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Abstract. During the movement of chromosomes in 

anaphase, microtubules that extend between the 

kinetochores and the poles shorten. We sought to de- 
termine where subunits are lost from these microtu- 

bules during their shortening. Prophase or pro- 

metaphase cells on coverslips were injected with 

fluoresceinated tubulin and allowed to progress 
through mitosis. Immediately after the onset of 

anaphase, a bar-shaped beam of laser light was used to 

mark a domain on the kinetochore fibers by pho- 

tobleaching a band, ",,1.0 Ixm wide, across the spindle. 

In different cells, spindles were photobleached at vary- 

ing distances from the chromosomes. Cells were al- 
lowed to continue in anaphase until the chromosomes 

had further separated. They were then lysed, fixed, 

and prepared for double-label immunofluorescence 
with an antibody to fluorescein that does not bind ap- 

preciably to bleached fluorescein, and with an anti- 

body to tubulin. Photobleached domains of microtu- 

bules appeared as bands of reduced fluorescence in the 

anti-fluorescein image. However, the anti-tubulin 

labeling revealed that microtubules were present and 

continuous through the photobleached domains. In all 

cases, the chromosomes approached and invaded the 

bleached domain while the bleached domain itself re- 

mained stationary with respect to the near pole. These 
results demonstrate that the chromosomes move along 

stationary kinetochore microtubules and that depoly- 

merization of these microtubules during anaphase 

takes place at the kinetochore. In contrast to the 

generally accepted older view that chromosomes are 

passive objects pulled by "traction fibers; we suggest 
that the kinetochore is an active participant in generat- 

ing the motive force that propels the chromosome to 
the pole. 

T 
HE kinetochore is the structural component of the 
chromosome at which microtubules of the spindle at- 
tach (2, 3, 17, 22). During the poleward movement of 

chromosomes in anaphase, the microtubules connecting the 
kinetochore to the pole lose subunits and shorten (11, 16). 
Numerous proposals have been suggested to account for this 
movement but decisive experimental evidence has been lack- 
ing (1, 6, 9, 10, 19). With certain notable exceptions anaphase 
theories have generally advocated a pulling force acting on 
spindle fibers to drag the passive chromosomes to the poles 
(1, 6, 9, 10). Often cited to support this type model are 
ultraviolet microbeam experiments in insect spermatocytes 
showing that areas of reduced birefringence move to the pole 
synchronously with the chromosomes during anaphase (4). 
In contrast, based in large part on observations of living dia- 
toms, Pickett-Heaps et al. (19) suggested that kinetochores 
might actively move on the microtubules of the spindle. 

These two views on the role of the kinetochore could be 
distinguished, in principle, by determining whether the mi- 
crotubules that run from the pole to the kinetochore are 
moved poleward in anaphase accompanying the movement of 
the chromosomes. If kinetochores served merely as struc- 

tural linkages and if chromosomes were passively dragged 
by traction forces applied to the kinetochore microtubules, 
then these microtubules would be expected to move poleward 
during anaphase, and they would be depolymerized at the 
pole. In contrast, if kinetochores traveled along the microtu- 
bules, then kinetochore microtubules might be expected to 
act as stationary tracks over which the chromosomes moved. 
In this case, the kinetochore microtubules would depolymer- 
ize at the kinetochore end during or just after passage of the 
chromosome. 

Recently, using colloidal gold immunocytochemistry of 
microinjected, biotinylated tubulin, Mitchison et al. (15) pro- 
vided evidence that tubulin subunits incorporated into micro- 
tubules near the kinetochore during metaphase were lost 
when the cells entered anaphase. These authors concluded 
that shortening of kinetochore microtubules occurred pri- 
marily through loss of subunits at the kinetochore but their 
conclusions were drawn from analyses of populations of cells 
and were necessarily statistical in nature. 

To investigate these questions more definitively, we have 
attempted to obtain direct evidence of relative motions of 
chromosomes and their kinetochore microtubules. Using the 
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technique of photobleaching we have marked segments of 
kinetochore microtubules in living cells just after the onset 
of anaphase. Then, to analyze the movement of these marked 

segments, we used the method of hapten-mediated immuno- 
cytochemistry (26). Here we describe the relative motions of 
kinetochores, kinetochore fibers, and poles during the move- 

ment of the chromosomes to the poles in anaphase. 

Materials and Methods 

Cell Culture 

The cell line LLC-PK, derived from porcine kidney, was obtained from the 

American Type Culture Collection (Rockville, MD). Cells were grown in 

DME (Gibco, Grand Island, NY) supplemented with 10% fetal bovine se- 
rum (HyClone Laboratories, Logan, UT), 20 mM Hepes, and antibiotics. 

Coverslips, on which cells were grown for experiments, were prepared as 
follows. 400 mesh locator grids (Ted Pella Inc., Tustin, CA) were placed 

on No. 1.5, 22-mm x 22-mm glass coverslips. These were placed in a 
vacuum evaporator and shadowed with carbon. After removing the grids, 
a carbon locator pattern was left on the coverslips. The coverslips were 

baked at least 1 h at 160°C to adhere the carbon strongly to the coverslips. 

Coverslips were mounted with silicone grease (Dow Coming Corp., Mid- 
land, MI) into plastic 35-mm dishes, the bottoms of which contained a 19- 
ram hole. The dishes were then sterilized with ultraviolet light. Cells were 
plated into these dishes and allowed to grow for 2-3 d until tA to ¾ 

confluent. 

Microinjection 

Porcine brain tubulin labeled with dichlorotriazinylaminofluorescein 
(DTAF) was prepared and characterized as previously described (23, 26). 

