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Laser Microsurgery in Fission Yeast:
Role of the Mitotic Spindle Midzone in Anaphase B

Introduction

In cell biology, there is a rich history of experimentation

Alexey Khodjakov,1,4,* Sabrina La Terra,1,2

and Fred Chang3,4,*
1New York State Department of Health
Wadsworth Center using physical manipulation of cells. These studies have

revealed the distribution of forces and overall mechanicsP.O. Box 509
Albany, New York 12201 of intracellular machinery and have contributed heavily

toward our understanding of such processes as mitotic2 Department of Biomedical Sciences
State University of New York, Albany spindle formation and cytokinesis [1–3]. In recent years,

laser microsurgery coupled with use of GFP-based pro-Wadsworth Center C236
Empire State Plaza tein markers has been developed as a powerful tool for

the specific ablation of cellular structures such as theP.O. Box 509
Albany, New York 12222 centrosome. A green laser beam, which is focused by

the microscope objective, can selectively ablate intra-3 Department of Microbiology
Columbia University College of Physicians cellular structures with a spatial resolution approaching

the resolution of light microscopy (�0.4 �m in the XYand Surgeons
701 W. 168th St. plane and 0.6 �m in the Z plane) with minimal damage

to the rest of the cell [4]. This approach has been usedNew York, New York 10032
4 Marine Biological Laboratory successfully in vertebrate cells to study chromosome

positioning, the functions of the centrosome, and otherWoods Hole, Massachusetts 02543
aspects of cell physiology [5].

While yeast cells have been invaluable experimental
organisms due to their ease of genetic manipulation and

Summary dissection of molecular mechanisms, their small size
and rigid cell wall prohibit the use of conventional micro-

Introduction: During anaphase B in mitosis, polymeriza- manipulation techniques. Genetic approaches unveil the
tion and sliding of overlapping spindle microtubules functions of specific proteins; however, they generally
(MTs) contribute to the outward movement the spindle cannot be used to inactivate cellular structures at spe-
pole bodies (SPBs). To probe the mechanism of spindle cific locations. Further, many gene products can per-
elongation, we combine fluorescence microscopy, pho- form multiple functions at different cell cycle stages.
tobleaching, and laser microsurgery in the fission yeast Although conditional alleles have allowed some degree
Schizosaccharomyces pombe. of temporal specificity, rarely do these provide temporal
Results: We demonstrate that a green laser cuts intra- resolution on the order of seconds or ensure that the
cellular structures in yeast cells with high spatial speci- cellular process assayed is entirely inactivated. New
ficity. By using laser microsurgery, we cut mitotic spin- methodologies that complement the power of genetics
dles labeled with GFP-tubulin at various stages of are needed to take full advantage of the yeast model
anaphase B. Although cutting generally caused early system.
anaphase spindles to disassemble, midanaphase spin- Fission yeast cells undergo a closed mitosis that can
dle fragments continued to elongate. In particular, when be divided into four morphologically distinct phases: (1)
the spindle was cut near a SPB, the larger spindle frag- spindle formation; (2) metaphase/anaphase A, in which
ment continued to elongate in the direction of the cut. spindle length remains constant at 2.5 �m for ap-
Photobleach marks showed that sliding of overlapping proximately 5 min; (3) anaphase B, in which the spindle
midzone MTs was responsible for the elongation of the elongates at approximately 1 �m/min; and (4) spindle
spindle fragment. Spindle midzone fragments not con- breakdown accompanied by microtubule (MT) depolymer-
nected to either of the two spindle poles also elongated. ization when the SPBs reach the ends of the cells [6–9].
Equatorial microtubule organizing center (eMTOC) activ- Chromosome segregation is accomplished largely by
ity was not affected in cells with one detached pole but the movement of the spindle pole bodies (SPBs) in ana-
was delayed or absent in cells with two detached poles. phase B. Electron microscopy [10] shows that fission
Conclusions: These studies reveal that the spindle mid- yeast anaphase spindles contain about 25 MTs at the

onset of anaphase. This number reduces to about 10zone is necessary and sufficient for the stabilization of
MTs in late anaphase. In the spindle, overlapping MTsMT ends and for spindle elongation. By contrast, SPBs
from opposite SPBs form square-packed arrays with aare not required for elongation, but they contribute to
regular spacing of 40 nm [10]. While the MT overlapthe attachment of the nuclear envelope and chromo-
zones are minimal in early anaphase, these zones in-somes to the spindle, and to cell cycle progression.
crease so that by midanaphase, many MTs are bundledLaser microsurgery provides a means by which to dis-
along at least half of their length. In late anaphase, MTssect the mechanics of the spindle in yeast.
cease polymerizing and overlap only in a short segment
at the spindle midzone. Both MT sliding from motor
proteins such as the kinesin Cut7p (Bim1/Eg5 protein*Correspondence: fc99@columbia.edu (F.C.); khodj@wadsworth.

