Fig, 4. Subcellular localization of Meul4-GFP in fixed cells.

{A) Detection of Meul4-GFP protein by western blotting. which is
expressed in a metosis-specific manner. A band corresponding to
Meu14-GFP with the expected size (shown by an arrowhead) is
detected predominantly 4-8 hours afier nitrogen starvation, after
which it suddenly disappears and cannot be detected at all at 10
hours and 12 hours {(uppermost panels). In contrast, a band for GFP
alone is detected primarily at 6-12 hours (middle panels), probably
because the Meul4 portion of Meul4-GFP is easily degraded,
releasing the GFP portion. Western blot probed by an anti-Cdc?2
antibody was used as a loading control. Asterisks indicate
nonspecific bands. The extracts of wild-type cells (TP4D-SA/TP4D-
1D) transformed with pRGT8) -men /4 (e 14+-GFP) or pRGTS]
(GFP vector) arc used to identify the expressed Meu14-GFP protein.

These exiracts are denoted by 14 or G. respectively (righimost lanes),
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(B) Fluorcscence from Meul4-GFP observed at various stages of
meiosis. Cells were immunostained with the TATI antibody to mark
the microtubules (red). Cells bearing meal4*-gfir (YDO120) were
induced to enter meiosis and then chemically fixed and analyzed by
fluorescence microscopy for DNA (blue), Meul4-GFP (green). and
microtubules (red). The three images are merzed and shown in the
rightmost panels. (C) Correlation of the distance between the two
Meu!4-GFP rings (c) with either {a) the distance between two nuclei
or (b) the length of the microtubules. (D) meul4+-gfp (YDO 120}
cells immunostained by the anti-Sad} antibody to visualize the SPB
at various stages of meiosis. It appears that Meul4-GFP is located on
the cytoplasmic side of the SPB (white arrow). (E) meu/4*-gffp2
(YDO!20) cells immunostained by the anti-NPC antibody mAB4 14,
Bar, 10 gm.

Fig. 5. Dynamic movement of
Meul4-GFP in live meiatic cells
as revealed by time lupse
observations. {A) Cells
(YDO120) passing from
prometaphase 11 to metaphase 11,
(i) Merged images of Meul4-
GFP (green) and nuclei stained
by Hocchst 33342 (blue)
recorded at 2 minute infervals
and shown at 6 minute intervals.
(ii) An enlarged Meul4-GFP
image at 0 minutes is shown to
highlight the appearance of the
Meul4-GFP dot/ring structure
(amrowhead) at the end of the
nucleus. (B) Cells passing from

metaphase H to anaphase 11

(C) Three-dimensional images of
the Meu4-GFP structure during
anaphase I, (D} Enlarged views
of Meul4-GFP localization at
the late stage of meiosis I A
thin pouch-like image containing
trace amounts of Mcu14-GFP is
observed, at the end of which a
strong band of Meul4-GFP is
detected, Bar, 10 pm. Please
refer to Movies -4 for the
dynamic Meul4-GFP profile and
Movie 5 for three-dimensional
images of Meul4-GFP rings.
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When the Meul4-GFP rings are closely examined by an
enlarged view rotated on the Y-axis by an angle of seventy-two
degrees to obtain three-dimensional images, they are found to
form a structure like ‘assembled beads’ (Fig. 5C, Movie 5). We
counted more than ten beads that composed each Meul4-GFP
ring in these images. Notably, at the end of meiosis II, when
the strong Meu14-GFP signal is observed as an intense dot at
the edge of the nucleus (Fig. 5B), the weak Meul4-GFP signal
was also observed 10 have a balloon-like shape (Fig. 5D). This
is probably the forespore membrane, indicating that some
portion of Meul4-GFP is distributed at the forespore
membrane,

Meu14 is required for the extension of the forespore
membrane from the SPBs

To investigate whether Meuld is located on the forespore
membrane, we compared the localization of Meul4-GFP to
that of the Spo3-HA molecule, which is a forespore membrane
component (Nakamura et al., 2001). Spo3-HA fluorescence
signals appeared as two semicircular structures that enclose the
nucleus at metaphase II, and as four capsular structures
enclosing the nucleus at anaphase 1I (Fig. 6A). The SPBs were
situated at the center of each semicircle displayed by Spo3-HA.
At the edges of these semicircles and capsules, Meul4-GFP
could be detected. Thus, Meul4-GFP occurs at the leading
edge of the forespore membrane during meiosis II. The
fluorescence of Meul4-GFP that localized at the edge of
the forespore membrane became reduced as the edge of
the forespore membrane encloses itself, while Spo3, the
component of the forespore membrane, remains until the
forespore membrane growth is completed (Fig. 6Ai-v)
(Nakamura et al., 2001). The edge of the extended forespore
membrane appears to play an important step for the mature
spores.

