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mid1 is required for the proper placement of the contractile actin ring for cytokinesis at a medial
site overlying the nucleus. Here we find that midl protein (mid1p) shuttles between the nucleus
and a cortical medial broad band during interphase and early mitosis. The position of this broad
band, which overlies the nucleus, is linked to nuclear position even in cells with displaced or
multiple nuclei. We identified and created mutations in an NLS and in two crm1-dependent NES
sequences in midlp. NES mutations caused midlp accumulation in the nucleus and loss of
function. An NLS mutations greatly reduced nuclear localization but did not perturb cytoplasmic
localization or function. mid1p localization to the medial broad band was also not dependent on
midlp PH domain or microtubule and actin cytoskeletons. Overexpression of midlp produced
ectopic cell growth at this band during interphase and abnormal karmellae-like nuclear mem-
brane structures. In plo1-1, mid1p formed a medial broad band but did not incorporate into a tight
ring, suggesting that polo kinase plolp is required for activation of midlp function. Thus, the
midlp broad band defines a compartment at the medial cell surface, whose localization is linked
to the position of the nucleus, and whose function may be to position the plane of cell division.

INTRODUCTION

In most eukaryotic cells (with the notable exception of plant
cells), cytokinesis occurs through the action of an actin-
based contractile ring (See Fishkind and Wang, 1995, Field et
al., 1999, and Hales et al., 1999). The proper placement of the
contractile ring is critical for proper cell division. The posi-
tioning of the division plane regulates the shape, size, and
orientation of cells and the segregation of determinants dur-
ing the development. Coordination of cytokinesis with nu-
clear division ensures the correct distribution of genomic
material between sister cells.

Fission yeast Schizosaccharomyces pombe is an excellent
model system for cytokinesis. S. pombe are simple, rod-
shaped cells that divide by medial fission using a medial
actin-myosin based ring. This contractile ring forms in early
mitosis before nuclear division at the position of the predi-
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visional nucleus. In late mitosis, the septum forms at the
position of the ring as the ring closes. Genetic analysis has
identified many components of the contractile ring (Nurse et
al., 1976; Gould and Simanis, 1997), including profilin
(cde3p; Balasubramanian ef al., 1992), tropomyosin (cdc8p;
Balasubramanian et al., 1994), type II myosin heavy chains
(myo2p and myp2p/myo3p; Kitayama et al., 1997; Bezanilla
et al., 1997; May et al., 1997; Motegi et al., 1997), a myosin
light chain (cdc4p; McCollum et al., 1995; Naqvi et al., 1999),
a formin (cdc12p; Chang et al., 1997), an IQGAP (rng2p; Eng
et al., 1998), c¢dcl5p and imp2p (Fankhauser et al., 1995;
Demeter and Sazer, 1998), and polo-like kinase (plolp; Oh-
kura et al., 1995; Bahler et al., 1998a). Because many of these
components are conserved through evolution, molecular
mechanisms controlling ring assembly in S. pombe are rele-
vant to cytokinesis in larger eukaryotes.

The molecular mechanisms that control the position of the
division plane are poorly understood. In animal cells, posi-
tion of the contractile ring is determined by the position of
the mitotic spindle poles or midzone, which are thought to
produce positioning signals (Rappaport, 1986; see also Fish-
kind and Wang, 1995 and Oegema and Mitchison, 1997). The
mechanism of division plane placement in S. pombe may be
somewhat different, as the ring assembly begins in early
mitosis before establishment of a mitotic spindle, and proper
positioning of the ring occurs even in the absence of a
mitotic spindle (Chang and Nurse, 1996). Indeed, assembly

2757



Paoletti and Chang

Table 1. S. pombe strains used in this study

Strain Genotype Origin
FC 418 ade6-M210 ura4-D18 leul-32 h~ F. Chang lab
AP 103 same as FC 418 + pAP35 (pnmt*-midl LEU2) This work
AP 104 same as FC 418 + pAP36 (pnmt*-midl-HA LEU2) This work
AP 105 same as FC 418 + pAP37 (pnmt*-HA-mid1 LEU2) This work
AP 106 same as FC 418 + pAP38 (pnmt-mid1l LEU2) This work
AP 107 same as FC 418 + pAP39 (pnmt-mid1-HA LEU2) This work
AP 108 same as FC 418 + pAP40 (pnmt-HA-mid1 LEU2) This work
AP 131 same as FC 418 + pREP41X (pnmt* LEU2) This work
AP 122 same as FC 418 + pAP67 (pnmt*-~ANES2midl LEU2) This work
AP 126 same as FC 418 + pAP73 (pnmt-GFP-mid1 LEU2) This work
FC 769 cdc11-119 leu 1-32 h~ + pAP73 (pnmt-GFP-midl LEU2) This work
AP 46 ade6-M210 ura4-D18 leul-32 mid1-GFP::kan MX h~ This work
SP 1601 ade6-M216 ura4-D18 leul-32 dmfl::ura4* h~ Sohrmann, 1996
AP 76 same as SP1601 + pAP94 integrated (pmid1-APHmid1 leul™) This work
AP 80 same as SP1601 + pAP95 integrated (pmid1-NLS*mid1 leul™) This work
AP 82 same as SP1601 + pAP96 integrated (pmid1-ANES2mid1 leul™) This work
AP 85 same as SP1601 + pAP97 integrated (pmid1-midl 1-506 leul™) This work
AP250 same as SP1601 + pAP115 integrated (pmid1-ANESImid1 leul™) This work
AP251 same as SP1601 + pAP116 integrated (pmid1-ANES1+2mid1 leul™) This work
YDM 109 ura4D18 leul-32 plo1-1 h~ Bahler, 1998a
AP 282 same as YDM 109 + pRep4lx This work
AP 284 same as YDM 109 + pAP95 integrated (pmid1-NLS*mid1 leul™) This work
AP 370 ade6-M216 ura4-D18 leul-32 plol-1 dmfl::urad* + pAP95 integrated This work

(pmid1-NLS*mid1 leul™) h~

of a medial contractile ring can even be induced in inter-
phase cells through overexpression of cdcl5 or plol
(Fankhauser et al., 1995; Ohkura et al., 1995), suggesting that
the appropriate spatial cues are present even in interphase
cells. An important clue for understanding the mechanism
of ring placement comes from the observation that the po-
sition of the ring is often coupled to the position of the
interphase nucleus (see Chang and Nurse, 1996). For in-
stance, mutants defective in microtubule organization some-
times display a displacement of both the nucleus and the
division plane (Toda et al., 1983; Radcliffe et al., 1998). Thus,
the nucleus may somehow instruct the cell surface where to
assemble the ring. Alternatively, the ring and nucleus may
be positioned independently through a microtubule-depen-
dent mechanism.

The identification of genes required for proper placement of
the contractile ring provides an opportunity to study the mo-
lecular basis of division site placement. mid1 is representative
of mutants, including plol (Bahler et al., 1998a) and pos 1, 2, 3
(Edamatsu and Toyoshima, 1996), that form rings located at
random locations and at random angles in the cell (Chang et al.,
1996; Sohrmann et al., 1996). In the mid]1 mutant, the nucleus is
still properly positioned at the middle of the cell, and the
organization of microtubules is grossly normal (Chang et al.,
1996). A midl null allele has a phenotype similar to the tem-
perature-sensitive alleles and is viable (Sohrmann et al., 1996).
Therefore, mid1p has a specific function in spatial regulation of
ring assembly and may be required for the proper coupling
between the nucleus and the ring positioning.

midl encodes a 120-130 kDa protein possessing putative
nuclear localization signals (NLS), two PEST regions, and a
plekstrin homology domain (PH domain; Sohrmann et al.,
1996). No obvious homologues in other organisms have
been found yet, although mid1p has some weak similarities
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with the Drosophila contractile ring protein, anillin (Bahler et
al., 1998a). Previous immunofluorescence studies show that
mid1p is in the nucleus during interphase, in a broad medial
cortical band around the nucleus in early mitosis, and in a
tight cortical medial ring later in mitosis (Sohrmann et al.,
1996; Bahler et al., 1998a).