Fluorescein-tubulin at 8 mg/ml in 100 mM Pipes, 1 mM EGTA, 0.1 mM 
MgCI2, 1 mM GTP, pH 6.94, was stored in small aliquots in liquid nitro- 

gen. Just before use an aliquot was thawed and spun at 20000 g for 30 rain 

to remove particulates. Micropipettes with 1-2 I~m diameter tips were back- 
loaded with 0.25-0.5 ~tl of DTAF-tubulin. Microinjection was carried out 

at room temperature according to the general procedures of Kreis and Birch- 
meier (7) by means of a Leitz micromanipulator (E. Leitz, Inc., Rockleigh, 

N J) and a Zeiss IM-35 microscope (Carl Zeiss, Inc., Thornwood, NY) or 

a Nikon Diaphot microscope (Nikon Inc., Garden City, NY). 
Cells in prophase or pro-metaphase were located on the carbon grid pat- 

tern and their positions were recorded on an enlargement of the pattern pro- 
duced by photographing a locator grid. Cells were injected with ",,5% of 

their total cellular volume. After injection of several cells, the medium in 
the dish was replaced and overlaid with mineral oil. The dish was then 

returned to the incubator to allow cells to progress through mitosis. 

Photobleaching 

The photobleaching apparatus was assembled according to the methods of 
Petersen et al. (18) and has been described in detail (23a). The 488-nm beam 
from a Spectra Physics model 2020 argon ion laser (Spectra-Physics Inc., 
Mountain View, CA) was imaged through a 300-mm focal length lens and 

a 200-mm focal length cylindrical lens to produce a bar-shaped beam fo- 

cused in the specimen plane. The laser was operated at 200 mW and the 
beam attenuated by a 0 . 9 0 D  neutral density filter. The laser beam was chan- 

neled into the epi-illumination system of a Zeiss IM-35 microscope. When 
focused through a neofluar 100x, 1.3 NA, phase 3 objective the beam pro- 

duced a bleached hand ,'vl tun wide in the spindle of a typical injected cell. 
Approximately 15 min after return to the incubator following microinjec- 

tion, culture dishes were transferred to the stage of the IM-35. The stage 

and culture dish were maintained at 34-35°C by means of an air curtain in- 
cubator (Nicholson Precision Instruments, Bethesda, MD). A cell was ob- 
served until the onset of anaphase and was then photobleached once or twice 
with a 100-300-ms pulse. Light emitted by the fluorescein molecules excited 

1. Abbreviations used in this paper: DTAE dichlorotriazinylaminofluores- 
cein; EGS, ethylene glycol bis-(succinic acid N-hydroxy succinimide ester); 

PHEM, 60 mM Pipes, 25 mM Hepes, 10 mM EGTA, 2 mM MgC12, pH 

6.95. 

by the laser light during the photobleaching was collected onto TRI-X film. 

Simultaneously a weak phase image of the cell was recorded on the same 
negative by allowing an attenuated amount of green-filtered light from the 

tungsten source to illuminate the specimen during photobleaching. Nor- 

mally exposed phase images were taken before and after photobleaching to 
record the progress of the cell through mitosis. 

Cell Lysis and Fixation 

After photobleaching, anaphase was allowed to continue for some time. 

Then, the culture dishes were rapidly rinsed with two changes of 60 mM 

Pipes, 25 mM Hepes, 10 mM EGTA, and 2 mM MgCI2, pH 6.95 (PHEM) 

at room temperature and the cells were lysed for 90 s with a solution consist- 
ing of 0.5% Triton X-100 in PHEM containing 1 tag/ml taxol. The time be- 
tween removal of the dish from the stage until the addition of lysis solution 

was 5-10 s. Cells were then fixed for 20 min in 5 mM ethylene glycol bis- 

(succinic acid N-hydroxy succinimide ester) (EGS) (Sigma Chemical Co., 
St. Louis, MO) in PHEM with 1 ~g/ml taxol. EGS was prepared as a 100- 

mM stock in DMSO. Immediately before use, 100 gl of the stock was added 

to 1.9 ml of PHEM with taxol. This mixture was swirled and added to the 
cells. After fixation, cells were rinsed several times with 140 mM NaC1, 

3 mM KCI, 10 mM PO4, 3 mM NAN3, pH 7.3 (PBS). The fixative was 

then quenched with 0.1 M glycine, pH 7.0 for 10 min. Cells were rinsed with 
PBS and processed for immunolabeling immediately or stored overnight in 
PBS at 4°C. 

Immunolabeling 

Anti-ffuorescein antibody was prepared in the following way. 50 mg of key- 
hole limpet hemocyanin (Calbiochem-Behring Corp., San Diego, CA) was 

dissolved in 5 ml of 0.1 M carbonate buffer, pH 9.0. To this was added 20 

mg of FITC isomer I (Molecular Probes, Inc., Junction City, OR), and the 
solution was incubated overnight at room temperature. The next day, 1 ml 
of 1 M Tris buffer, pH 8.0, was added, and the solution was spun at 48,000 

g for 15 min to remove large aggregates. The ffuoresceinated hemocyanin 

was desalted into PBS without azide to remove free fluor. 

To elicit antibodies, 800 ~tg fluorescein-hemocyanin (0.5 ml mixed 40:60 
with complete Freund's adjuvant) was injected into a rabbit intradermally 
and intramuscularly. At 3-wk intervals, booster injections of 500 ~tg of pro- 

tein with incomplete adjuvant were given. After the second boost, the rab- 
bit serum showed a strong reaction with ffuorescein-BSA as judged by 

Ouchterlony double diffusion. 