Next, we examined the localization of Psyl-GFP in meul4A
cells by fluorescence microscopy. Psyl, like Spo3, also serves
as a marker for the formation of the forespore membrane
(Nakamura et al., 2001). The reason for using the Psyl-GFP is
that fluorescence of Psyl-GFP can be detected much more
easily during fluorescence microscopy than the fluorescence of
Spo3-HA (data not shown). Psyl-GFP was integrated into the
genome of meuldA cells and wild-type cells. The cells were
then induced to enter meiosis II and stained with the anti-Sadl
antibedy to mark the SPBs (Fig. 6B). In wild-type cells, the
forespore membranes visualized by Psyl-GFP assembled
normally as a circle and at meiosis Il enclosed the haploid
nucleus stained by Hoechst 33342 (Fig. 6Bi). In wild-type
cells, the forespore membrane extends symmetrically from the
SPB and results in this circular structure [data not shown
(Nakamura et al,, 2001). Here, the position of SPBs indicates
the orientation of the nuclear division at meiosis II. However,
in most of the mevl4A cells, the semicircular forespore
membrane is formed in an inappropriate place, thus failing to
properly encircle the nucleus (Fig. 6Bii-iv). In meuldA cells,
only few of the forespore membrane leading edges were
normally assembled as in wild-type cells (Fig. 6C). The
majority were abnormally assembled. These observations
indicate that Meul4 is required for the proper extension of
forespore membrane from the SPBs. As shown in Fig. 6C, the
meuld4A ascospores were abnormal in number and shape.

In contrast, in wild-type cells, the forespore membrane
encapsulated each haploid nuclens (>90%), while the initiation
of the forespore membrane in the meu14A cells is normal, most
later fail to develop a normal morphelogy.

Meu14-GFP can form ring shapes in the absence of
Spo3 or Spo15

Previous reports show that spol5* is required for the
alternation of the SPBs in meiosis 1I and spo3* is required for
the accurate formation of the forespore (Ikemoto et al., 2000,
Nakamura et al., 2001). To examine if Spo3 and Spol$5 are
required for the localization of Meul4-GFP at the edge of
forespore membrane, we constructed the spo3A meul4*-gfp
and spol5A meuld*-gfp strains (Fig. 6D). The h%spo3A
meul4*-gfp or h% spol5A meuld+-gfp strains were induced to
proceed with zygotic meiosis and sporulation by nitrogen
starvation, after which the localization of Meuld-GFP was
visualized by fluorescence microscopy. As shown in Fig. 6Di,
Meul4-GFP was detected at the edge of the forespore
membrane in zygotic meiosis as also observed in azygotic
meiosis (Fig. 4D). The fluorescence of Meul4-GFP was found
1o form ring shapes in both spo3A and spol5A. The four ring
shapes of Meul4-GFP showed a synchronized action in spo34
but not in spol5A. In spo3A cells. we found that Meul4 is
situated at the edge of a spore-like body (Fig. 6Diii.iv). In many
spolSA cells, Meul4 was undetectable (Fig. 6Dv) while in
others, the number, size and position of Meul4 signals were
abnormal (Fig. 6Dvi.vii). Thus, Meul4-GFP is able to localize
at the edge of the abnormal forespore membrane in the absence
of Spo3 and Spol5s.

Morphology observed by electron microscopy

To investigate the structure of the forespore membrane and the
spore wall of meul4A cells in more detail, we examined their
morphology by thin-section electron microscopy (EM). We
treated the cells by high-pressure freezing (Humbel et al.,
2001) to minimize the artifacts that can arise during the pre-
fixation process. The substituted cells were then fixed and
observed by electron microscopy. From the meul4A cells, we
obtained images showing that the forespore membranes and
spore wall failed to form accurately and displayed abnormal
morphology (Fig. 7Ai) as compared to those of wild-type cells
(Fig. 7Aii). Enlarged pictures show some of the various
abnormalities of the meni4A spore wall observed. such as a
small spore-like structure without a nucleus (iii), an
incompletely encapsulated nucleus (iv), and a nucleus without
a spore wall (v). Furthermore, in meul4A cells, the thickness
of the spore wall is not homogeneous compared to that of the
wild-type cells (vi).