Because midlp is essential for the correct placement of the
ring and is present both in the nucleus and the ring, an
attractive model is that midlp may function as a molecular
link that positions the ring near the nucleus. Here, we find
that mid1p shuttles between the nucleus and a broad central
band on the cell surface linked to the position of the nucleus.
midlp is established in this cortical band through most of
interphase and thus precedes other cytokinesis factors at the
medial cell surface. Midlp overexpression induced abnor-
mal cell surface growth in the vicinity of the nucleus, sug-
gesting that mid1p has the ability to recruit actin and other
proteins involved in cell growth to this medial region during
cytokinesis. Thus, midlp defines a novel medial cortical
compartment that responds to the position of the nucleus
through most of the cell cycle.

MATERIALS AND METHODS
Yeast Strains and Genetic Methods

Standard S. pombe genetic techniques were performed as described
in Moreno et al., 1991. All S. pombe strains were isogenic to 972. S.
pombe strains used are listed in Table 1. SP1601 strain (leu1-32
ade6-M216 ura4-D18 dmfl::ura4+ h~) is a generous gift from V.
Simanis (Sohrmann et al., 1996). YDM109 strain (ura4D18 leul-32
plo1-1 h™) is a generous gift of J. Bahler and D. McCollum. Yeast
transformations were performed by electroporation (Kelly et al.,
1993) or by the lithium acetate-DMSO method for integration of
linear DNA (Bahler ef al., 1998b).
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A 2.9 kb Xhol-BamHI fragment, including 56 bp 5" and 78 bp 3’ of
mid1/dmfl open reading frame (ORF), was amplified by PCR from
pDmfl (generous gift from V. Simanis) using the high-fidelity Pfu
DNA polymerase and was inserted into pREP41X. To remove po-
tential point mutations generated by PCR, a XhoI-Sacl fragment
from this plasmid was subcloned into pBSIIKS+, and the Bg/II-Xbal
fragment inside midl gene (2.5 kb) was replaced by the Bg/II-Xbal
fragment from pDmfl plasmid to obtain pAP32. The 5 and 3’
regions of midl were confirmed by nucleotide sequencing. Finally,
pnmt-mid1 (full strength nmtl promoter; pAP35) and pnmt*-mid1l
(medium strength nmtl promoter; pAP38) were constructed by
inserting the Xhol-Sacl fragment from pAP32 into pREP3X or
pREP41X.

In a similar way, to add a C-terminus or N-terminus HA tag to
midlp, a Xhol-NotI and a NotI-BamHI fragment containing mid1/
dmfl ORF were amplified by PCR from pDmfl and ligated into
pSLE272 and pSLF273 (generous gift from S. Forsburg). A Xhol-Sacl
fragment was subcloned into pBSIIKS+ and the Bg/II-Xbal sequence
of midl replaced by the same fragment from pDmfl plasmid to
create pAP 33 and pAP 34. 5" and 3’ regions of mid1 were checked
by sequencing. Xhol-Sacl fragments from pAP33 and pAP 34 were
inserted into pREP3X and pREP41X to generate pnmt*midl-HA
(pAP36 and pAP39) and pnmt*HA-mid1 (pAP37 and pAP40). Fi-
nally, the NotI-BamHI fragment from pAP34 containing midl se-
quence was inserted into pSGP573 (generous gift from S. Forsburg)
to create a pnmtGFP-mid1 construct (pAP70), and a Xhol-Sacl frag-
ment from pAP70 was inserted into pREP3X to generate pAP73.

Construction of mid1-gfp Strain

Strain AP46 (mid1-gfp) was obtained by PCR-based targeted recom-
bination of GFP(S65T)kanMX (Bahler et al., 1998b) at mid1/dmfl
locus. Briefly, linear double strand DNA was amplified by PCR
from pFA6a-GFP(S65T)-kanMX6 (generous gift of J. Bahler) and was
transformedjnto a ura4-D18/ura4-D18 leul-32/leul-32 ade6-M210/
ade6 M216 h /h~ diploid strain. Stable G418 resistant diploids were
selected and sporulated to generate the haploid AP46.

midl Mutagenesis

Site directed mutagenesis was performed by PCR using high fidelity
Pfu DNA polymerase (Stratagene), except when fragments were
amplified from genomic DNA, in which case Tag polymerase (Pro-
mega, Madison, WI) was used instead.

NLS*-mid1 Production of NLS*-mid1, in which RKKRK (aa 691 to 695)
was replaced by QNSQS, was achieved by creating a HindIII-BamHI
fragment containing the mutated sequence using the forward oligonu-
cleotide 5'tgacaagcttttcaaccgacagaacagccaatcactcaacaaggetge that was
inserted in place of the wild-type fragment in pAP32.

ANES1-mid1 NES1 sequence (LNVATDLLESLDL; aa 69 to 81) was
deleted by creating a Xhol-Nsil fragment carrying the deletion using
the reverse oligonucleotide 5'-gccatgcatgcttctttccgaaaggtttccaaggg.
This fragment was inserted in place of the wild-type fragment in
pAP32.

ANES2-mid1 NES2 sequence (LGNLTLTCLYI; aa 763 to 773) was
deleted using two rounds of PCR. First a 5’ fragment of 325 bp
containing the deletion using the reverse oligo 5'ctggaaccgaaagct-
caggtgtacgtttccctatagagtt and a 3’ fragment of 525 bp overlapping
the 5" fragment on 20 bp right downstream of the deleted region
was amplified. These two fragments were used in the second round
of PCR to create a 830 bp fragment, which was inserted at HindlIII-
BamHI sites in pAP32. The Xhol-Sacl fragment from the resulting
plasmid was subcloned in pREP41X to create pAP67 (nmt*ANES2-
mid1).
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ANES1 + 2-mid1 NES1 and NES2 deletions were combined by
subcloning a Xeml-Xbal fragment containing the deletion of NES2
into the pBS plasmid containing the deletion of NESI.

APH-mid1 Deletion of the C-terminal region of midlp containing
the PH domain (aa 798 to 920) was created by constructing a
fragment of 410 pb with a stop codon and a Xbal site after the codon
of aa 797 using the reverse oligo 5'-gctctagaaacgtgtcgcaagtccatcg.
This fragment was inserted at HindIII-Xbal sites in pAP32.

midl 1-506 Xhol-Sall fragment corresponding to midlp aa 1 to 506
was amplified by PCR and inserted at Xhol site in pREP41X to create
pAP60. To create pBS mid1 1-506, a Xhol-Sacl fragment was then
subcloned into pBSIIKS+.