Before use, the anti-fluorescein serum was pre-extracted as follows. 1 ml 
of serum was added to 500 mg of porcine liver acetone powder (Sigma 

Chemical Co.), incubated 1 h at room temperature and at 4°C overnight. 
The serum was centrifuged at 20,000 g for 1 h, filtered through a 0.22-I.tm 

Millex-GV filter unit (Millipore Corp., Bedford, MA), aliquoted, and 
stored at -70°C. Rat monoclonal anti-tubulin antibody was from Accurate 

Chemical & Scientific Corp. (Westhury, NY); affinity-purified fluorescein- 

anti-rabbit IgG was from Kirkegaard & Perry Laboratories, Inc. (Gaithers- 
burg, MD); and affinity-purified Texas red-anti-rat IgG was from Jackson 

Immunoresearch (Avondale, PA). 
For labeling, cells on coverslips were first treated with 25% normal goat 

serum (Gibco) for 30 rain at 37°C to block nonspecific binding sites. They 
were then rinsed in PBS and labeled for 45 min at 37°C with anti-fluores- 
cein serum diluted 1:1,000 in PBS with 10% goat serum. This diluent was 

used for all antibodies. Coverslips were washed in three changes of PBS for 
a total of 30 min and then, to stabilize the antibody, were refixed for 15 min 
at room temperature with 2.5 mM EGS in PBS. After rinsing in PBS, cover- 
slips were treated with 0.1 M glycine and washed in PBS. Samples were then 

labeled with fluorescein-anti-rahbit IgG at 27 lag/ml for 45 min at 37°C. The 
coverslips were again washed in PBS and treated for 45 min at 37°C with 
rat anti-tubulin ascites fluid diluted 1:500. After washing in PBS, Texas 

red-anti-rat IgG (20 Ixg/ml) was applied for 45 rain at 37°C. Coverslips were 
washed in PBS, rinsed in distilled water, and mounted in 10% polyvinyl al- 
cohol containing 2 mg/ml paraphenylene diamine. 

Cells were observed with a Zeiss Universal microscope equipped with 
epiffuorescence optics. All photographs of live cells and some immunoflu- 

orescence micrographs were taken on Tri-X film and developed in HC-I10, 
dilution A. Some fixed and labeled cells were photographed with hypersen- 
sitized technical Pan 2415 film (Lumicon, Livermore, CA) and developed 
in D-19. Except as noted, exposures were adjusted to best bring out details 

in the microtubule bundles between the poles and the chromosomes and 
suppress the less intense fluorescence of the astral microtubules. 
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Results 

Experimental Design 

The LLC-PK line consists of large flat cells that generally 
remain extended during mitosis. Microinjection of DTAF- 
tubulin was carded out on prophase or prometaphase cells 
to facilitate the homogeneous incorporation of label into 
spindles. The use of carbon-patterned coverslips (see Mate- 
rials and Methods) permitted us to easily relocate injected 
cells without exposure of them to blue light. This was impor- 
tant because we found that cells microinjected with fluoro- 
phore were hypersensitive to blue irradiation, presumably 
because of excitation of the fluorescein. Exposure of an en- 
tire injected cell to blue light from a 100-W mercury arc 
source for ~2  s caused arrest of mitosis whereas non- 
injected cells were not blocked by an exposure of 30 s. In the 
protocol followed, only the fluorescein molecules in the laser 
light path were excited at any time in the living cells and then 
only for the brief period of the photobteaching pulse. To 
avoid damage to the cells, no attempt was made to completely 
bleach all the fluorophore in the laser light path. Instead we 
chose conditions of intensity and duration of photobleaching 
near the minimum necessary to provide a clear bleached 
zone after antibody labeling. Thus, some proportion of the 
fluorophore in the laser light path remained unbleached. Of 
47 cells microinjected with fluorescent tubulin and pho- 
tobleached at the onset of anaphase, 46 of them progressed 
in anaphase at rates comparable to non-injected, non- 
irradiated cells up to the moment of lysis. The one cell that 
was arrested in anaphase received two 300-ms pulses of ir- 
radiation. Therefore, at the intensities used in our experi- 
ments, there was no significant effect of laser photobleaching 
on the progression of cells through anaphase. 

The progress of cells in mitosis was recorded by phase- 
contrast microscopy on 35-mm film. Because chromosomes 
in anaphase move rapidly it was important to record their po- 
sition at the exact moment of photobleaching. Therefore, we 
simultaneously exposed film to a weak phase-contrast image 
and to the light emitted by the injected fluorescein tubulin ex- 
cited by the laser. The band of laser-induced emitted light 
captured on film appeared to be ~ 3  l~m wide. However, due 
to the Gaussian profile of the beam, only the central region 
of the laser beam was of sufficient intensity to cause bleach- 
ing. Thus bleached areas were generally *1 ~tn wide as de- 
termined by later measurements on anti-fluorescein-stained 
cells. 

Previous photobleaching studies of microtubule dynamics 
in mitotic cells have relied upon continuous or intermittent 
recording of direct emission from fluorescein-tubulin in- 
jected in living cells (23, 24, 30). However, significant infor- 
mation about microtubule dynamics can be obtained if do- 
mains of microtubules can be labeled at one time point and 
reidentified at a second time point after a significant event, 
such as the movement of chromosomes, has taken place. 
Our first time point was the moment of photobleaching. Our 
second time point was the moment of cell lysis. Lysis also 
allowed improvement of the signal-to-noise ratio of our in- 
jected tracer (27). Lysis reduced noise by removing DTAF- 
tubulin not incorporated into the spindle, and indirect immu- 
nolabeling amplified the signal of unbleached fluorescein 
present along microtubules that incorporated DTAF-tubulin. 