org (A.K.) family) [11, 12] and MT polymerization at MT plus ends
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are thought to contribute to spindle elongation. It is
generally assumed that the MT minus ends are capped
and stabilized by SPBs, but the direct experimental evi-
dence is lacking.

Here, we have developed a combinatorial GFP-fluo-
rescence microscopy/photobleaching/laser microsurgery
approach to study the mechanics and dynamics of the
mitotic spindle in yeast cells. Our results show that cuts
across the spindle have different effects during different
stages of anaphase. During early and late stages of
anaphase, cutting through the spindle induces rapid
depolymerization of MTs within the spindle. However, in
midanaphase, the spindle midzone develops properties
that stabilize MTs against depolymerization, and spindle
fragments continue to elongate even when they are not
connected to SPBs. These studies provide new insights
into the regulation of MT stability and the mechanics of
spindle elongation and demonstrate the utility of laser
microsurgery as a new tool in the study of yeast cell
biology.

Figure 1. Laser Microsurgery Causes Specific Ablation of CellularResults
Structures in Fission Yeast

S. pombe cells expressing a nsp1-GFP nuclear envelope markerLaser Ablation in Fission Yeast
and a soluble NLS-GFP-�gal marker were stained with HoechstAlthough the use of laser microsurgery has been well
33342 and imaged before (A–C) and after (A�–C�) exposure to green

established for experiments with mammalian tissue cul- laser pulses focused onto a region of the medial nucleus of the
ture cells [4, 13], its utility in yeast cells has not been lower cell at the site marked by the arrow.
explored. Potential problems included dispersion of the (A) Differential contrast interference (DIC) images. Insert shows a

magnified view of a small scar formed at the cut site.laser beam by the cell wall, cell lysis, and other global
(B) GFP fluorescence images of NLS-GFP-�gal and nsp1-GFP. In-cellular effects. Thus, our first goal was to demonstrate
sert shows an image of the same cut nucleus scaled at higherthat the effects of 532 nm laser irradiation on yeast cells
sensitivity to show the dim nsp1-GFP fluorescence at nuclear pores.

are identical to the effects observed by us and others (C) Hoechst 33342 staining, showing DNA distribution. Scale bar �
in other cell types. We used the same laser beam param- 5 �m.
eters that have previously been established for the abla-
tion of organelles in our work in mammalian cells [14–16].

Series of up to 10–20 5 ns pulses (1–2 s at 10 Hz) observed that three to five laser pulses aimed at the
periphery of the nucleus induced rapid loss of NLS-generally did not affect general cell integrity. Differential

interference contrast (DIC) microscopy showed that GFP signal (Figure 1B). Nuclear pore and chromosomal
staining showed that nuclear structure remained largelyyeast cells remained intact and viable, as assessed by

continuous movement of intracellular components and intact, suggesting that the laser produced only a dis-
crete hole in the nuclear envelope and did not, for in-organelles (Figure 1).

In mammalian cells, the laser pulses instantly convert stance, ablate the whole nucleus (Figures 1B�, insert,
and 1C). Further, laser cuts in the cytoplasm adjacentall intracellular components within the focal point into

amorphous electron-opaque material. The dimensions to the nucleus (within 1 �m) had no detectable effects
on nuclear fluorescence (our unpublished data). In cellsof the ablation zone are approximately 300–400 nm in

the XY plane and 500–600 nm in the Z axis, as measured with two nuclei (during cytokinesis), a laser cut to one
of the nuclei did not affect the other (our unpublishedby same-cell electron microscopy [4]. Because of

changes in refractive index, the ablated zone is easily data). These experiments established that focused 532
nm laser pulses create discrete openings in the nucleardetected in living cells by DIC microscopy [4]. We found

that a series of three to five laser pulses reproducibly envelope but do not compromise its integrity outside of
the irradiated area. We have used a similar approach toinduced the formation of a similar small “scar” in yeast

cells (Figure 1A�, insert). punch holes in the membranes of mitochondria [19].
Thus the effects of laser irradiation in yeast cells wereTo further characterize the effects of laser irradiation

in yeast cells, we tested the effects of firing laser pulses similar to those observed previously in mammalian cells
[4, 14, 19].through the nuclear envelope. We used cells expressing

two GFP fusions: a diffusible nuclear localization signal-
GFP-�gal fusion protein (NLS-GFP-�gal) that accumu- Behavior of Uncut Mitotic Spindles