EM images also show that the interaction of the forespore
membrane (black arrows) with the SPB (white arrows)
becomes abnormal in meul4A cells (Fig. 7Bi). That is, the
forespore membrane segregates from the SPB, thus extending
abnormally to the opposite direction to the nucleus (ii). The
relative orientation of the forespore membrane with the SPB
(iit} is distinct from that of wild-type cells (iv). This abnormal
segregation of the forespore membrane from SPB is consistent
with our indirect immunofluorescence data (Fig. 6B). Some
meuI4A cells showed abnormally shaped SPBs as indicated by
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Fig. 6. Mcul4 is localized at the leading edge of the
forespore membrane and is required for its extension.

{A) Localization of Mcul4-GFP, Spo3-HA, and Sad] during
meiosis 1. mewl4*-gfp spo3::HA diploid cells (YDO121) at
metaphase 11 (panel i and ii) and anaphase II (panels iji-v)
were analyzed by immunofluorescence microscopy. Hoechsit
33342 staining is blue, Meu14-GFP is green, anti-HA
staining is red, and anti-Sad| staining is yetlow. (B) Psyl. a
forespore membrane component, localizes abnormally in
E¥%en 14 Apsy 1+-gfir cells (YDOI50). h%psyT+-gfp cells
(YN68) (panel (i) and h®men I4Apsyl+-gfp cells (panels ii-
iv) harboring the integrated psy/*-gfp gene were induced to
enter meiosis 11 and were analyzed by immunofluorescence
microscopy. Hoechst 33342 staining is blue, anti-Sad |
staining is red, and Psy1-GFP is green. (C) Frequency of the
abnormal forespore formation in h%neni4A cells. Stained
cells were classified into the following 7 classes: class 1. all
four forespore membranes were formed next 1o nuclei: class
11, all four membranes were formed next to nuclei but were
crushed; class I, one or two forespore membranes alone
were formed normally; class I'V, membranes were formed
but they do not properly enclose the nucleus; class V, one or
two membranes were formed but others formed next to the
nuclei; class VI, all four membranes were crushed and
formed aggregates near the nuclei; class V11, all four
membranes were formed normally. At least 250 cells were
counted. (D) Localization of Meu14-GFP in the absence of
Spo3 or Spols. h%%meul4*-gf cells (YDOSO; panels i and
i), A% meul4* -gfp spo3::urad® cells (YDO130: panels i
and iv), and K% merl4*-gfp spol5:ura4* cells (YDOI0;
panels v-vii) undergoing meiosis 11 were analyzed by
immunofluorescence microscopy. Heechst 33342 staining is
blue, Meul4-GFP is green, and anti-Sad! staining is red.
Bar, 10 pm.

white arrows in Fig. 7C. In such cases. encapsulation of the  nucleus (iii), both of which carry improperly formed SPBs.
nucleus by the forespore membrane is mostly unsuccessful i Moreover, some of the SPBs do not localize between the
and iv). Enlarged pictures display the abnormally enclosed  nucleus and forespore membrane but rather, are situated
forespore membrane without a nucleus (ii) next to the naked outside of these structures (v and vi).
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The organization of the spindles are also abnormal in
mewul4A cells (Fig. 7D), as some cells have abnormally bundled
spindle-like structures (i) that are improperly enclosed by the
abnormally formed forespore membranes. Some meul4A cells
showed seemingly normal spindle formation (ii-iv), but
enclosure of the bundle is abnormal when no SPB is found (iii).
1t is also unusual that a spindle-like structure is observed in the
spores, indicating that the handling of the spindles is also
abnormal in meuldA cells (Fig. TAv).

Discussion
Meu14 participates in meiosis Il

In the present study, we have shown that meu]4* is a meiosis-
specific gene, and the results are consistent with the possibility
that meul4* expression is under the direct control of Meid.
Men14 was consistently observed to be present only at meiosis
11 as judged by northern blotting (Fig. 1A.B). western blotting
(Fig. 4A) and fluorescence microscopy of chemically fixed
(Fig. 4B) and live cells (Fig. 5A.B) expressing the Meu14-GPF
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fusion protein. We found that meul4A cells were defective in
microtubule elongation and organization as well as in the
segregation and duplication of SPBs, and that this caused
abnormal nuclear division at meiosis II (Fig. 3). Furthermore,
Meul4 seems to act not only to stabilize the proper segregation
of SPBs during meiosis 1I but also to accurately encapsulate
the haploid nuclei by guiding forespore membrane formation
(Fig. 5).