An important precondition for use of the anti-fluorescein 
antibody in photobleaching experiments is that it have a very 
low affinity for bleached fluorescein. We discovered this con- 
dition was met when we used the antibody to label DTAF- 

tubulin-injected cells that had already been exposed to mer- 
cury-arc illumination. The binding of the antibody was 
greatly reduced in those regions of cells that had been 
bleached by the mercury-arc light (data not shown). Simi- 
larly the antibody failed to bind laser-bleached domains of 
microtubules in injected interphase cells (23a). A further im- 
provement in our protocol involved choice of fixative. 
Glutaraldehyde induced a high background fluorescence that 
was only partially eliminated by sodium borohydride treat- 
ment. Formaldehyde proved inadequate to fix microtubules. 
As an alternative we have used EGS. This fixative had little 
effect on fluorescein and preserved microtubules well. EGS 
has been used previously for fixation of microtubules in vitro 
(8). 

Experimental Results 

Fig. 1 shows a sequence of micrographs for a cell photo- 
bleached early in anaphase. The bleached zone was placed 
,~ 2/~ the distance from the chromosomes to the poles (Fig. 
1 b). The cell was lysed and fixed (Fig. 1 d) 120 s later after 
significant movement of the chromosomes had occurred. 
While some of this movement was due to the separation of 
the poles, anaphase B, most resulle, xl from the decrease in the 
distance of the chromosomes to the pole, anaphase A, and 
in this paper we will focus on events in anaphase A. The 
bleached zone was dearly revealed as a tack of labeling in 
the anti-fluorescein image (Fig. 1 e). The anti-tubulin label, 
however, showed that microtubules were present and con- 
tinuous through the photobleached region (Fig. 1 f ) .  Careful 
inspection revealed that the distance between the bleached 
zone and the pole had not detectably changed, whereas the 
distance between the kinetochores and the bleached zone had 
significantly diminished. 

A second observation was that the bleached zone remained 
nearly devoid of fluorescent fibers. Only a few very weakly 
fluorescent fibers were present in the bleached zone. These 
few fibers may represent incompletely bleached microtu- 
bules, some slight recovery of microtubules in the bleached 
zone, or a minor change in shape of the spindle during 
anaphase causing the bleached domains of microtubules to 
become slightly out-of-register. However, the images show 
that relatively little fluorescence is present in the bleached 
zone compared to the intense staining of the prominent fibers 
that are seen to extend from the poles and end at the chromo- 
somes in phase and fluorescent micrographs of the lysed cell 
(Fig. 1, d-f). Clearly, within these fibers that run exclusively 
between the poles and the chromosomes, the bleached zone 
remained stationary with respect to the near pole. Moreover, 
unbleached domains of the kinetochore bundles did not in- 
vade the bleached zone accompanying the movement of the 
chromosomes. 

These observations suggested that the disassembly of 
microtubules in the half spindle must have occurred some- 
where between the bleached zone and the kinetochores and 
not between the bleached zone and the pole. Disassembly 
along the length of the microtubules between the bleached 
zone and the kinetochore is unlikely to account for the obser- 
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Figure 1. LLC-PK cell microinjected with DTAF-tubulin and photobleached immediately after anaphase onset. (a) Phase image of living 
cell before photobleaching. Chromatids have just begun to separate. (b) Cell during photobleaching with a 200-ms pulse. Simultaneous 
exposure of weak phase image and of fluorescence due to excitation of injected DTAF-tubulin by laser light beam. Indicated in the upper 
half spindle are the positions of the pole (p), the bleaching beam (b), and the average position of the kinetochores (k). (c) Phase image 
of living cell 70 s after photobleaching. (d) Phase image of cell lysed and fixed 120 s after photobleaching. Chromosomes are well separated. 
Note the phase-dense kinetochore fibers that originate at the poles and end at the chromosomes (arrows). (e) Anti-fluorescein im- 
munofluorescence. The bleached zone has remained stationary with respect to the pole. The distance between the bleached zone and the 
chromosomes has decreased considerably. ( f )  Anti-tubulin immunofluorescence showing that fibers are present and continuous in the pho- 
tobleached region. Bar, 10 I.tm. 

vations since it would be difficult to imagine why such disas- 
sembly would not also take place between the bleached zone 
and the pole. Therefore, this single class of  experiment al- 
ready strongly suggested that disassembly of microtubules 
during anaphase A occurs predominantly if not exclusively 
at or very near the kinetochore. 

Nevertheless, we wished to submit the idea of kinetochore- 
mediated disassembly to further test. Kinetochore disassem- 
bly predicts that a bleached zone placed near the kineto- 
chores in early anaphase should be encroached upon and 
finally overrun by the advancing chromosomes. To test this 
hypothesis we bleached across the spindles of  anaphase cells 

near the kinetochores and lysed the cells at progressive- 
ly longer intervals. Fig. 2 shows the sequence for a cell 
bleached and then lysed after 47 s. A few but not all the chro- 
mosomes have reached the bleached zone. In the anti-fluo- 
rescein image, a number of  small stubs of  microtubule bun- 

dles extend between the bleached zone and the chromosomes 
(Fig. 2 e). The anti-tubulin image reveals that these stubs are 
continuous with fibers extending from the poles (Fig. 2 f ) .  