Before describing our use of laser microsurgery to cutlates inside of the nucleus and a nuclear pore-GFP
(nsp1-GFP) that marks the nuclear envelope proper [17, spindles, we first present the characterization of normal

spindle behavior under our particular experimental con-18]. The rationale here was that focused laser ablation
should create a hole in the nuclear envelope, leading ditions. Mitotic spindles were visualized by time-lapse

fluorescence microscopy in cells expressing GFP-atb2pto discharge of NLS-GFP-�gal from the nucleus. We



Current Biology
1332

Figure 2. Stability of Microtubules in Uncut Spindles

S. pombe cells expressing GFP-�-tubulin (GFP-atb2p) were imaged by time-lapse fluorescence microscopy.
(A) Normal spindle elongation.
(B) Cell photo bleached with a low power 488 nm laser in the middle of the spindle at time 0 (arrows). Arrowheads at 320 and 510 s point to
photobleach marks on the spindle that reappear later during anaphase.
(C) Kymograph showing behavior of another photo-bleached spindle over time. Each frame represents 10 s. Brackets show positions of photo-
bleached segments. Scale bar � 5 �m.

(�-tubulin) grown on agarose pads at 28�C (Figure 2A). developed two dim marks near the SPBs. Importantly,
the distances from the poles to adjacent bleached zonesConsistent with previous studies [6–8], we observed that

mitotic spindles in anaphase B (phase III) steadily elon- were preserved as the marks and poles moved apart
(Figures 2B and 2C arrows). This behavior indicates thatgated at rates of 1.1 � 0.2 �m/min (n � 9). Postanaphase

MT arrays, which are nucleated from the medial eMTOC, most, if not all, of the spindle MTs present in late spindles
were also present prior to anaphase; thus, these MTsformed near the end of anaphase [9].

To examine the dynamics of spindle MTs, we photo- remained stable through the course of mitosis. Further,
the conservation of the distance between the marks andbleached regions of the GFP-tubulin-labeled spindle

with a low power, continuous-wave 488 nm laser (see the SPBs showed that the spindle MTs do not undergo
poleward flux. The initial filling-in of the photobleachExperimental Procedures). The energy generated by this

laser is not sufficient to ablate intracellular structures. marks revealed plus-end polymerization of microtubules
during anaphase. Our results are consistent with previ-We have used the same laser for photobleaching of

	-tubulin-GFP signal in mammalian cells [20], and a simi- ous observations on fission and budding yeast spindles
[8, 21, 22].lar instrument was used for photobleaching mitotic spin-

dles in yeast [21].
When we photobleached preanaphase and anaphase Laser Cuts Induce Either Depolymerization

or Elongation of Spindle Fragments(2–5 �m long) spindles, GFP-tubulin fluorescence rap-
idly recovered in the bleached zone (Figures 2B and To probe the properties of mitotic spindles, we used

laser microsurgery to sever spindle MTs. The cuts were2C). However, as spindles elongated, they consistently
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Table 1. Summary of Results of Cutting Mitotic Spindles by Laser Microsurgery

Cut Location Result (n)

Short spindle (2.9–4.1 �m) Middle Collapse 4
Unilateral elongation 2

Near pole Collapse 4
Unilateral elongation 3

Medium spindle (4.2–5.5 �m) Middle X-formation 5
Collapse 1

Near pole Unilateral elongation 12
Collapse 1

Both poles Elongation 16
Collapse 1

Long spindle (
7.5 �m) Middle Collapse (to nuclear segments) 4
Recovery 1
No collapse, little movement 3

Near pole Unilateral elongation 2

Total number of cells analyzed: 59

done during various stages of anaphase B and at various this abnormal structure was composed of two half spin-
dles, each of which elongated in a unidirectional manner.points within the length of the spindle. These experiments

were conducted in cells expressing GFP-�-tubulin [23, Severing of spindles off-center, near one of the SPBs,
gave rise to unidirectional elongation of the larger spin-24], and the behavior of spindle MTs was followed by

time-lapse fluorescence microscopy. The results of 59 dle fragment (Figure 4; Table 1). While the smaller spin-
dle fragment depolymerized rapidly, the larger spindleoperations are summarized in Table 1.