In all cases, the presence of the correct mutation/deletion was
confirmed by DNA sequencing. To place these mutated sequences
under the control of midl endogenous promoter in an integrating
vector, a fragment of genomic DNA with a Xhol site in 5" containing
1kb upstream of mid1 ORF, as well as the first 280pb of mid1 ORF,
was amplified by PCR using oligonucleotides forward 5'-cacactc-
gagtcgtaggatcagagtcaaage and reverse 5'-gaatcgaggtgceccatagcece.
This fragment was inserted at Xhol-Bg/II sites in the pBS plasmids
carrying the various mutated/deleted constructs of midl, except
when NES1 was deleted. Instead, NES1 deletion was recreated
during the amplification of midl promoter sequence using the mu-
tagenic oligonucleotide described earlier and the resulting fragment
inserted at Xhol-Nsil sites. In all cases a Kpnl-Sacl fragment of the
new plasmids was subcloned in the integrative vector pJK148 to
create pAP 94 (pmid-APH-mid1), 95 (pmid-NLS*-mid1), 96 (pmid-
ANES2-mid1), 97 (pmid-mid1-1-506), 115 (pmid-ANES1-mid1) and
116 (pmid-ANES1 + 2-mid1). All plasmids were targeted by a Ndel
digest in the leul gene of pJK148 before transformation into Amid1l
strain SP1601 to create strains AP76, 80, 82, 85, 250, and 251. pAP95
(pmid-NLS*-mid1) was also integrated into YDM 109 strain (strain
AP284). Strain AP284 was then crossed to an ade6-M216 ura4-D18
leu1-32 dmfl::ura4* h™ strain to obtain strain AP370.

Immunofluorescence and Microscopy

For immunofluorescence, cells were fixed with 4% formaldehyde
and 0.25% glutaraldehyde for 30 min by addition of a 2:1 mix of 16%
EM-grade formaldehyde (Polyscience, Warrington, PA) and PEM
buffer (0.1 M NaPipes pH 6.8, 1 mM EGTA, 1 mM MgCl,) and of 8%
EM-grade glutaraldehyde (Polyscience) to exponentially growing
cultures. Cells expressing endogenous levels of wild-type or mu-
tated midl were fixed with 4% formaldehyde only. Cells were
further processed as described (Snell and Nurse, 1993). Anti-mid1p
serum (Sohrmann et al., 1996; generous gift of V. Simanis) was used
at 1:50 dilution on cells overexpressing midl. In these conditions,
cortical and nuclear mid1p could only be detected upon overexpres-
sion. On cells expressing endogenous levels of the protein, affinity
purified Igs were used. Igs were affinity-purified from the serum by
retro-elution on an hisg-tagged mid1l 300-506 fragment, produced
from a QE9 plasmid (QIAGEN, Valencia, CA) in XL1 Blue bacteria.
Briefly, inclusion bodies were purified, solubilized in Laemmli
buffer, submitted to SDS-PAGE on 8% gels, and transferred to
nitrocellulose. A band containing the his,-tagged midl fragment
was isolated, saturated in TBS (10 mM Tris pH 7.4 150 mM NaCl)
with 3% BSA and 1% Tween, and incubated for 1 h at room tem-
perature with 1 ml of diluted serum (1:10 in TBS). The nitrocellulose
was then washed three times in TBS-BSA-Tween, and Igs eluted in
400 pl of 100 mM glycine pH 1.9 for 1 min. pH was then immedi-
ately neutralized by addition of 100 ul of 1 M Tris pH 8. Igs were
then kept at 4°C in presence of sodium azide and used in immuno-
fluorescence at a 1:5 dilution with a Cy3-conjugated anti-rabbit
secondary antibody at 1:200 (Sigma, St. Louis, MO). Tubulin was
stained using mAb TAT1 (1:10; generous gift of K. Gull) and a
fluorescein-coupled anti-mouse Ab. Endoplasmic reticulum was
stained using an anti-BiP serum (1:100; generous gift of A. Pidoux)
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Effects of mid1 overexpression. (A) Effect on cell growth. Wild-type cells overexpressing mid1p or HA-tagged mid1lp were streaked

on EMM plates without thiamine and grown at 30°C for 4 days. (B) Effects on cell morphology and septum formation. Cells overexpressing
midlp (pREP41X-mid1) were grown at 30°C for 24 h and 32 h after thiamine removal from the medium and were stained with calcofluor.
Note formation of bulges at the cell center, increased calcofluor staining in the bulge region (arrow) and abnormal placement of septa. Bar:
10 um. (C) Quantitative analysis. Effects of mid1 overexpression from pREP41X on growth rate (top), bulge formation (middle), and on
septum position (bottom) were assayed from 16 h to 26 h after thiamine removal of the medium. Growth rate was determined by cell count
with an hemacytometer. For growth rate and bulge formation, mean (= SEM) from two independent experiments are presented. For septum

position, 100 cells or more were scored at each time point.

and a Cy3-conjugated anti-rabbit antibody. HA-tagged midlp was
detected using mAb 3F10 (1:1000; Boehringer Mannheim, Indianap-
olis, IN) and an Oregon green-conjugated anti-rat antibody (1,/200;
Molecular Probes, Eugene, OR). Nuclear pore complexes were
stained with mAb414 (1:50; BabCo) and Cy3-conjugated anti-mouse
antibody (1:200; Sigma). For this antibody, cells were fixed with
formaldehyde only.

For midGFP imaging, AP46 cells were grown in 2 ml of YE5S at
20°C without shaking. Cells were concentrated 20-fold by brief
centrifugation, and 2 ul cell slurry was mounted on slides in me-
dium. GFP fluorescence of randomly chosen cells was then captured
(3 s. exposure) after focusing on the DIC image.

Rhodamine phalloidin staining of actin was achieved as described
by Sawin and Nurse, 1998 except that fixation time was reduced to
5 min. Calcofluor staining was performed on live cells concentrated
by brief centrifugation by addition of 50 ug/ml Calcofluor (Sigma).
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Leptomycin B (LMB) stock solution (100 wg/ml in ethanol; generous
gift of M. Yoshida) was diluted 4000-fold in culture medium to
obtain a 25 ng/ml final concentration. Methyl-benzidazole-carbam-
ate (MBC; Aldrich, Milwaukee, WI), thiabendazole (TBZ, Sigma)
and latrunculin-A (LatA, Molecular Probes) studies were performed
as described in Chang, 1999, except that the cells were first grown
on agar plates, then resuspended into liquid media for the drug
treatment. MBC (methyl 2-benzimidazolecarbamate; Aldrich) was
used at 25 ug/ml in 1% DMSO.

Microscopic images were acquired with an E800 Nikon micro-
scope with an 100x PlanApo 1.4NA 100X objective and a Sensicam
(Cooke, Auburn Hills, MI) or an Orcal00 (Hamamatsu,
Hamamatsu, Japan) cooled CCD cameras. Figure 4C was obtained
using a CSU-100 real time confocal (Yokogawa, Perkin Elmer-Cetus,
Norwalk, CT). Image acquisition and analysis was performed using
Phase 3 or Open Lab (Improvision) imaging software.

Molecular Biology of the Cell
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Figure 2. Localization of midlp and F-actin in midl overexpressing
cells. (A) mid1p localization. Cells overexpressing midl grown at 30°C
were fixed 22 h after thiamine removal from the medium and double
stained with anti-midlp antibody and DAPIL Interphase cells have
nuclear and central cortical staining (arrows). In mitotic cells, nuclear
staining disappears, and the cortical staining splits in two bands. Bars:
top, 10 um; bottom 5 u m. (B) F-actin localization. Cells overexpressing
mid] induced for 22 h, and wild-type cells grown at 30°C were fixed
and stained for F-actin with rhodamine phalloidin. Note increased
concentration of actin patches at the cell center and the abnormal DNA
staining in the midl overexpressing cells. Bars: 10 um.
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Western Blots

Crude boiled extracts were prepared as described by Correa-Bordes
and Nurse (1995). Protein concentration was assayed by coomassie
blue staining. Equal amounts of extract were loaded on 8% SDS-
PAGE and blotted on nitrocellulose according to Towbin ef al., 1979.
midlp was revealed using anti-midlp affinity purified Igs (1:50),
peroxidase-coupled anti-rabbit Igs (1:5000; Jackson ImmunoRe-
search, West Grove, PA), and a chemoluminescence kit (Pierce,
Rockford, IL).