Fig. 3 shows the sequence of micrographs for a cell 
bleached near the kinetochores and lysed 90 s later. Here all 
the chromosomes have invaded deeply into the bleached 
zone. Note, however, in the anti-fluorescein image, that some 
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Figure 2. Cell microinjected with DTAF-tubulin and photobleached close to the kinetochores after anaphase onset. (a) Phase image of 
living cell before photobleaching. (b) Cell during photobleaching with a 100-ms pulse. (c) Living cell 8 s after photobleaching. (d) Phase 
image of cell lysed and fixed 47 s after photobleaching. (e) Anti-fluorescein immunofluorescence showing that chromosomes have moved 
closer to the bleached zone. (f)  Anti-tubulin immunofluorescence. Note that this cell received a relatively short pulse (100 ms) of laser 
light. Hence the bleaching was relatively less complete than in the other cells depicted, p, Pole; b, bleached zone; k, average position of 
kinetochores. Bar, 10 Ixm. 

interzonal (nonkinetochore fibers) penetrate the bleached 

zone (arrowhead, Fig. 3 e). These interzonal fibers have ap- 

parently formed or moved into the bleached zone during the 
interval between bleaching and lysis. 

The cell shown in Fig. 4 was bleached twice. First a 

bleached zone was placed near the upper pole. 15 s later, a 

second bleaching of equal intensity and duration to the first 

was performed on the lower half spindle near the kineto- 

chores. The cell was lysed 135 s later. Anti-fluorescein label- 

ing revealed'that, as expected, the first bleached zone (b) did 

not move with respect to the pole (p)  although the kineto- 

chores (k) moved with respect to the bleached zone (Fig. 4 

g). The second bleached zone could not be detected. How- 

ever, this was expected since the kinetochores (k') had moved 

past the point on the spindle where the second bleaching (b') 

had been placed. Presumably, the domains of microtubules 

present in the second bleached zone depolymerized as the 

chromosomes moved past. Because the first bleached zone 

(b) was produced 15 s earlier than the second and clearly per- 

sisted for the length of the experiment, the disappearance of  

the second bleached zone (b') cannot be accounted for by a 

recovery process such as microtubule turnover which would 

be expected to operate on both bleached zones. 
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Figure 3. Cell showing chromosomes invading the bleached region. (a) Living metaphase cell before photobleaching. (b) Cell during pho- 
tobleaching with a 200-ms pulse. Chromosomes have already separated slightly. Bleached zone is placed close to kinetochores. (c) Living 
cell 70 s after photobleaching. (d) Phase image of cell lysed and fixed 90 s after photobleaching. (e) Anti-fluorescein immunofluorescence 
showing that the chromosomes have progressed well into the photobleached zone. Arrowhead indicates an interzonal fiber that penetrates 
the bleached zone. This fiber was assembled or recruited after the moment of photobleaching. (f) Anti-tubulin immunofluorescence, p, 
Pole; b, bleached zone; k, average position of kinetochores. Bar, 10 ~tm. 

Discussion 

We sought to determine the movement of kinetochores rela- 
tive to their attached microtubules and the site of subunit loss 
from kinetochore microtubules during anaphase because this 
information would provide important insights about the 
mechanism generating the force for chromosome transloca- 
tion. Photobleaching pre-existing fluorescent microtubules 
with a bar of light marked a domain on kinetochore microtu- 
bules in living mitotic cells. The mark served as a reference 
point by which we could assay the movement of kinetochores 
relative to a microtubule domain and the movement of this 
domain relative to the poles (Fig. 5). Relocating the marked 

domain later, after lysis and fixation, allowed interpretation 
of microtubule movements in the living cells from the time 
of bleaching to the time of lysis. 

Three possible outcomes of these experiments might be 
considered. If  shortening of kinetochore fibers in anaphase 
occurred by the loss of subunits all along the length or from 
both ends of the microtubules, then a bleached zone placed 
between the pole and chromosomes at early anaphase would 
appear closer to both pole and chromosomes at late ana- 
phase. If  subunit loss occurred exclusively at the poles, then 
the bleached zone would progress toward the pole at the same 
rate as the chromosomes. Finally, if subunit loss took place 
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Figure 4. Movement of chromosomes past a bleached zone in the anaphase spindle. (a) Living cell before photobleaching. (b) First pho- 
tobleaching, 200-ms pulse, near upper pole. (c) Second photobleaching, 200-ms pulse, 15 s later in lower half-spindle near the kinetochores. 
(d) Living cell 60 s after first photobleaching. (e) Living cell 105 s after photobleaching. ( f)  Phase image of cell lysed and fixed 150 s 
after first photobleaching. (g) Anti-fluorescein immunofluorescence. Chromosomes in the upper half-spindle have moved closer to the 
bleached zone. Chromosomes in the lower half spindle have moved past the bleached region. No evidence of second bleached zone is 
evident. Some unbleached interzonal fibers (arrowhead) traverse the region of the second bleached zone suggesting that they were assem- 
bled or recruited after the bleaching. (h) Anti-tubulin immunofluorescence, p, Upper pole; b, first bleached zone; k, average position of 
kinetochores in upper half-spindle; p', lower pole; b', second bleached zone; k', average position of kinetochores in lower half-spindle. 
Bar, 10 Ixm. 

only at the kinetochore, then chromosomes would move to- 

ward the bleached zone while the zone itself remained sta- 

tionary with respect to the pole. 

Consistent with the last model, we observed that a zone 

of  bleached microtubules in the anaphase spindle was suc- 

cessively approached, invaded, and passed by the chromo- 

somes. In addition, within the limits of our ability to pre- 

cisely localize poles in the living cell, we found that bleached 

zones remained stationary with respect to the near pole and 

accompanied that pole during pole-pole separation. All 46 

cells successfully photobleached behaved in a similar man- 
ner. These observations indicate that microtubule disassem- 

bly during anaphase occurs at the kinetochore accompanying 

or following closely the passage of the chromosomes. 