When short and medium-length spindles were cut in fragment, connected to the distal SPB, elongated in a
unidirectional manner in the direction of the cut towardthe middle, an immediate response was the rapid move-

ment of the spindle poles toward one another (Figure the cell tip. These MT “projections” elongated at an
average rate of 1.2 � 0.2 �m/min (n � 5), the same as3). The character of the movement did not differ between

short and medium-length spindles. Importantly, astral the spindle elongation rate (1.1 �m/min) of uncut mitotic
spindles grown under the same conditions. Generally,MTs in the medium-length spindles did not appear to

produce any forces that pull the spindle apart. This re- the intact pole did not move relative to the cell until the
spindle projection reached the cell tip. Then, it movedveals that the forces produced within the spindle that

push the poles apart is the primary force for anaphase B. away from the contact point, presumably because the
continued elongation pushed the entire spindle away.Many short spindles completely collapsed upon cut-

ting (61%, n � 13; Figure 3A; Table 1). In these cases, The formation of the elongating MT projection was
highly reproducible, especially in cuts to medium-lengthall of the MTs in the nucleus progressively depolymer-

ized so that after 100–200 s, the nucleus had no detect- spindles (in 92% of asymmetric cuts to midlength spin-
dles, n � 13, Table 1).able MTs and was filled with depolymerized tubulin (Fig-

ure 3A). No subsequent nucleation of new MTs was The fact that the final size of some MTs projections
was more than 200% of the initial length of the spindledetected for at least 800 s. However, laser cuts did not

lead to MT depolymerization in other mitotic stages (see fragment implied that the elongation process could not
be based solely on antiparallel MT sliding but, rather,below), showing that the cuts were not generating global

conditions (such as, perhaps, a rise in intranuclear Ca2�) required MT polymerization. We considered two models
for how these MT projections are formed. First, the elon-that would induce nonspecific MT depolymerization.

The collapse was seen in both cuts to the middle of the gation of the spindle fragment may represent continued
MT plus-end polymerization of MTs that originate fromspindle and in cuts near a pole. Thus, although MTs in

uncut short spindles are stable (see above), spindle MTs the distal SPB. In other words, projections may repre-
sent elongation of the distal half-spindle, where the MTare often no longer stabilized after cutting, suggesting

that the cuts generate fresh MT ends that are not stabi- plus ends grow toward the cell tip. Second, projections
may represent elongation of “normal” overlapping spin-lized.

Cuts to medium-length spindles and to a subset (38%) dle MTs. In this scenario, elongating spindle fragments
may still retain overlapping MTs and may behave muchof short spindles produced one or two spindle fragments

that were stable and that continued to elongate (Table like the intact spindle, except that this spindle is con-
nected to only one SPB.1). When medium-length spindles were severed in the

middle, both spindle halves then grew, forming an “X” To differentiate between these two possibilities we
combined laser microsurgery and photobleaching in thepattern. In several cases, the halves of the cut spindle

would “zip” together so that spindle appeared to “repair” same cell. In these experiments, we first severed a me-
dium-sized spindle near one of the SPB, and after theitself and then elongated in a bilateral fashion (Figure

3D). However, time-lapse images showed that elonga- larger spindle fragment began to elongate, we photo-
bleached it near the middle of the spindle fragment,tion was led not by the SPBs but by the part of the

spindle that was previously cut. The SPBs, which often creating a fiduciary mark (Figures 4C and 4D). Time-
lapse fluorescence microscopy revealed that pho-continued to nucleate astral microtubules, remained

near the middle of the cell (Figure 3D, arrowhead). Thus, tobleach marks behaved in the projection just as in intact
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Figure 3. Behavior of Mitotic Spindles after Laser Cut: Short and Medium-Length Spindles

S. pombe cells expressing GFP-�-tubulin were imaged by time-lapse fluorescence microscopy before and after laser cut to the spindle
(arrows) at time 0. Time (s) elapsed is listed.
(A) Example of a short spindle collapsing after laser cut.
(B) A medium length spindle was cut in the middle, producing an X pattern.
(C) Measurement of pole-pole distance over time of the cut spindle in (B).
(D) Another medium-length spindle cut in the middle. In this cell, spindle fragments fused and elongated. Arrowhead shows that the spindle
pole body (SPB) is located on the side of the spindle, suggesting that cut end of the spindle leads the elongation. Scale bar � 5 �m.