Electron Microscopy

Electron microscopy was performed according to Doye et al., 1994:
exponentially growing cells were washed in K-phosphate buffer pH
6.5 with 0.5 mM MgCl,. Cells were resuspended in the same buffer
supplemented with 2% formaldehyde and 2% glutaradehyde, incu-
bated for 90 min at 4°C, and washed 3 times in 100 mM phosphate-
citrate buffer pH 5.8. Cell walls were digested by incubation with 3
ung/ml Zymolyase 20T (NEN) in phosphate-citrate buffer for 2 h at
37°C. Cells were then washed 3 times in 0.1 M Na-Acetate pH 6.1 at
4°C and postfixed for 15 min at 4°C with 2% Osmium Tetroxyde in
1:2 Na-Acetate buffer. Cells were then rinsed 3 times in H,O, stained
with 1% Uranyl-Acetate for 1 h at room temperature in the dark,
washed again 3 times in H,O, and dehydrated in 70% and 90%
ethanol for 15 min. After pelleting in a microtube, the cell pellet was
incubated 2 times, for 10 min each time, in 100% ethanol and 2
times, for 10 min each time, in propylenoxyde, then incubated
overnight in a 1-to-1 mix of Epon and propylenoxide. The next day,
the pellet was incubated in pure epon for 1 h. Then epon was
exchanged for fresh epon, and the tube incubated at 60°C for three
days to induce epon polymerization. Thin sections of embedded
cells were produced with an ultramicrotome (Leica, Deerfield, IL),
stained with lead and uranyl for 30 min, and observed on a Philips
electron microscope .

RESULTS

midl Overexpression Induces Ectopic Growth at the
Middle of the Cell

To investigate the function of mid1p, we examined the cellular
effects of midl overexpression. midl was placed under the
control of full strength or medium strength thiamine-repress-
ible nmtl promoter on the multicopy plasmids pREP3X or
PREP41X (see MATERIALS AND METHODS). Although mid1
overexpression from the strong nmt1 promoter was lethal, mid1
expression from the medium strength nmt1 promoter did not
affect colony formation (Figure 1A). Cells carrying pREP41X-
mid1 exhibited a striking phenotype: they formed bulges near
the cell center (Figure 1B). Medial bulges were exhibited in 40%
of the cells 20 h after removal of thiamine (Figure 1C middle).
Cells were longer than normal, suggestive of a cell cycle delay
in interphase (Figure 1B), and the generation time of the pop-
ulation was increased approximately two-fold (Figure 1C top).
Cells also exhibited abnormal cell division patterns: septa were
often offset at the edge of the medial bulge, and occasion-
ally multiple or even more abnormal septa formed (Figure
1C bottom). In general, septa were perpendicular to the
long axis of the cell and were different from the tilted
septa in cells carrying loss-of-function midl alleles. No
defects in nuclear positioning were apparent, as nuclei
were positioned properly at the middle of the cell or in the
bulge region (see Figure 2).

Mid1p localization in these overexpressing cells was ana-
lyzed by immunofluorescence (Figure 2A). In interphase
cells, mid1p was concentrated at rim of the nucleus and in a

2761



Paoletti and Chang

midlp overexpressed control

HA-mid1p ER midlp NPCs

Figure 3. Association of midlp with NE/ER compartments and formation of karmellae-like structures. (A) Ultrastructural analysis of midl
overexpressing cells. Cells overexpressing mid1 (24 h after thiamine removal) and control cells (grown in presence of thiamine) were fixed
and processed for electron microscopy. Note invaginations of cytoplasm in the nucleus (black arrows) and karmellae-like multiple layers of
nuclear envelope (black arrowheads). White arrows: nuclear pores. N: nucleus. nu: nucleolus. Bars: 1 um, except bottom middle panel: 200
nm. (B-C) Colocalization of midlp with the ER and nuclear pores. Cells overexpressing HA-tagged midlp or midlp were grown at 30°C,
shifted to thiamine-free media for 22 h, and stained with mAb 3F10 (anti-HA) and anti-BiP antibody (ER marker) (B) or with the anti-mid1p
antibody and mAb 414 (nuclear pore marker) (C). Note increased concentration of midlp in regions that contain BiP but not nuclear pores
(arrows). Bars: 5 um.
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Figure 4. Localization of midlp in a
central broad band in wild-type cells.
(A) Localization of mid1-GFP fusion
protein. Fluorescent and phase images
of cells expressing a functional mid1-
GEFP fusion (AP46), grown in YE5S at
20°C without shaking. Inset: 2-fold B

Number of cells

magnification. Most cells show a dim a0 -
central broad band staining (arrows)

and a faint staining in the region of the a5 [
nucleus (like cell #2). Bright, tight rings

are seen in longer cells without septum a0 f
(arrow head, cell #3). Remaining cells

have no obvious staining and have a 25
septum (cell #4) or no septum (cell #1).

Background panel correspond to wild- 20
type cells grown and observed in sim-

ilar conditions that exhibit autofluo- 15
rescence. Bars: 10 um. (B) Correlation

between cell length and staining. 10
Length of cells was correlated to the

pattern of mid1-GFP fluorescence (a 5
cell representative of each of the four

categories labeled 1 to 4, is shown in 0

A). Cells presenting a central broad
band staining represent 75% of the D
population and their length range
from 10 to 16 um. n = 150. (C) Confo-
cal image of midl-GFP broad band
(green) in a single focal plane at the
cell surface overlaid over a DIC image
(gray). Cells were grown as described
in A, B. Bar: 2 um. (D) Schematic rep-
resentation of midlp localization pat-
terns during the cell cycle. midlp is
represented in red, and nucleus with-
out mid1lp in blue.

broad

S/G2

broad band at the central cell surface overlying the nucleus
in the region of the bulge. This cell surface staining was
finely punctuate or reticular. Timecourse studies showed
that the central accumulation of midlp preceded the devel-
opment of bulges (our unpublished results). During mitosis,
nuclear staining disappeared but the broad band persisted.
In contrast to wild-type cells, tight ring staining was not
observed. At the end of anaphase, two bands, each overlying
a nucleus, were observed. Nuclear staining reappeared in
telophase when nuclei had migrated back toward the center
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midl-gfp background

phase contrast

1 [ no staining 3.0%
2 (3 central surface staining 75.3 %
3 [ ring staining 10.5%
4 M no staining+septum 11.2%

o A AT S A T

length in pm

tight

T

G2 early M anaphase septation
G1/s

of the new sister cells. Similar patterns were seen in cells
overexpressing a GFP-mid1 fusion protein (our unpublished
results; Figure 10).

Overexpression of mid1p affected cell polarity. In contrast
to wild-type cells, which only grow at cell tips, cells over-
expressing midlp appeared to grow in the area around the
nucleus, forming bulges in some cells. Other cells grew in
more delocalized manner at the sides of the cells. F-actin
staining showed delocalization of actin patches, with con-
centration of actin patches in the bulge regions in some cells
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Figure 5. Midlp band on cell surface is linked to nuclear posi-
tion in cells with displaced or multiple nuclei. (A) Wild-type cells
carrying pAP73 (pnmt-GFP-mid1) were grown on minimal plates
with thiamine at room temperature, inoculated in liquid media,
incubated for one hour at 30°C and then treated with 25 ug/ml
MBC for 2 h at 30°C, and imaged for GFP fluorescence. Bar: 5 um.
(B-C) cdc11 cells carrying pAP73 (nmt-GFP-mid1) were grown on
minimal plates with thiamine at room temperature, inoculated
into culture and incubated for 4 h at 36°C, treated with MBC at 36°C for
90 min, and imaged for GFP fluorescence. Some cells have multiple,
separate nuclei but no cell division septum. Bars: 5 um.