It might be argued that kinetochore fibers are indeed trans- 

located toward the poles and that our stationary bleached 

zone represented only interzonal microtubules. This in- 

terpretation is unlikely to be valid for two reasons. First, 

kinetochore fibers in mammalian cells contain a high propor- 

tion (•50%) of microtubules that run continuously from 
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Figure 5. Schematic interpretation of the disassembly of kineto- 
chore fiber microtubules during the movement of chromosomes to 
the pole in anaphase. Filled fibers represent microtubules with in- 
corporated DTAF-tubulin. The rectangular box in the early ana- 
phase spindle at left depicts the photobleaching beam. Bleached 
domains of microtubules are represented by open fibers. At right 
chromosomes have advanced along the kinetochore fiber microtu- 
bules toward the bleached zone which itself has remained stationary 
with respect to the pole. Kinetochore fibers shorten by releasing 
tubulin protomers at the kinetochores. For simplicity, the separa- 
tion of the poles from each other, which also takes place in 
anaphase, is not depicted. 

pole to chromosome (21). If  kinetochore microtubules did, 
in fact, move pole~ard during anaphase, then unbleached 
domains of all the continuous microtubules of the kineto- 
chore fiber as well as the noncontinuous ones between the 
bleached zone and the kinetochores should enter the bleached 

zone ahead of the chromosomes. However, no such invasion 

of the bleached zone by fluorescent kinetochore bundles was 
observed. Second, fluorescence of kinetochore fibers ap- 
pears to predominate that due to astral and interzonal 
microtubules. Fluorescence micrographs such as those 
presented in Figs. 1-4 that are printed to most clearly resolve 
the pole-to-chromosome fibers showed the greatest detail in 
the bleached zone, while the astral and unhundled interzonal 
fibers were only weakly visualized. Presumably the predom- 
inance of the fluorescence of the pole-to-chromosome fibers 
is due to the close bundling of microtubules that comprise 
the kinetochore fibers. 

In contrast, when photographic conditions are arranged to 
optimize visualization of astral and interzonal fibers, then the 
bleached zone is more difficult to detect (Fig. 6). The lack 
of clear definition of the photobleached zone in Fig. 6 can 
be partially attributed to incomplete bleaching and to light 
saturation of the photographic emulsion by the bright fluo- 
rescence of the kinetochore fiber region. However, it may 

also reflect the fact that rapid recovery of astral and inter- 
zonal microtubules tended to obscure the bleached zone. The 
enhanced persistence of the bleached zone within the kineto- 
chore fibers supports the idea that the kinetochore micro- 
tubules underwent less reassembly than nonkinetochore 
microtubules over the course of the experiments. 

The slow recovery we have observed in LLC-PK cell spin- 
dles in anaphase is in some contrast to previous photobleach- 
ing studies of spindles in sea urchin embryos (23) and in cul- 
tured cells of amphibian and mammalian origin (30). We 

Figure 6. Anti-fluorescein (a) and anti-tubulin (b) images of a 
bleached cell photographed and printed to reveal astral and inter- 
zonal microtubules. This cell is the same cell depicted in Fig. 2. 
Under these photographic conditions the bleached zone (arrow) is 
only faintly visible. Note that astral and interzonal fibers are well 
preserved by our lysis and fixation procedure. Bar, 10 ~tm. 

observed clear persistence of bleached zones in anaphase 
kinetochore bundles as long as 150 s after photobleaching 
whereas Wadsworth and Salmon (30) found a recovery half- 
time of 37 s for mammalian cultured cells in metaphase. 
However, these same authors reported that ~25% of the 
fluorescence recovers at a much slower rate. They suggested 
that this slower component could represent the more stable 
kinetochore fibers. Rapid turnover of nonkinetochore micro- 

tubules might also explain the rapid fluorescence recovery of 
spindles in sea urchin embryos which have a relatively small 
proportion of kinetochore microtubules (23). Alternatively, 
the difference in the recovery rates in our study compared to 
previous work might reflect the different polymerization 
states of the kinetochore microtubules in metaphase versus 

anaphase spindles. Kinetochore microtubules in metaphase 
spindles are apparently in steady-state whereas those in 
anaphase spindles are in the process of breaking down. If  
recovery of fluorescence occurs by continuous breakdown 
and reformation of microtubules (12, 23, 25, 26), then slower 
recovery would be expected in anaphase kinetochore micro- 
tubules because their reformation is inhibited and their net 
reaction is breakdown. Recently, Mclntosh et al. (12) also 
reported that in cultured cells, fluorescence recovery of 
microtubules is slower in anaphase than in metaphase. 

Some direct evidence from our images suggests that the 
fluorescence redistribution of interzonal fibers is consider- 

ably more rapid than that of kinetochore bundles. Once the 
chromosomes have passed the region where a bleached zone 
was earlier placed, thus clearing away the kinetochore fibers, 
the bleached zone could no longer be detected in the inter- 
zonal fibers (Fig. 4 g). This observation suggests that inter- 
zonal microtubules assemble or move into the interzone dur- 
ing anaphase. 

Our results have implications for the mechanism of chro- 
mosome translocation during anaphase A. Since we find that 
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chromosomes move poleward along stationary microtubules, 

the force driving this poleward motion is not likely to be 

transmitted through the microtubules to passive chromo- 

somes from force generators located elsewhere. Rather, the 

results imply that force is applied directly at the kinetochore. 

These results are in general agreement with the conclusions 
of Mitchison et al. (15), who suggested the loss of subunits 

occurs primarily, though not exclusively, at the kinetochore. 
These authors also invoked a second, slower depolymeriza- 

tion at the pole to account for some of their observations. 