Fig. 7. Thin sectton electron
microscopy of meul4A cells. (A) EM
images of the mewl4A (YDOI00) (i)
and the wild-type (TP4D-5A/TP4D-
1D) (ii) strains, and enlarged views
(iii-vi) after spore wall formation had
commenced. (B) EM images of the
meul4A (i) and the wild-type (iv)
strains, and enlarged views (1i and iii)
to show the abnormal encapsulation of
the nuclei in the meuT4A cells. (CY EM
images of the menl4A cells (i and iv),
and enlarged views (i, iii, v and vi) to
show the abnormal localization of the
SPBs in the meu f4A cells. (D) An EM
image of the meuI4A cells shows that
the forespore membrane abnormally
encloses the spindle (i). An example
(ii) demonstrates that the absence (i)
or presence (iv) of SPB affects the
proper formation of the forespore
membrane in the meu T4A cells,
Pictures of wild-type cells are
encircled by bluck lines. White
arrowheads (spindle), white arrows
(SPB) and black arrows (forespore
membrane). White scale bar, 1 pm.
Black scale bar, 0.5 pm.

During meiosis 11, Meul4-GFP is found first at the
cytoplasmic side of the SPB (Fig. 4D) and then at the leading
edge of the forespore membrane (Fig. 6A). Time-lapse
microscopic analysis using a meul4*-gfp strain (Fig. 5A,B)
allowed us to observe the dynamic behavior of Meul4-GFP in
live cells during meiosis II. Meul4-GFP first appears as a dot
at the periphery of the nucleus, where it is duplicated and then
moves to either end of the nucleus to form a pair of rings. The
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rings gradually increase in diameter. At the same time, the
forespore membrane, which grows from the 3PB, also
increases. After the forespore membrane completely encloses
the haploid nucleus at the end of meiosis I, the diameter of
the rings gradually shrink until they appear as dots, after which
they disappear. Thus, Meul4 is required specifically at meiosis
I1, where it seems important for several processes: (i) it guides
the formation of the forespore membrane as it develops during
metosis II and sporulation, and (ii) it assists the equal
partitioning of the nucleus and the temporal coordination of
this event with chromosome segregation during meiosis IL.

Many studies have been conducted to comprehensively
identify and characterize the subcellular localization of yeast
proteins involved in meiosis and mitosis (Sawin and Nurse,
1996; Ding et al., 2000). Of note is that none of these studies
identified Meu14. Thus, the subcellular Jocalization of Meul4-
GFP during S. pombe meiosis is unique.

Loss of Meu14 may destabilize the SFB

The dynamic movement of Meul4 at meiosis Il indicates that
Meul4 is a novel type of molecule that regulates the
architecture of cellular structures by using the SPB as one of
its scaffolds. The SPB is a multilayered proteinaceous
structure that is inserted into the nuclear envelope in S. pombe
(Hirata and Tanaka, 1982; Ding et al,, 1997). It is thought that
the SPB buried in the nuclear membrane is stable due to astral
microtubule interaction with the cell cortex. In the second
meiotic nuclear division, the astral microtubules on the
cytoplasmic side are exchanged with a multilayered SPB
structure from which the forespore membrane, whose
analogue in 8. cerevisiae is the prospore membrane (Neiman,
1998), extends to enclose the spore nucleus. Thus, during
meiosis 11, astral microtubules are absent. We believe that the
lack of Meul4 causes the SPB buried in the nuclear
membrane 10 become unstable, which would explain the fact
that menl4A cells display deformed and multiple SPBs that
are not embedded in the nuclear envelope during meiosis 11
(Fig. 7C). This also explains our observation that the SPBs
in meul4A cells, when observed by Spol5-GFP, a protein that
regulates the onset of forespore membrane extension
(dkemoto et al.,, 2000), are abnormally organized or
segregated. It is likely that Meul4 also plays a role in the
structure of meiosis I SFB, possibly during anaphase I in
preparation for meiosis II. Thus, Meuld may already
associate with the meiosis I SPBs, but it cannot be detected
because Meul4-GFP at this stage is too faint to be recognized
as GFP signals (Fig. 4B).

Meu14 guides the formation of the forespore membrane

Recently, Spo3 and Psyl of §. pombe and Donl, Ady3, and
Sspl of §. cerevisiae (Knop and Strasser, 2000; Moreno-
Borchart et al., 2001; Nickas and Neiman, 2002) were
identified to be protein components of the forespore
membrane. All have been shown to be localized at the
cytoplasmic side of SPB. We used a Psy1-GFP integrated cell
to trace the assembly and extension of the forespore membrane
in meul4A cells that were also stained with markers for the
nucleus and SPBs. We observed that the forespore membrane
had an abnormally assembled leading edge that could not

extend out from the SPB and thus could not properly encircle
the nucleus in most meul4A cells (Fig. 6B). We also observed
that the loss of meuld*, as in the spo3 mutant, caused
sporulating cells to generate spore-like structures lacking
nuclei (Fig. 6Bii-iv). This indicates that Spo3 and Meul4 are
both required for the accurate enclosure of the spore nucleus
by the forespore membrane. However, unlike Spo3, whose
localization is distinct from that of Meul4 and stays in the
membrane until forespore membrane development is
completed, the intensity of the Meuld-GFP signal at the
leading edge of the forespore membrane diminishes as the
forespore membrane grows, indicating that Meuld serves a
different function to Spo3.