(Figure 2B). Some bulges exhibited increased calcofluor
staining, which is characteristic of sites of active cell wall
growth (Mitchison and Nurse, 1985). Bulge formation was
not a consequence of nuclear abnormalities, as overexpres-
sion of NLS*-mid1, a mid1 mutant that does not accumulate
in the nucleus (see below) also induced similar cell shape
changes (our unpublished results). Thus, midlp may have
the ability when overexpressed to promote active cell
growth in the region around the nucleus.

midl Overexpression Induces “Karmellae”
Formation

Cells overexpressing midl also exhibited abnormal nuclear
morphology. midlp staining patterns at the nuclear rim
revealed enlarged, mis-shaped nuclei. DAPI staining was
less intense and less regular (Figure 2B). Ultrastructural
analysis by electron microscopy revealed striking nuclear
membrane abnormalities that were never observed in con-
trol cells. Nuclear membranes were distorted and formed
outpouches that appeared to contain cytoplasm (Figure 3A).
In addition, nuclear membranes were folded into stacks of
two to seven sets of membrane pairs (Figure 3A). These
abnormal membrane folds were similar in appearance to
karmellae structures induced by overproduction of trans-
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membrane NE/ER proteins such as HMG-CoA reductase
(Wright ef al., 1988).

To determine where midlp may be located in these ab-
normal nuclear membranes, we stained cells overexpressing
mild levels of midlp or HA-tagged midlp for midlp and
either the nuclear envelope (NE) or the endoplasmic reticu-
lum (ER), which is in part perinuclear (Pidoux and Arm-
strong, 1993). Although some midlp colocalized with the
NE marker (nuclear pore protein) around the nucleus,
midlp staining was concentrated in a subset of NE regions
that did not contain nuclear pores but did contain the ER
marker (BiP; Figure 3 B,C arrows). Since the folded mem-
brane stacks in the electron micrographs also did not contain
nuclear pores, these data suggest that midlp may be con-
centrated in these stacks (see Figure 3A,B). Thus, overex-
pression of midl causes its accumulation at nuclear mem-
branes and perturbs their morphology, suggesting that
midlp has an affinity for these membrane compartments.

Midlp Is Located in a Central Cortical
Compartment During Interphase

Next, we asked whether midlp is present in a central band
when expressed at endogenous levels. Immunofluorescence
in fixed samples reveals central broad band staining only in
early mitotic cells (Bahler et al., 1998a). Since fixation can
alter localization patterns, we reinvestigated mid1p localiza-
tion by examining a mid1-GFP fusion in living cells. A
GFP-kanMX cassette was inserted into the genomic midl
locus by homologous recombination to produce a C-termi-
nal mid1-GFP fusion (Bahler et al., 1998b; see MATERIALS
AND METHODS). This construct was expressed from the
mid]l promoter and was judged fully functional by the cor-
rect placement of septa in cells expressing this fusion as the
only midl protein. Most interphase cells exhibited punctu-
ate mid1-GFP fluorescence in a medial broad band at the cell
surface (Figure 4A, arrows) as well as some nuclear fluores-
cence. Other cells exhibited a bright central ring (Figure 4A,
arrowhead) or no cell surface staining at all. Confocal mi-
croscopy (Figure 4C) revealed that the mid1-GFP broad
band consisted of multiple, discrete dots on the medial cell
surface. An estimation of the number of discrete dots was
60-120 per cell in longer interphase cells.

Mid1-GFP localization through the cell cycle was evalu-
ated by correlating staining pattern with cell length and
septation state. The mid1-GFP signal was not amenable to
other methods of cell cycle analysis such as time-lapse mi-
croscopy because of sensitivity to photobleaching, or to dou-
ble staining in immunofluorescence studies because of sen-
sitivity to fixation. As fission yeast grow throughout
interphase and septate in a reproducible manner, cell length
and septum formation can be used to approximate cell cycle
stage (Mitchison and Nurse, 1985). The large majority of
cells (75.3%) in the asynchronous population had both nu-
clear and central broad band staining. These cells were of
variable length, generally ranging from 10 to 16 wm. This
length distribution and the fact that most cells (>70%) in an
asynchronous population are in interphase indicate that
cells have central broad band localization through most of
interphase. Cells showing a ring staining (10.5%) or no stain-
ing but also a septum (11.2%) were longer, ranging from 14
to 20 wm. Finally, cells without obvious staining and with-
out a septum (3%) were very short, from 8 to 10 um. This
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Figure 6. Localization of
ANESI-midlp, = ANES2-midlp,
and ANES1+2-midlp. (A-C)
Strains AP250 (ANES1-mid1, A),
AP251 (ANES1+2-midl, B), and
AP82 (ANES2-midl, C) were
grown at 30°C, fixed and double-
stained with affinity purified
antimidlp antibody (top) and
DAPI (bottom). (D) Wild-type
cells overexpressing ANES2-mid1
from pREP41X (AP122) were
grown at 30°C, fixed 24 h after
thiamine removal from the me-
dium, and stained with antimid1p
antibody (top) and DAPI (bot-
tom). Note that ANESI-midlp
and ANES1 + 2-mid1p clearly re-
main located in the nucleus dur-
ing mitosis. Very faint central
rings are sometimes detected. Nu-
clear export defect is obvious
upon overexpression of ANES2-
midl. Multinucleated interphase
cells (like the fourth cell) are com-
mon in ANES] + 2-mid1 strain, as
this construct fails to complement
midl deletion. Bars: 5 um.

analysis of the mid1-GFP fusion coupled with other studies
using fixed samples showed that midlp is present in: 1) a
central broad band through much of G2 phase and during
very early mitosis; 2) a tight ring later in mitosis; 3) no
specific cell surface localization in G1 and S phases, between
septum formation and cell separation. The appearance of the
broad band during interphase is significant because it sug-
gests that midlp is established at the future site of medial
ring assembly well before other ring proteins, which only
arrive during mitosis.

midlp Localization at the Cell Surface Is Dependent
on Nuclear Positioning

Since the broad band of mid1p at the cell surface overlies the
nucleus and has roughly the same width as the nucleus, we
tested whether the position of this band is coupled to nu-
clear position. To displace the nucleus away from the middle
of the cell, we treated cells with a microtubule inhibitor,
methyl 2-benzimidazolecarbamate (MBC), as nuclear posi-
tioning is a microtubule-dependent process (Toda et al.,
1983). In these studies, cells overexpressing a functional
GFP-mid1 fusion were used, since liquid culture conditions
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led to loss of the mid1-GFP signal when it was not overex-
pressed even in untreated cells. In cells where the nucleus
was displaced from the middle, the GFP-mid1p broad band
was displaced with the nucleus (Figure 5A). This linkage
between nucleus and broad band positions was further
tested by examining cells with multiple nuclei. Cells with
multiple, separate nuclei without a septum were generated
by treating a septation mutant cdc11 with MBC, which in-
hibits nuclear clustering (see Hagan and Yanagida , 1997). In
these cells, there were multiple GFP-mid1 broad bands, each
one in the vicinity to a nucleus. Thus, localization of mid1p
on the cell surface is dependent on the distance from the
nucleus. These results are consistent with the previous find-
ings that cells with displaced or multiple nuclei ultimately
divide at position of the predivisional nucleus (Toda et al.,
1983; Marks et al., 1987; Chang and Nurse, 1996).