While we have seen no evidence for depolymerization at the 
pole during anaphase, a slow depolymerization (10-20 % of 

the rate at the kinetochore) might be undetectable in the ex- 

periments presented here. However, such slow depolymer- 
ization could not contribute significantly to the shortening of 

microtubules during the rapid chromosome motion of ana- 

phase. 

How might the kinetochore be an active participant in 
generating force? One might consider'two kinds of models, 

one in which translocation and disassembly are functionally 

linked and the other in which the two processes are indepen- 

dent. Multisite binding of kinetochores to microtubules 

would theoretically allow a chromosome to follow the end 

of a depolymerizing bundle of microtubules (5). Subunits 

would be lost from unbound sites while attachment would be 
maintained through bound sites. In this model, the force for 
chromosome-to-pole movement would arise from controlled 

disassembly of kinetochore microtubules beginning at the 

kinetochore. In this example, translocation and disassembly 
would be necessarily linked. 

Alternatively, a force-generating molecule might actively 
drive chromosome movement. Such a molecule could be 

part of the kinetochore or be present along the length of 

the microtubule and function when in contact with the kinet- 

ochore. If the translocator molecule were an integral compo- 

nent of the kinetochore, then the kinetochore would act as 

a self-contained engine running on a microtubule track. If 

the translocator were distributed along the microtubule 
track, then the kinetochore would be moved by interaction 

with successive translocator molecules. In both of these 

models, disassembly of kinetochore microtubules would ac- 
company but not necessarily drive chromosome motion. 

Nevertheless, it is a fact that kinetochore microtubules 

shorten as chromosomes move poleward. The coordinate 
disassembly of kinetochore microtubules could be accounted 

for easily in terms of known factors governing microtubule 

stability. Microtubules are dynamically unstable (13) but can 
be stabilized by attachment of their plus ends to a kinetochore 

(14). Translocation of the kinetochore toward the minus end 

would uncap the plus ends, leaving behind unstabilized 
microtubule domains which would rapidly depolymerize to 

the point of attachment. The translocator models predict the 

existence of conditions under which translocation and disas- 
sembly may be decoupled. 

Two force-generating molecules, dynein (31) and kinesin 

(28), are known to interact with microtubules and both have 
been found in mitotic spindles of echinoderm eggs (20, 25). 

However, dynein may be present only because it serves as 
a precursor for the cilia formed later in development. Kine- 

sin is unlikely to be the anaphase translocator because when 
associated with microtubules it propels particles toward the 

plus ends (28) whereas in anaphase, the chromosomes move 

toward the minus ends. The retrograde translocating activity 

observed in squid axoplasm (29) has the requisite polarity of 

action but has yet to be characterized, identified, and local- 

ized in spindles. Independent of the molecular identity of the 

translocator, our results suggest that the kinetochore is an ac- 

tive participant in generating the force propelling the chro- 

mosome to the pole. 

We thank Dr. Elizabeth Luna, Princeton University, for advice on the prepa- 

ration of anti-fluorescein antibody and Dr. Matthew Suffness, National 

Cancer Institute, for providing taxol. We also thank Bohdan Soltys and John 

Peloquin for advice and help in the preparation of DTAF-tubulin, Steve 

Limbach for technical assistance, Loft Vaskalis and Leslie Rabas for illus- 

tration, and Patricia Hanson for manuscript preparation. 

This work was supported by National Institutes of Health grants 

GM25062 to G. G. Borisy and RR00570 to the Integrated Microscopy Facil- 

ity for Biomedical Research at the University of Wisconsin at Madison. 

Received for publication 4 September 1986, and in revised form 14 October 

1986. 

References 

1. Bajer, A. S. 1973. Interaction of micrombules and the mechanism of 
chromosome movement (zipper hypothesis). Cytobios. 8:139-160. 

2. Begg, D. A., and G. W. Ellis. 1979. Micromanipulation studies of chro- 
mosome movement. II. Birefringent chromosomal fibers and the mechanical at- 
tachment of chromosomes to the spindle. J. Cell Biol. 82:542-554. 

3. Brinkley, B. R., A. Tousson, and M. M. Valdivia. 1985. The kineto- 
chore of mammalian chromosomes: structure and function in normal mitosis 
and aneuploidy. In Aneuptoidy: Etiology and Mechanisms, V. Dellarco, P. E. 
Voytek and A. Hollaender, editors. Plenum Publishing Corp., New York, 
243-267. 

4. Forer, A. 1965. Local reduction of spindle fiber birefringence in living 
Nephrotoma suturalis (Loew) spermatocytes induced by ultraviolet irradiation. 
J~ Cell Biol. 25:95-117. 

5. Hill, T. L. 1985. Theoretical problems related to the attachment of 
microtubules to kinetochores. Proc. Natl. Acad. Sci. USA. 82:4404--4408. 

6. Inou6, S., and H. Ritter. 1975. Dynamics of mitotic spindle organization 
and function in molecules and cell movement. In Molecules and Cell Move- 
ment, S. Inou6 and R. E. Stephens, editors. Raven Press, New York. 3-30. 

7. Kreis, T. E., and W. Birchmeier. 1982. Microinjection of fluorescently 
labeled proteins into living cells with emphasis on cytoskeletal proteins, lnt. 
Rev. Cytol. 75:209-227. 

8. Leslie, R. J., W. M. Saxton, T. J. Mitchison, B. Neighbors, E. D. 
Salmon, and J. R. Mclntosh. 1984. Assembly properties of fluorescein-labeled 
tubulin in vitro before and after fluorescence bleaching. J. Cell Biol. 99:2146- 
2156. 