With regard to Donl, its subcellular localization is almost
identical to that of Meul4 except that Donl appears in the
cytoplasm during meiosis I (Moreno-Borchart et al., 2001). In
contrast, Meu 14 appears in the cytoplasm for the first time at
meiosis II (Fig. SA). Furthermore, there is no homology in the
amino acid sequences of Donl and Meul4 and the DON1I gene
is not essential for forespore membrane formation (Moreno-
Borchart et al., 2001). Thus, Meul4 is distinct from Donl in
both its structure and function. Taken together, it appears that
one function of Meul4 is to guide the formation of the
forespore membrane at its front edge, acting to all intents and
purposes as a size-adjustable steel ring that is used to make a
large soap bubble.
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MHeoEmtd oL, M E T
RIE, B, BT ABREESFEAMIL.
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AR - IRIEMRTA, 2 L THRFERRTR
ITABELRZ-oT WS, kR, BEIZET
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i, TOREMEHANAMEOCOEERE
AfITHH, AFETIE, HFEEMNEL
To3IBEBOHILHTT, MEKKHEEL
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DESHVU-FRABFCRETIFAR
£E O R R & F AT 78
SBIFRE,. HRBAHAFOZRIXICTEWY
T, RA BHE L UBREL OB LIT
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HREREEZPLIZfThiL, EXT7+A7
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OABHRFHMEMIABAXO mRNAZZEL
Bl kitkn, RA BREFHIEILEY
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LALLM ERNEFICRIT TR REZFF OB EMEmTHY, CD14 Bk
WHLMEORERTFCANRTE L, ZOAK HEREE AT BIaTH D Z LR
T, X562 DNA =4 27 a7 VA fRirik MERNE, T OATREE MR TR
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iA 7 (pseudoemperipolesis) iZ 8| ¥ £ < BREEFARBICERER LT enwWI &, i
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KA ERETOPTHLEEEETHBESFEALENS, BEEXEHRA
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—MEE LI (CRPCL. 0 mg/dl) RA BFIZBW TR AR EREEL <L E
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TTHFRSMETERBESHFENLEINT
Wi, ThoDOREEH, HEMFIRE
mHEFEZLbND, 2T RA BEDR
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ERMOELIEA L TERIZEALT
BYRKE~—I—LAOHEEBEZLD L,
REMBEBRREFOREBEL5FTTVEE
EEHLMIC LA, SEIE, FEHORA
CEBWTVRBOETE L EEEOREE
 CXD EERAVWTRMLE, SbiT, &
BEBHOay ho—ANEE L =EH
CBWTERMTOBREE L SEEHHE
OREFEERM LA, LEXY, FET
DEHARERERPITOIL D RER
FOHBIZoOWTHRE L.

B. W3 FE
(1) #BREPOERFEEORDL

N3%&ME RA B 62 Bl W TH ALRA
FT7AF—-11 v, BFEE_FREFE
BE (m-BD) B L UBBEENMNMEEBE (r-
BMD) 2 JEL, A, X B#AF—V LM
BEHEM L, SHITARBIRPOLIERA
B, 50 4], EHEE, 56.6 £ 13F (18
- 720 BWT, mBMD ZREL, FOE
R4 & ESR, CRP, M AL-P €, R
Any b 2 VT F = b (U-Ca/U-Cre)
REPOREBEEMHBIUVERE AT A—F
B AL(BXRY O~-F 2L EHHER
SOFMBEER), BHRED LEBE
DOERIELOEBERILE .

(2) AXBRPOREa Y Po—LREF
(CRP<1.0mg/dl) ZpdktEY U~ FHBEAH
(£ HH57. 2 = 10, 758) {23\ TEH (L-BMD),
BEE{ir1/3 (R1/3-BMD) R U'KEBE I
(N-BMD) # QDR-4500{Z CTHIE LBt ER
DIEE T Hlarsen’s damage score & G
ERHEDIIETH DHAQ scored OB
L&,

(GEE~DER)
AHRIIKRETULRZEMBREOCKRES
AL BELEARE2ZT ., APFEKo0
TOBRH., EE. FiE, THEAIBHER