Identification of midl NLS and NES Sites Involved
in Nuclear Shuttling

An attractive model for how midlp broad band position
may be coupled to nuclear position is through nuclear
shuttling. It has been suggested that mid1p may shuttle in
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and out of the nucleus (Sohrmann et al., 1996). In princi-
ple, this shuttling could concentrate midlp near the nu-
cleus, so that it would preferentially bind to the cell
surface near the nucleus when midlp exits the nucleus.
midlp would then recruit other components of the medial
ring to the cell middle during mitosis. Nuclear shuttling
may also be intrinsic to midlp function, for instance, to
take another factor in or out of the nucleus. This model is
especially attractive because it offers a potential mecha-
nism for determining how the position of the site of cell
division is coupled to nucleus position.

To test this hypothesis, we identified the nuclear import
and export signals in mid1p. First, two leucine-rich nuclear
export sequences (NES) were identified on the basis of sim-
ilarity of rev-like NES sequences (Fischer et al., 1995; Wen et
al., 1995; see MATERIALS AND METHODS). Small dele-
tions in these sequences were generated by site-directed
mutagenesis, and the mutant genes expressed under the
control of the midl promoter were integrated into a mid1l
deletion strain. ANES1-midlp had a clear defect in nuclear
export— in contrast to wild-type midlp, which exits the
nucleus during mitosis, it remained in the nucleus through-
out the cell cycle, although some faint rings were occasion-
ally seen (Figure 6, A-B). ANES2-midlp had a weaker, but
demonstrable nuclear export defect: it retained some weak
cortical staining and weak rings in addition to nuclear stain-
ing (Figure 6C), but was clearly concentrated in the nucleus
during mitosis upon overexpression (Figure 6D). ANES1+
2-midlp was localized like ANESI-midlp. The function of
these mutant proteins was assayed by their ability to posi-
tion the septum. ANESl-midlp was partially functional
(20.5% abnormal septa); Figure 7 and Table 2) at 30°C, and
ANES2-midlp was fully functional. ANES1+2-midlp was
not functional (74.6% abnormal septum). Nuclear export of
midlp was sensitive to leptomycin B (LMB), a drug that
blocks the nuclear export factor crml1p (see Figure 8; Nishi et
al., 1994; Kudo et al.; 1999), showing that the nuclear export
of midlp is crm1 dependent. Although there is a possibility
that these deletions may affect other functions beside nuclear
export, these data suggest that midlp has two NES se-
quences required for efficient crm1-dependent nuclear ex-
port and that midlp needs to be in the cytoplasm to carry
out its function.

Next, a basic nuclear localization sequence (NLS) was
identified and mutated (see MATERIALS AND METHODS).
Conservative changes in the NLS (aa 691 to 695; denoted
NLS*) caused a significant defect in nuclear import: no
NLS*-mid1p was detectable in the nucleus when expressed
under the control of midl promoter (Figure 8), or when
overexpressed. The NLS*-mid1 protein was detected by im-
munofluorescence in a central broad band during both in-
terphase and mitosis, consistent with an increased cytoplas-
mic pool of NLS*-mid1lp during interphase compared with
wild-type mid1p. The NLS*-mid1 mutant had no detectable
phenotype: cells divided symmetrically (Figure 7; Table 2).
Thus, this NLS is not required for mid1lp function or cyto-
plasmic localization. However, treatment of the NLS*-mid1
mutant with the nuclear export drug LMB still led to nuclear
accumulation, suggesting that this mutant protein is still
able to enter the nucleus at a low rate (Figure 8). In search of
a second NLS sequence, we also deleted a second basic
region located in N-terminal of the protein (PNRKRM, aa
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Figure 7. Complementation of midl deletion by mutated midl
constructs. Strains SP1601 (A), AP250 (B), AP82 (C), AP251 (D),
AP80 (E), AP76 (F), and AP85 (G) were grown at 30°C (left) or 36°C
(right) and stained for cell wall and septum with calcofluor (see
Table 2 for statistics). Bar: 10 um. Diagrams of midl mutant con-
structs are shown on the right. Bottom: Western blot analysis of
expression levels of midl mutant constructs at 30 and 36°C. wt:
wild-type strain FC 418. A-G: see above.
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Table 2. Ability of mid1 mutant constructs to complement mid1 and plol mutants

Complementation (% abnormal septa)

Strains 30°C 36°C Localization
wt NA (0.5) NA (1.5) Nucleus/broad band tight ring
midl-A strain NA (98.5) NA (99.8) NA
ANES1-mid1 + (20.5) — (75.8) Nucleus + occasional faint rings
ANES2-mid1 ++ (1.0) - (79.0)2 Nucleus + faint rings
ANES1+2-mid1 — (74.6) — (98.9)2 Nucleus + occasional faint rings
NLS*-mid1 ++ (0.5) ++ (1.0) Broad band tight ring
APH-mid1 ++ (nd) ++ (4.0) Nucleus/broad band tight ring
mid1 1-506 ++ (nd) + (53.6) Diffuse punctuate staining

25°C 36°C
plol-1 + pRep 41x NA (1.8) — (94.8)
plol-1 + NLS*-mid1 NA (2.5) - (95.5)

Wild type strain, mid1A strain and midIA strain carrying integrated constructs expressing midl mutants were grown at 30°C or 36°C, stained
with calcofluor, and assayed for septation defects by microscopic analysis. Plo1-1 strain with vector pREP41x only or an integrated copy of
NLS*-mid1 construct were grown in minimal medium at 25°C or shifted from 25°C to 36°C for 4 h. Mean percentages of cells with abnormal
septa were calculated from two separate experiments using two independent clones (n > 200 cells with a septum). NA, not applicable; nd,

not determined.

2 Functionality in these mutants was difficult to assess because Western blot analysis showed that these constructs were expressed at a lower

level than wild-type midlp at 36°C (see Figure 7).

102 to 108), but this did not cause any demonstrable defect
in nuclear import either by itself or in combination with the
first NLS mutation (our unpublished results).

Thus, it is likely that midlp has at least two sequences
required for nuclear import, a basic NLS sequence, which
accounts for most of nuclear import activity, and a minor
second sequence that has yet to be identified. Because there is
still some residual nuclear shuttling in the NLS*-mid1 mutant,
the function of nuclear shuttling still remains an open question.

The C-terminus of midlp including the PH Domain
Is Not Required for midlp Function

The C-terminus of midlp possesses similarities to PH do-
mains, which have been shown to target some proteins to
the cell surface, possibly through direct interactions with
phospholipids (Lemmon ef al., 1996). We tested whether
midlp may be targeted by its PH domain. Surprisingly,
APH-mid1p expressed under the control of midl promoter
was localized in an identical manner to wild-type midlp
(Figure 9A) and was fully functional (Figure 7 and Table 2).
Overexpression of APH-midlp produced changes in cell
shape and nuclear morphology identical to the wild-type
protein (our unpublished results). Thus, midlp PH domain
is not essential either for its function or for targeting midlp
to the cell cortex and the nuclear envelope.

We further constructed an even larger C-terminal deletion
of midlp (mid1 1-506) that removes NES2, NLS, and the PH
domain. midl 1-506 expressed as the only midl gene was
fully functional at 30°C and partially functional at 36°C (53%
abnormal septa; Table 2 and Figure 7). midl 1-506 protein
showed a punctuate staining that was fairly evenly distrib-
uted over the entire cell (Figure 9B). No tight ring or broad
band concentration was seen even in mitosis, although it is
possible that the diffuse distribution of mid1p could mask its
localization to these specific sites. Thus, the N-terminal half
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of mid1lp is sufficient for function, and mid1lp function does
not require it to be concentrated at the broad band or tight
ring. A model that provides an explanation for this unex-
pected result is presented in the DISCUSSION section.