9. Margolis, R. L., and L. Wilson. 1981. Microtubule treadmills-possible 
molecular machinery. Nature (Lond.). 293:705-711. 

I0. Mclntosh, J. R. 1981. Microtubule polarity and interaction in the mitotic 
spindle. H. G. Schweiger, editor. In International Cell Biology, Springer- 
Verlag, Berlin. 359-368. 

11. Mclntosh, J. R. 1985. Spindle structure and the mechanisms of chromo- 
some movement. In Aneuploidy: Etiology and Mechanisms. V. Dellarco, 
P. E. Voytek, and A. Hollaender, editors. Plenum Publishing Corp., New 
York. 197-229. 

12. Mclntosh, J. R., W. M. Saxton, D. L. Stemple, R. J. Leslie, and M. J. 
Welsh. 1986. Dynamics of tubulin and calmodulin in the mammalian mitotic 
spindle. Ann. NY Acad. Sci. 466:566-579. 

13. Mitchison, T. J., and M. W, Kirschner. 1984. Dynamic instability of 
microtubule growth. Nature (Lond.). 312:237-241. 

14. Mitchison, T. J., and M. W. Kirschner. 1985. Properties of the kineto- 
chore in vitro, II. Microtubule capture and ATP-dependent translocation. J. 
Cell Biol. 101:766-777. 

15. Mitchison, T., L. Evans, E. Schulze, and M. Kirschner. 1986. Sites of 
microtubule assembly and disassembly in the mitotic spindle. Cell. 45:515-527. 

16. Nicklas, R. B. 1971. Mitosis. In Advances in Cell Biology, Vol. 2. 
D. M. Prescott, L, Goldstein, and E. McConkey, editors. Appleton-Century- 
Crofts, New York. 225-297. 

17. Nicldas, R. B., D. F. Kubai, and T. S. Hayes. 1982. Spindle microtu- 
bules and their mechanical associations after micromanipulation in anaphase. 
J. Cell Biol. 95:91-104. 

18. Petersen, N. O., S. Felde, and E. L. Elson. t986. Measurement of lateral 
diffusion by fluorescence photobleaching recovery, In Handbook of Experi- 
mental Immunology. 4th ed. D. M. Weir, editor. Blackwell, Oxford, 
In press. 

19. Pickett-Heaps, J. D., D. H. Tippit, and K. R. Porter. 1982. Rethinking 
mitosis, Cell. 29:729-744. 

20. Pratt, M. M~, T. Otter, and E. D. Salmon. 1980. Dynein-like Mg ~÷- 

Gorbsky et al. Mechanism of Anaphase Movement 17 



ATPase in mitotic spindles isolated from sea urchin embryos (Strongylocentro- 
tus droebachiensis). J. Cell Biol. 86:738-745. 

21. Rieder, C. L. 1981. The structure of the cold-stable kinetochore fiber in 
Metaphase PtKj cells. Chromasoma (Berl.) 84:145-158. 

22. Rieder, C. L. 1982. The formation, structure and composition of the 
mammalian kinetochore and kinetochore fiber. Int. Rev. CytoL 79:1-58. 

23. Salmon, E. D., R. J. Leslie, W. M. Saxton, M. L. Karow, and J. R. 
Mclntosh. 1984. Spindle microtubule dynamics in sea urchin embryos: analysis 
using a fluorescein-labeled tubulin and measurements of fluorescence redistri- 
bution after laser photobleaching. J. Cell Biol. 99:2165-2174. 

23a. Sammak, P. J., G. J. Gorbsky, and G. G. Borisy. 1987. The mechanism 
of microtubule dynamics in vivo. J. Cell Biol. In press. 

24. Saxton, W. M., D. L. Stemple, R. J. Leslie, E. D. Salmon, M. Zavor- 
tink, and J. R. Mcln~sh. 1984. Tubulin dynamics in cultured mammalian cells. 
J. Cell Biol. 99:2175-2186. 

25. Seholey, J. M., M. E. Porter, P. M. Grissom, andJ. R. Mclntosh. 1985. 
Identification of kinesin in sea urchin eggs and evidence for its localization in 
the mitotic spindle. Nature (Lond.). 318:483--486. 

26. Schulze, E., and M. Kirschner. 1986. Microtubule dynamics in inter- 
phase cells. J. Cell Biol. 102:1020-1031. 

27. Soltys, B. J., and G. G. Borisy. 1985. Polymerization of tubulin in vivo: 
direct evidence for assembly onto microtubule ends and from centrosomes. J. 
Cell BioL 100:1682-1689. 

28. Vale, R. D,, T. S. Reese, and M. P. Sheetz. 1985. Identification of a 
novel force-generating protein, kinesin, involved in microtubule-based motil- 
ity. Cell. 42:39-50. 

29. Vale, R. D., B. J. Schnapp, T. Mitchison, E. Steuer, T. S. Reese, and 
M. P. Sbeetz. 1985. Different aroplasmic proteins generate movement in oppo- 
site directions along microtubules in vitro. Cell. 43:623-632. 

30. Wadsworth, P., and E. D. Salmon. 1986. Analysis of the treadmilling 
model during metaphase of mitosis using fluorescence redistribution after pho- 
tobleaching. J. Cell Biol. 102:1032-1038. 

31. Warner, F. D. 1979. Cilia and flagella: microtubule sliding and regulated 
motion. In Microtubules. K. Roberts and J. S. Hyams, editors. Academic Press, 
Ltd., London. 359-380. 

The Journal of Cell Biology, Volume 104, 1987 18 