spindles: the mark first disappeared and then reap- (Figure 4E). As the projection lacks a SPB at one of its
ends, these findings show that spindles are capable ofpeared as two marks at either end of the projection (n �

5 cells). As for uncut spindles, the distances from the elongation in the absence of a spindle pole.
Although medium-length spindle fragments elon-mark to the end of the spindle were conserved. These

results are inconsistent with the elongation of just one gated similarly to intact spindles, chromosome segrega-
tion was severely compromised under these conditions.half-spindle and strongly support the second model,

in which the projection contains overlapping MTs that This was not surprising, considering that the site of laser
ablation also contained kinetochore MTs and chromo-polymerize and slide apart much like an intact spindle
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Figure 4. Elongation of a Spindle Fragment after Detachment of One Spindle Pole Body

Time lapse fluorescence images of GFP-labeled spindles that were cut asymmetrically (arrows), as to detach one of the spindle pole bodies.
(A) Example of cell that develops a unilateral projection. Note that the detached SPB (arrowhead) is associated with the side of the spindle.
(B) Kymograph of another cell. Each frame represents 10 s.
(C) Spindle was cut (arrow) and then photo bleached (arrow). The photo-bleach marks reappear near the tips of the elongated unilateral
projection (arrowhead).
(D) Kymograph of the spindle shown in (C).
(E) Model of mechanism of unilateral elongation of a spindle after detachment of one SPB. Orange boxes represent SPBs. Fiduciary marks
formed by photobleaching are shown in red. Plus and minus symbols represent predicted MT plus and minus ends.

somes associated with the one SPB. DNA visualization sites away from the SPB did not cause such effects.
Thus, while MTs themselves may be able to displacewith Hoechst 33342 staining revealed that in most cases

the chromosomes did not segregate equally with the the nuclear envelope, the SPBs and associated chromo-
somes are normally required for moving the bulk of theelongating MT projection (Figure 5A). These asymmetric

Hoechst staining patterns were not due to photobleach- nuclear envelope during anaphase.
ing by the laser (our unpublished data). Small masses
of DNA were sometimes associated with the detached Elongation of the Spindle Midzone

after Detachment of both SPBsSPB fragment that associated with the side of the MT
spindle projection. By using a nuclear pore marker The results of single laser cuts to the spindles suggested

that the SPB is not required for spindle stabilization or(nsp1-GFP), we found that laser cuts near a SPB caused
a protrusion in the nuclear envelope that grew out from elongation. To test this idea further, we severed both

SPBs from the spindle. Two cuts were made in succes-the nucleus near the cut site (n � 5; Figures 5B and 5C).
While some protrusions contained little or no nuclear sion on medium-length spindles, one near each SPB

(Figure 6A, arrows). Remarkably, in most cases (94%,contents (Figure 5C), others appeared to contain some
DNA at the tip (Figure 5B). The protrusions in the nuclear n � 16), the resulting spindle midzone fragment did

not depolymerize but, instead, elongated. Elongationenvelope were presumably caused by the abnormal MT
projections, as control cuts to the nuclear envelope at generally occurred in both directions. The fluorescence
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the cell cycle. In this study, we cut anaphase B spindles
that were already past the spindle assembly checkpoint
at metaphase [25]. In budding yeast, chromosome
breakage associated with a dicentric chromosome trig-
gers a checkpoint in mid-anaphase that delays cells
with a medium-length spindle [26]. However, our obser-
vations showed that fission yeast cells with severe chro-
mosome segregation defects (and probable chromo-
somal breakage) induced by laser cutting during early
anaphase did not inhibit spindle elongation, suggesting
that fission yeast cells do not have such a midanaphase
checkpoint.

The septation initiation network (SIN) pathway func-
tions near the end of anaphase to trigger ring closure
and septation in cytokinesis and the formation of the
eMTOC, which nucleates MTs from the cell division site
[27, 28]. Components of the SIN pathway are thought
to be localized and “active” on one of the SPBs [29].