Maintenance of midlp Localization in the Broad
Band Is Independent of F-actin and Microtubules

We next tested whether the microtubule or actin cytoskeleton
may be required for midlp localization to the broad central
band. Cells overexpressing a functional GFP-mid1 construct
were treated with the anti-actin drug latrunculin A (Lata)
and/or the antimicrotubule drug MBC. Treatment with 200
1M LatA caused complete loss of detectable F-actin structures
(Figure 10a) in 10 min or less. These cells retained GFP-mid1
bands (Figure 10, B-C) as judged by GFP fluorescence. After 60
min LatA treatment, bands were generally dimmer and some
started to disappear, suggesting that some F-actin dependent
process may be required for long term maintenance of the
band. Treatment with MBC caused interphase microtubules to
shrink to multiple dots on the nucleus (Figure 10A) by 10 min.
The effect of MBC was transient, as microtubules began to
grow back by the 60-min timepoint (Figure 10A). In MBC-
treated cells, GFP-mid1 bands persisted (Figure 10, B-C). Even
after treatment with both LatA and MBC, most cells retained
GFP-mid1 bands (Figure 10, B-C). Drug treatment did not affect
viability, as 96% of cells treated with LatA and MBC were
viable after 90 min treatment. Thus, F-actin and microtubules
are not required for the short-term maintenance of midlp
localization to the central band, and this localization of midlp
is not directly dependent on association with cytoskeletal struc-
tures. Consistent with this result is that there is no obvious
accumulation of any F-actin or microtubules in this region
during interphase. However, these studies do not address
whether the actin or microtubule cytoskeletons may be in-
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Figure 8. Localization of NLS*-mid1p and effect of LMB treatment. (A-B) Wild-type strain (A) and strain AP80 (NLS*-mid1, B) were grown
at 30°C, treated or not with 25 ng/ml LMB for 1 and 2 h, and stained with anti-mid1p Igs and DAPIL. NLS*-midlp is not detected in the
nucleus, but is present at one cell tip in very short cells, at the central broad band in longer interphase cells (arrowheads) or in very early
mitosis, and in a tight ring during anaphase (arrows). LMB treatment induces nuclear accumulation of NLS*-mid1p. Bars: 10 wm. (C) Strain
AP80 (NLS*-mid1l) was triple stained for midlp, tubulin, and DNA. Different cell cycle phases are depicted. Note in the fourth cell with a
short mitotic spindle, that mid1p cortical staining is brighter at the very center, suggesting that the cortical staining is starting to form into

a tight ring. 1.5-fold enlargement compared with top panels.
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Figure 9. Localization of APH-midlp and midl 1-506p. Strain
AP76 (APH-mid1) and AP85 (mid1 1-506) were grown at 30°C and
stained with anti-mid1p Igs and DAPI. Bars: 10 um.

volved in the initial establishment of the band or in transport of
midlp to this site.

Polo Kinase plolp Is Required for midlp
Cytoplasmic Function and Incorporation into Tight
Ring

Bahler ef al. (1998a) reported that the polo kinase plolp has
a role in placement of the ring, possibly through interaction
and phosphorylation of midlp. Although a deletion of plol
produces numerous defects in mitosis and cytokinesis (Oh-
kura et al., 1995), some temperature sensitive alleles of plo1,
such as plol-1, have fairly specific midl-like phenotypes
(Bahler et al., 1998a). In the plo1-1 mutant, mid1p was found
to be predominantly nuclear even in mitosis (Bahler ef al.,
1998a), suggesting that plolp has a primary role in the
nuclear export of midlp. We tested this model using the
NLS*-mid1 mutant allele. If the primary defect of midlp in
plo1-1 mutants is in nuclear export, then expression of NLS*-
midl may be able to rescue the plol-1 phenotype. When
NLS*-mid1 construct was expressed in addition to wild-type
midlp in plol-1 strain, cells still exhibited division defects
and thus plo1-1 was not rescued by the NLS*-mid1p (Table 2).
In addition, when expressed in ploI-1 mutant as the only mid1
protein, NLS*-mid1 still localized in a broad band at the central
cell surface during most of the cell cycle including mitosis
(Figure 11B). However, no tight rings were seen during an-
aphase, indicating a strong defect in tight ring formation. Thus,
a defect in nuclear export of midlp is not the sole cause of
division site positioning defects in plol-1 mutants.
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We also reexamined mid1p distribution in the plo1-1 mutant
(Figure 11A). Although some weak defects in nuclear export
were seen, midlp was clearly localized to the medial broad
band in interphase and mitotic cells, but did not form tight
rings. Since in the ploI-1 mutant, tight rings of actin and cdc4p
are present at random positions (Bahler et al., 1998a), the mid1p
medial broad band was present but dissociated from the posi-
tion of other ring components. Thus, mid1p did not function to
position other components of the tight ring at a medial position
and did not incorporate into the misplaced tight rings.

These results show that, although plolp may have some role to
increase nuclear export of mid1p at mitosis, it is also required for
the cytoplasmic function of mid1p. plolp may be required for the
interaction of mid1p with other components of the ring, which is
required both for midlp function to position these other ring
components and for its incorporation into the tight ring.

DISCUSSION

Midlp Localization to a Novel Subcellular Cortical
Compartment Linked to the Position of the Nucleus

In considering the mechanism of how the cell division ring
is positioned, the temporal order of localization can indicate
which proteins are important for initially marking the divi-
sion site. Midlp is a protein required for proper medial
positioning of the cell division ring. Our studies show that,
in addition to being localized at the nucleus and tight medial
band, midlp is present in a medial broad cortical band
through most of the cell cycle, probably beginning in early
G2 phase. The midlp interphase broad band staining is
roughly the width of the nucleus and is visualized in a
reticular pattern or dots at the cell surface. During ring
formation in early mitosis, when we imagine mid1 functions,
additional midlp is placed in this broad band as midlp is
exported from the nucleus. We detected this broad band in
living cells using a functional mid1-GFP fusion expressed at
endogenous levels. This pattern was not seen previously in
wild-type interphase cells by immunofluorescence, possibly
because of low protein abundance or poor preservation after
fixation. Visualization of the broad band by immunofluores-
cence in cells expressing NLS*-midlp from the midl pro-
moter, where cytoplasmic levels of mid1p are more elevated,
further supports this localization pattern. In addition, upon
overexpression, mid1p broad band was easily seen by both
immunofluorescence and GFP fusion through the whole cell
cycle, including mitosis. Thus, to our knowledge, midlp is
the first cytokinesis factor to arrive at the medial site at the
cell surface, as it precedes other known cytokinesis factors
by at least an hour. This temporal order is consistent with
midlp function in placement of the cell division site.

A striking aspect of this broad band is that its position at
the cell surface is coupled to the position of the nucleus. As
shown in cells with multiple or displaced nuclei, midlp
surface localization is dependent on close proximity to the
nucleus. How the nucleus and medial cell surface may be
linked is not yet clear. We are not aware of any cytological
structure linking the two. The actin and microtubule cy-
toskeletons do not obviously connect the nucleus and cell
surface, and drug inhibitor studies show that actin and
microtubule cytoskeletons are not required for maintenance
of midlp at the site.
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after addition of drug. (A) Efficacy of the drug treat-
ment. Open circles O represent percentage of LatA-
treated cells with detectable F-actin structures as
determined by rhodamine phalloidin. Filled circles
@ represent percentage of MBC-treated cells with a
microtubule (MT) over 2 um in length. (n = 100 for
each point). (B) Living cells with bright GFP-mid1 in
the nucleus were assayed for a visible GFP-mid1l
band by GFP fluorescence. All of the cells (100%)
retained bright GFP-midl band staining after 1%
DMSO treatment after 150 min. GFP-mid1-bands in
cells treated with LatA were dimmer after 60 min.
(C) GFP fluorescence images of representative
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Midlp Exhibits Nuclear Shuttling

The highly regulated localization patterns of mid1p suggest
that the spatial regulation of midlp may be critical to its
function and regulation. In particular, why should a cytoki-
nesis factor be present in the nucleus? Several other cytoki-
nesis factors, such as anillin (Field and Alberts, 1995; Aroian
et al., 1997), are also in the nucleus during interphase and at
the contractile ring during mitosis. Possibilities include: 1)
mid1p has a function inside the nucleus; 2) nuclear localiza-
tion may serve to sequester the protein during interphase; 3)
shuttling may localize mid1p in the vicinity of the nucleus at
the cell surface.

