuclear protein diffusion into the
cytoplasm (Fig. 1C). Because the timing
of the nuclear localization of RanGAP1
coincides with the diffusion of nuclear
proteins out of the nucleus and because
ectopic expression of NLS-conjugated
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RanGAP1 can induce diffusion of nuclear
proteins to the cytoplasm,® we speculate
that the nuclear localization of RanGAP1
triggers diffusion of nuclear proteins out of
the nucleus during anaphase 11, although
we currently have no direct evidence for
this hypothesis.

Both closed mitosis and V-NEBD
proceed with structurally intact nuclear

www.landesbioscience.com

Figure 1. Four modes of nuclear envelope morphology during mitosis in eukaryotes. (A) In higher
eukaryotes, both the nuclear membrane and the NPCs disassemble at the beginning of mitosis,
and subsequently chromosomes are segregated by the mitotic spindle during mitosis. (B) In a fila-
mentous fungus Aspergillus nidulans, the nuclear membrane does not disassemble, but the NPCs
are partially disassembled and RanGAP1 enters into the nucleus. (C) In the fission yeast Schizosac-
charomyces pombe, both the nuclear membrane and the NPCs remain intact but RanGAP1 enters
into the nucleus, resulting in V-NEBD during meiosis Il. In (B and C), the collapse of the Ran-GTP
gradient results in scrambling of nuclear and cytoplasmic materials. (D) Many lower eukaryotes,
like fungi, undergo closed mitosis. During closed mitosis both the nuclear membrane and the
NPCs remain intact, RanGAP1 remains localized in the cytoplasm, and the Ran-GTP gradient

across the NE remains intact.

envelopes and NPCs. Except for the
nuclear localization of RanGAPI, the
molecular basis generating the difference
between closed mitosis and V-NEBD
remains unclear, however, there are a num-
ber of other possible factors. For example,
a meiosis-specific modification of NPC,
such as phosphorylation, may be involved
in changing the permeability barrier func-
tion of the NPC. Modification and/or
alteration of transport machinery, such as
importin (3-s, may also be a factor in the
permeability barrier change of the NPC.
A third possible factor in V-NEBD is the
formation of forespore membranes. Since
the forespore membranes form during this
period, the nuclear envelope may be weak-
ened by sequestration of membrane com-
ponents into forespore membranes during
their assembly, as suggested by Arai et al./
In this addendum, we will concentrate on
possible roles of the nuclear translocation
of RanGAPI.

The molecular structure of RanGAP1
suggests a possible regulatory mecha-
nism specific to closed mitosis organisms.
In metazoans, the RanGAP1 protein is
modified by SUMOI and interacts with
RanBP2/Nup358 at the cytoplasmic sur-
face of NPCs.5% In the plant Arabidopsis
thaliana, RanGAP1 lacks the SUMOI1
attachment domain and instead contains
a plant-specific WPP domain which inter-
acts with NE-associated WIP proteins.''?
These domains result in concentrated
localization of RanGAPI at the NE. The
majority of closed mitosis organisms also
lack a SUMOI1 attachment domain in
their RanGAP1 proteins, but unlike plant
RanGAP1 their RanGAP1 proteins have
no alternative domains for NE attach-
ment and do not show significant localiza-
tion at the NE. These features may allow
for translocation of RanGAP1 across the
nuclear envelope. This idea is supported
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by the fact that the RanGAPI1 homolog
in Saccharomyces cerevisiae contains both
NLS and NES signal motifs by which
nuclear localization can be switched.”
Another type of fungi, Aspergillus nidu-
lans,
(Fig. 1B). During this type of mitosis,

undergoes “semi-open”  mitosis
some of the nucleoporins disassemble
from the NPC,%® and partial disas-
sembly of the NPCs changes RanGAPI
localization from the cytoplasm into the
nucleus (Fig. 1B). Considering these
the translocation of RanGAPI1
seems a common strategy in closed mito-

facts,

sis and semi-open mitosis organisms; and
in closed mitosis organisms, this translo-
cation abates the Ran-GTP gradient and
leads to virtual breakdown of the nuclear
envelope without physical breakdown
of the nuclear envelope. Thus, localiza-
tion of RanGAP1 may act as a molecular
switch to control the barrier function of
the nuclear envelope.

Another interesting genetic phenom-
enon associated with nuclear localization
of RanGAP, called segregation distortion,
occurs in Drosophila. In the segregation
distorter (SD) system of Drosophila,
heterozygous SD/SD* males produce
only SD-bearing sperm during sper-
matogenesis.” It has been shown that
the SD-causing locus corresponds to a
partial duplication of the RanGAP gene
and encodes a C-terminal truncation of
RanGAP (Sd-RanGAP)."® The truncated
Sd-RanGAP is enzymatically active but
is mis-localized into the nucleus, and this
nuclear localization of enzymatically-
active RanGAP is necessary for segrega-
tion distortion."”* Although itis unknown
how this event results in selective elimina-
tion of SD* sperm, it has been inferred that
nuclear localization of RanGAP affects
nuclear events through changes in concen-

trations of nuclear Ran-GTP.2"?> While
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the underlying mechanisms of segregation
distortion and V-NEBD may be different,
the segregation distortion phenomenon
in Drosophila is reminiscent of V-NEBD
in S. pombe in the sense that both events
are associated with nuclear localization of
enzymatically-active RanGAP1.

In addition to its role in V-NEBD,
nuclear translocation of RanGAP1 may
have a direct role in nuclear function
independent of its RanGAP activity. In
S. pombe, it has been reported that a frac-
tion of RanGAP1 is localized on chroma-
tin where RanGAP1 interacts with histone
H3 and histone H3 methyltransferase Clr4
and enhances histone methyltransferase
activity, suggesting a role of RanGAPI in
heterochromatin assembly.?® Interestingly,
RanGAP activity is not required for this
function.” In addition to these findings,
we reported that the nuclear translocation
of RanGAP1 might be correlated to spore
formation.® Spores are small dormant state
cells and chromosomes must be packed
into a small volume in the nuclei of spores.
Although it is unknown how spore chro-
matin is formed, one fascinating idea is
that anaphase II-specific nuclear translo-
cation of RanGAP1 in §. pombe correlates
with a process which produces dormant
chromatin.

The exact roles of V-NEBD in meio-
sis are unknown. Possibilities include (1)
allowing nuclear proteins to exert their
activities in the cytoplasm, for example
in forespore membrane assembly and (2)
allowing cytoplasmic proteins to exert
their activities in the nucleus, for exam-
ple in dormant chromatin formation.
Another possible role of V-NEBD may
be to decrease the volume of the spore
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nucleus by allowing nuclear proteins to
move into the cytoplasm. A final possible
role of V-NEBD may be to decrease spe-
cific proteins in the nucleus. For example,
although cyclins are targeted for degra-
dation at anaphase in both mitosis and
meiosis via ubiquitination by the anaphase
promoting complex, V-NEBD could fur-
ther ensure braking of cell cycle progres-
sion by rapidly decreasing the number of
cyclin molecules in the nucleus.
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