We observed that single laser cuts near one SPB did
not affect the timing of MT formation from the eMTOC
(Figure 4). However, cutting off both spindle pole bodies
did often cause significant delays in eMTOC activity and
septation (Figure 6). Some cells never formed an eMTOC
or septum in the course of the experiment (
3000 s),
while others exhibited considerable delays. Although in
some of these cells, the detached SPBs still nucleated
MTs (usually off the side of the spindle), in other cells,
the integrity of the SPBs was less clear. We tested the
possible caveats that multiple laser cuts may damage

Figure 5. Effects on Chromosome Segregation and Nuclear Mor-
the contractile ring or other cellular structures. Cutsphology after Laser Cuts
to both SPBs did not appear to affect contractile ring(A) Cell expressing GFP-�-tubulin, nup107-GFP, and stained with
integrity, as assessed by an rlc1-GFP (regulatory myosinHoechst 4322 was cut near one SPB (arrow). Hoechst channel (540�)
light chain) fusion (data not shown). Other cells thatshows an unequal distribution of chromosomes (arrowheads).

(B and C) Cells expressing nuclear envelope marker nsp1-GFP were received multiple cuts, in which one of the laser cuts did
cut near one SPB (arrow). Arrowheads show abnormal projections not completely sever the SPB, showed no delay in eMTOC
of nuclear envelope growing out from the nucleus. Scale bar � 5 �m. formation (data not shown). Although these findings are

suggestive of effects on the function of the SIN pathway,
intensity of these fragments was lower than that of intact further examination of SIN pathway components will be
spindles, suggesting that a subset of MTs was missing needed to address more directly the effects on these
from these fragments. The elongation rate of these frag- proteins.
ments was about 40% of wild-type spindle elongation
rates (0.4 � 0.1 �m/min; n � 3). Thus, the spindle can

Discussionstill elongate in the absence of attached SPBs.

The knowledge of MT dynamics and MT-based forceSelective Stabilization of Microtubules in the
production in the mitotic spindle is essential for under-Spindle Midzone Disappears during Telophase
standing the mechanism of mitosis. Here, we have usedCuts in late spindles (�7.5 �m long) caused a third
the combination of laser microsurgery and photobleach-behavior. Cutting the middle of these spindles caused
ing to gain new insights into the mechanism of anaphasethe nuclei to abruptly move together (Figure 7), showing
B in fission yeast. In particular, these studies show thatthat as for the shorter spindles, the late spindle exerts
the spindle midzone, in the absence of SPBs, is suffi-outward-directed forces. In some cells, the spindle MTs
cient for MT stabilization and for production of the push-depolymerized from the cut back to the region of the
ing forces that drive spindle elongation.nuclei (Figure 7; Table 1). The remaining MTs then either

depolymerized completely or were stabilized in the nu-
clear bodies. The nuclei did not collapse back into a Microtubule Stabilization

Although mitotic spindles are generally thought to besingle nucleus, possibly because by this stage, the nu-
clear envelope may be sealed between the daughter dynamic structures, S. pombe spindles contain a popu-

lation of very stable MTs. Photobleach marks reveal thatnuclei. In other cases, the spindle MTs did not depoly-
merize but were stable and did not exhibit further elon- the same MTs present in the developing mitotic spindle

in prophase end up as the primary MTs in the spindlegation.
at the end of mitosis (Figure 2) [8, 21]. After collapse of
a cut anaphase B spindle, no new nucleation of MTs isMitotic Checkpoints

The temporal specificity of laser microsurgery allows us apparent, suggesting that the MT nucleation activity in
SPBs is turned off by this stage. Thus, in contrast toto perturb cellular processes at very defined points in
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Figure 6. Elongation of a Spindle Fragment and Delay in eMTOC Formation after Detachment of Both Spindle Pole Bodies

(A) Time-lapse fluorescence and DIC (last panel) images of GFP-�-tubulin-expressing cells. The spindle of the top cell was cut twice near
each SPB (from 0–30 s; arrows). The resulting spindle midzone fragment elongated (time frames 30 s to 3020 s). The cell did not form equatorial
MTs or a septum (arrow in DIC image). Bottom three uncut cells exhibit elongating spindles, formation of equatorial MTs, and septum formation
(arrowheads in DIC image).
(B) Measurements of the time period to eMTOC activation, as seen by the first detectable formation of equatorial MTs. In uncut cells, the
time was measured from when the anaphase spindle length was 4 �m. In cut cells, all the times were derived from spindles that were 4–6
�m in length at time 0 at cutting. The top point represents cell in (A) that did not activate the eMTOC for 
3000 s. Scale bar � 5 �m.