Mid1p overexpression phenotype suggests that sequester-
ing mid1p in the nucleus may ensure that cells do not form
bulges inappropriately during interphase. However, under
laboratory conditions, cells expressing NLS*-mid1p at wild-
type levels exhibited no discernible phenotype.

An attractive hypothesis is that nuclear shuttling may be
responsible for midlp localization at the cell surface. For
instance, mid1p may enter the nucleus, exit the nucleus, then
bind to a receptor at the cell surface; shuttling would con-
centrate the mid1l protein in the vicinity of the nucleus. We
have demonstrated that mid1p does shuttle in and out of the
nucleus, and we have identified signals responsible for shut-
tling. midlp has two crml-dependent nuclear export se-
quences and at least two sequences responsible for nuclear
import. NES mutations caused nuclear accumulation and
loss of midlp function and cytoplasmic localization. These
mutants suggest that mid1p must exit the nucleus and per-
form a function in the cytoplasm. NLS* mutation greatly
reduced the amount of midlp in the nucleus, but did not
affect function or cytoplasmic localization. This suggests that
a high concentration of midlp in the nucleus may not be
required for midlp function. However, the NLS* mutation
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did not entirely block nuclear import, as shown by its nu-
clear accumulation after LMB treatment. There does not
seem to be a second obvious NLS (basic-rich sequence).
Rather, this suggests an interesting alternative mechanism
for mid1p import into the nucleus. For example, it is possible
that mid1p binds to another protein that is imported into the
nucleus. The existence of multiple sequences involved in
nuclear export and import may reflect the complex regula-
tion of midlp localization during the cell cycle.

The function of nuclear shuttling is still not clear. Cer-
tainly, mid1p must exit the nucleus to function in the cyto-
plasm. However, our data do not conclude whether mid1p
needs to pass through the nucleus for function or localiza-
tion, as there is residual shuttling in the NLS* mutant. The
role of nuclear shuttling in linking the nucleus and cell
surface remains an intriguing possibility that awaits further
tests.

Midlp Localization to the Ring and Polo Kinase

Midlp localization changes in midmitosis from a broad
punctuated band to a tight ring, after position of the ring has
been determined (Bahler ef al., 1998a, and our unpublished
observations). The function of mid1p in the tight ring is not
yet clear. This tight band colocalizes with other components
of the medial ring, and localization of midlp to this ring is
dependent on other medial ring genes such as cdc12, cdc3,
and cdc8 (Sohrmann et al., 1996). We favor a model in which
midlp functions in early mitosis in the broad band to posi-
tion other ring components and then, after the ring position
has been determined, incorporates into the ring by virtue of
its association with other ring components. Alternatively,
midlp may function in the tight ring; however, the late
incorporation of mid1p into the ring after the position of the
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Figure 11. Localization of midlp and NLS*-midlp in plol-1
mutant. Exponential cultures of plol-1 mutant (A; YDM 109
strain) and plo1-1 mutant expressing NLS*-mid1 as the only mid1
protein (B; AP370 strain) were grown at 25°C, shifted for 2 h at
36°C, and fixed and stained with anti-midlp Igs (top) and DAPI
(bottom). mid1p is present in the nucleus and in a central broad
band in interphase (left), mitotic (middle), and post mitotic

(right) cells. NLS*-midlp forms a broad cortical band in inter-
phase and mitosis. Bars : 2.5 um.

ring has already been established is not consistent with this
latter hypothesis. Overexpression of midl led to the persis-
tence of the broad band through mitosis without formation
of the tight band, but actin and cdcl2p rings (our unpub-
lished results) and the septum were still of normal thickness.

The polo kinase plol appears to have roles both in nuclear
export and in activation of midlp. plol-1 mutants have a
similar phenotype as mid]l mutants, and genetic and 2-hy-
brid data suggest that plolp and midlp interact and func-
tion together (Bahler et al., 1998a). Bahler et al. (1998a) sug-
gested that plolp has a role in the nuclear export of midlp.
Our results demonstrate that plolp has additional effects on
midlp. In a plol-1 mutant, a portion of midlp still forms a
medial broad band. Even though mid1p is medially placed,
the tight actin ring forms at other positions, and mid1p does
not incorporate into these misplaced rings. Thus, at mitosis
plolp may phosphorylate mid1p, which activates its ability
to associate with other ring components. This association
may be required both for midlp function and for its tight
ring formation.

The mid1 1-506 C-terminus truncation further tests the
function of midlp localization patterns. Its distribution
was diffusely cytoplasmic throughout the cell cycle, with
no broad band or tight ring staining, suggesting that
determinants required for the association of midlp with
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the cortex are located in C-terminus of midlp. Surpris-
ingly, this mutant was fully functional at 30°C. Thus, the
concentrated distribution of midlp in the tight band and
broad band may not be essential for midlp function.
However, since it is possible that mid1-506p is still
present in these locations but its detection is masked by
the diffuse cytoplasmic pool, these findings do not rule
out the possibility that a subset of mid1-506p is function-
ing at these cellular locations. For instance, mid1-506p
may be acting with other proteins that are still properly
localized in this band. These results do imply that it is
unlikely that mid1p itself acts as a unique spatial cue for
ring positioning.

Interaction of midlp with Cell Growth Machinery
and Membranes

Overexpression of midlp led to a novel cell shape pheno-
type: mid1p concentrated in the broad cortical band induced
cell growth, leading to bulges around the middle of the cell
and redistribution of actin patches. This phenotype suggests
that mid1p in the broad band has the ability to interact with
and recruit actin and other proteins involved in cell tip
growth to the cell middle for the purposes of cytokinesis.

Overexpression of midl also induced proliferation and
folding of membranes around the nucleus in karmellae-like
structures. Karmellae have been found to form as a result of
overexpressing the integral ER membrane enzyme HMG-
CoA reductase in S. cerevisine and S. pombe (Wright et al.,
1988, Lum and Wright, 1995) or other ER integral membrane
proteins. To date, only ER transmembrane proteins have
been shown to induce karmellae. However, no obvious
transmembrane domains are detectable in the midlp amino
acid sequence, and the midlp PH-like domain, which has
been implicated with membrane association in other pro-
teins, is dispensable for midlp function, localization, or
karmellae formation. This effect on membranes may provide
clues suggesting possible association of midlp with an
ER/NE integral membrane protein responsible for midlp
function and aspects of localization, or its possible role in
membrane events such as membrane fusion during cytoki-
nesis.

CONCLUSION

In fission yeast, the middle of the cell may be defined by
the position of the nucleus. Analysis of mid1 has revealed
a novel, unexpected, cortical compartment that overlies
the nucleus. Our findings illustrate how the nucleus can
delineate a zone on the cell surface and they address
general questions of how local regions or compartments
may be delineated in the single cell. Similar processes are
critical in development. For instance during Drosophila
development, the position of an asymmetrically-placed
nucleus in the oocyte is thought to determine the future
dorsal-ventral axis of the embryo (Ray and Schupbach,
1996).
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