the behavior of mitotic spindle MTs in higher eukaryotes, in higher eukaryotes (Figure 2) [8, 21, 30, 31]. Our laser
cuts further demonstrate that midanaphase spindlesmost spindle MTs in S. pombe are likely to be nucleated

within a short period during prophase so that spindle must contain activities that stabilize both MT plus and
minus ends at spindle cut sites, distinct from the SPBs.elongation in anaphase B occurs through the growth

and movement of preexisting MTs. Photobleaching results show that overlapping antiparal-
lel MTs are maintained in the spindle fragment after laserOur results show that MTs are extensively stabilized

within the spindle. Normally, MT minus ends, which are cut (Figure 4), indicating that the fresh MT minus and
plus ends at the cut sites must be stabilized from depo-embedded in the SPBS, are stable; therefore most, if

not all, S. pombe spindle MTs do not undergo the pole- lymerization. In addition, the subsequent elongation of
these fragments indicates that the MT plus ends mustward flux that is characteristic of most mitotic spindles

Figure 7. Collapse of a Late Spindle after La-
ser Cut

(A) Time lapse fluorescence images of late
GFP-labeled spindles that were cut in the
middle (arrow).
(B) Measurement of pole-pole distance in an-
other cut late spindle. Scale bar � 5 �m.
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still be able polymerize, suggesting that they cannot be essential for mitosis but are needed for cell cycle pro-
gression at the G1-to-S transition [16, 35]. In S. pombe,stably capped. Thus, these behaviors predict that the
components of the SIN pathway that regulate cytokine-spindle midzone contains factors that inhibit depolymer-
sis are localized on SPBs and are thought to be activeization at MT minus and plus ends but allow for polymer-
on only one of the SPBs [27, 29]. Interestingly, we foundization at MT plus ends.
that cutting off both SPBs, but not just one SPB, causesThe extent of MT stabilization correlates with the pres-
delays in eMTOC activation, suggesting these laser cutsence of square-packed arrays of overlapping MTs in the
may affect SIN function. However, additional studies arespindle midzone, as seen in electron micrographs [10].
needed to further characterize the function of SPBs onIn early anaphase spindles, which have few packed MTs,
the SIN pathway in triggering cytokinesis.all of the MTs depolymerize rapidly after a cut. In mid-

Numerous proteins have been identified that may con-anaphase spindles, which have extensively packed MTs
tribute to force production and spindle stabilization inthrough much of the spindle, the larger spindle frag-
the spindle midzone. Motor proteins include Cut7p,ments are largely stable or exhibited elongation, while
which is a member of a homotetrameric class of kinesinsvery short spindle fragments connected to one SPB depo-
(BimC and Eg5) that are able to move antiparallel MTlymerize. In late anaphase spindles, however, where the
bundles apart [11]. Ase1 is a MT bundling protein thatMTs only overlap in a short segment in the midzone,
may stabilize MT bundles; budding yeast Ase1 is re-cuts cause the spindle to largely depolymerize. Thus,
quired for stabilization of the spindle during anaphasealthough molecular nature of this packing is still not
B and localizes to predicted sites of MT overlap at theclear, this packing of MTs in the spindle midzone is likely
spindle midzone [36]. Alp14p (TOG protein) and Alp7pto be important to regulation of MT stability.
(TACC-like protein) may form a complex at the spindle
midzone [37, 38]. Regulatory spindle midzone proteins
include “chromosomal passenger” proteins, such as Au-Force Generation in the Spindle and Role
rora kinase and survivin complexes and the Clp1p/ Flp1pof the SPB
phosphatase [39–42]. Components of the central spin-The continued elongation of spindles lacking one or both
dilin complex, which are important in spindle midzoneSPBs provides a dramatic demonstration that SPBs are
function and assembly in animal cells [43], have notnot required for spindle elongation. Our results illustrate
been identified in yeast.that net MT pushing forces within the spindle midzone

operate during in spindle elongation. Immediately after
Laser Ablation in Fission YeastMT cuts, the spindle fragments move abruptly inward
These studies introduce the use of laser ablation as atogether, suggesting that the spindle normally exerts
new tool in yeast cell biology, which could, in principle,outward-directed forces and that the nucleus (nuclear
be used to cut or ablate many types of intracellularenvelope, chromosomes, etc.) provides viscoelastic
organelles. Laser ablation provides a high degree offorces that resist movement. Astral MTs in S. pombe do
spatial and temporal specificity. As shown here, thisnot exert forces that pull the spindle poles apart. Indeed,
new method of physically perturbing cellular processesfragments containing SPBs and astral MTs were not
can provide information that cannot be obtained by us-pulled to the cell tips. Rather, astral MTs may contribute
ing traditional approaches. The combination of laserpushing forces that contribute to spindle orientation dur-
ablation with the use of genetic tools in yeast createsing anaphase and nuclear recentering after spindle
a powerful synergetic approach that will undoubtedlybreakdown (our unpublished data). This result differs
lead to significant breakthroughs in our understandingsharply from the result of laser microsurgery in the fun-
of the mechanics and regulation of the cell divisiongus Nectria haematococca and in PtK2 cells, where sev-
cycle.ering of the spindle midzone accelerated pole separa-

tion during anaphase B [32–34].
Experimental Procedures

Another important ramification of our results is that
SPBs are dispensable for spindle elongation. What, Yeast Strains and Preparation
then, is the function of SPBs? The severe chromosomal S. pombe strains used in this study were: PT47 h leu1-32 pDQ105

(GFP-atb2), SK57 h nup107-GFP pDQ105, FC1070 h� leu1-32 ura4-segregation defects in cut spindles show that SPBs,
d18 with integrated pREP82X-GFP-nsp1 (ura4�), and integratedwhich attach to kinetochore MTs and chromosomes,
pREP3x-SV40-GFP-lacZ (ura4�); FC1068 h� leu1-32 ura4-d18 withare needed for proper chromosome segregation. In ad-
integrated pREP82X-GFP-nsp1 (ura4�) [17, 18, 24]. PT47 and SK57

dition, SPBs may contribute to force distribution in the were grown in the presence of thiamine, while FC1070 and FC1068
nuclear envelope. The spindles with only one intact SPB were grown in the absence of thiamine for longer than 24 hr to

induce the expression of the markers. Generally, cells were grownelongate asymmetrically, in that only the side that lacks
to exponential phase in 1–2 ml shaking liquid cultures in EdinburghSPB moves (until it reaches the cell tip). This behavior
minimal medium with appropriate supplements at 25�C–30�C in thesuggests that although the elongating spindle produces
dark. For slide preparation, cells were pelleted gently and placed

pushing forces in both directions, the resistance to onto 1% agarose pads containing minimal medium with supple-
movement of the SPB connected to the nuclear enve- ments and were covered with a coverslip. Cells were transferred to

the laser microsurgery station, where they were grown at a constantlope and chromosomes is much greater than the bare
temperature of 28�C. Cells continued to undergo mitoses for at leastnuclear envelope facing the other end of the spindle. In
2–3 hr under these conditions.this view, the SPB may provide a region of structural

rigidity to the nuclear envelope that facilitates nuclear Laser Microscopy/FRAP Workstation
movement. Another function of the SPBs is in cell cycle Laser microsurgery was conducted on a custom-assembled micros-

copy workstation built around a Nikon TE2000E microscope (Nikonregulation. In mammalian cells, centrosomes are not
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Instruments, Inc., Melville, NY). We utilized an independent second tory nuclear movement of meiotic prophase and efficient meiotic
recombination in fission yeast. J. Cell Biol. 145, 1233–1249.(lower) epi-port that is available on this model to steer collimated

laser beams to the back aperture of a 60�A 1.4 NA PlanApo lens. 8. Sagolla, M.J., Uzawa, S., and Cande, W.Z. (2003). Individual
microtubule dynamics contribute to the function of mitotic andAs a result, both the 532 nm beam used for laser cutting (Nd:YAG
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9. Hagan, I. (1998). The fission yeast microtubule cytoskeleton. J.wave beam (Argon-ion laser; 15 mW) were focused on a diffraction-

limited spot in the object plane. The beams were steered with cus- Cell Sci. 111, 1603–1612.
10. Ding, R., McDonald, K.L., and McIntosh, J.R. (1993). Three-tom-made dichroic mirrors (Chroma, Brattleboro, VT) that resided

in the lower filter-cube turret. The top turret contained a standard dimensional reconstruction and analysis of mitotic spindles
from the yeast, Schizosaccharomyces pombe. J. Cell Biol. 120,“Endow” filter cube for imaging GFP fluorescence (Chroma, Brat-

tleboro, VT). This turret was motorized so that the imaging cube 141–151.
11. Hagan, I., and Yanagida, M. (1990). Novel potential mitotic motorcould be temporarily moved out of the optical path during photo-

bleaching routines. Because laser pulses used for microsurgery protein encoded by the fission yeast cut7� gene. Nature 347,
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