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Abstract. 

 

Kinetochore microtubules (kMts) are a sub-
set of spindle microtubules that bind directly to the ki-
netochore to form the kinetochore fiber (K-fiber). The 
K-fiber in turn interacts with the kinetochore to pro-
duce chromosome motion toward the attached spindle 
pole. We have examined K-fiber maturation in PtK
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cells using same-cell video light microscopy/serial sec-
tion EM. During congression, the kinetochore moving 
away from its spindle pole (i.e., the trailing kineto-
chore) and its leading, poleward moving sister both 
have variable numbers of kMts, but the trailing kineto-
chore always has at least twice as many kMts as the 
leading kinetochore. A comparison of Mt numbers on 
sister kinetochores of congressing chromosomes with 
their direction of motion, as well as distance from their 
associated spindle poles, reveals that the direction of 
motion is not determined by kMt number or total kMt 
length. The same result was observed for oscillating 
metaphase chromosomes. These data demonstrate that 
the tendency of a kinetochore to move poleward is not 

positively correlated with the kMt number. At late 
prometaphase, the average number of Mts on fully con-
gressed kinetochores is 19.7 
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 94), at late 
metaphase 24.3 
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 62), and at early anaphase 
27.8 
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 65). Differences between these distribu-
tions are statistically significant. The increased kMt 
number during early anaphase, relative to late 
metaphase, reflects the increased kMt stability at 
anaphase onset. Treatment of late metaphase cells with 
1 
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M taxol inhibits anaphase onset, but produces the 
same kMt distribution as in early anaphase: 28.7 
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 7.4 
(
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 54). Thus, a full complement of kMts is not suffi-
cient to induce anaphase onset. We also measured the 
time course for kMt acquisition and determined an ini-
tial rate of 1.9 kMts/min. This rate accelerates up to 10-
fold during the course of K-fiber maturation, suggesting 
an increased concentration of Mt plus ends in the vicin-
ity of the kinetochore at late metaphase and/or cooper-
ativity for kMt acquisition.
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 chromosome segregation during mitosis is
achieved via a complex and variable series of move-
ments that include the rapid poleward translation of

monoorienting chromosomes, oscillation of monooriented
chromosomes toward and away from their attached spin-
dle pole, bipolar attachment followed by congression to
the spindle equator, oscillation of congressed chromo-
somes around the spindle equator, and poleward migra-
tion of sister chromatids during anaphase (reviewed in
Skibbens et al., 1993; Rieder and Salmon, 1994). A wealth
of evidence demonstrates that the forces producing these
movements are principally derived from different types of
interactions between chromosomes and spindle microtu-
bules (Mts)
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 (e.g., reviews by Rieder and Salmon, 1994;

Desai and Mitchison, 1995; Inoue and Salmon, 1995).
Thus, the rapid movement observed upon initial attach-
ment is generated from interactions between the corona of
the attaching kinetochore and the lateral surface of the
Mts (Rieder and Alexander, 1990). The subsequent slower
poleward movements (P motion) of chromosomes are
generated primarily by interactions between the kineto-
chore and the plus ends of kinetochore microtubules
(kMts) (Gorbsky et al., 1988; Nicklas, 1989; Mitchison and
Salmon 1992; Inoue and Salmon, 1995; and for an alterna-
tive view, see Pickett-Heaps et al., 1996). Finally, move-
ments of chromosomes away from their attached spindle
pole (AP motion) are caused by an antagonistic pull on
one of the kinetochores and non-kMts exerting an ejection
force along the full length of chromosomes (reviewed in
Rieder and Salmon, 1994; Khodjakov and Rieder, 1996).

After initial attachment, kinetochore P motion is accom-
panied by kMt disassembly, while AP motion is accompa-
nied by kMt assembly (reviewed in Hyman and Mitchison,
1992), with addition and removal of Mt subunits during as-
sembly and disassembly occurring primarily at the kineto-
chore (reviewed in Mitchison and Salmon, 1992). For this
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reason, kinetochore–Mt interactions during P and AP mo-
tion are distinct, differing both in direction of motion along
the Mt lattice and in the dynamic instability state of kMts.
At all stages of mitosis, between initial attachment and mid-
anaphase, kinetochores are capable of abruptly switching
between P and AP motion (reviewed in Skibbens et al.,
1993; Khodjakov and Rieder, 1996). As a result, attached
kinetochores on both monooriented and bioriented chromo-
somes frequently oscillate between stretches of P and AP
movement without affecting a net change in chromosome
position. Oscillations continue even during congression
and anaphase, but in these stages of mitosis, net chromo-
some displacement occurs because individual kineto-
chores are biased to spend a greater percentage of time
moving in one particular direction (Skibbens et al., 1993).

One of the unresolved issues of chromosome motion is
the molecular mechanism for biasing kinetochore move-
ment during congression. Traction fiber models postulate
that the strength of poleward force acting on the kineto-
chore is proportional to the length of its kinetochore fiber
(K-fiber; e.g., Hays et al., 1982; Pickett-Heaps, 1986; Fuge,
1989). In support of this model, Hays and Salmon (1990)
found in meiotic grasshopper spermatocytes that when
one kinetochore of a fully congressed chromosome is par-
tially destroyed by microbeam irradiation, the chromo-
some moved toward the pole attached to the undamaged
sister, with the final ratio of distances from the two poles
being inversely proportional to the ratio of the number of
kMts on each kinetochore. The authors interpreted this
data to reveal that the poleward force generated at each
kinetochore is proportional to the length of the K-fiber
times the number of kMts. On the other hand, Hyman and
Mitchison (1991
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,
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) argue from in vitro results that the
tendency of a kinetochore to move P decreases with the
acquisition of kMts. In their model, a minus-end motor
that is active during initial attachment is turned off as the
attached kinetochore of a monooriented chromosome ac-
quires more kMts. When that chromosome becomes biori-
ented, the previously unattached sister kinetochore is ini-
tially more strongly biased toward P motion than its sister
because of a lower kMt number. This results in net dis-
placement toward the spindle equator, and hence congres-
sion. In contrast to both of these models, Rieder and Sal-
mon (1994; see also Khodjakov and Rieder, 1996) argue
that tension created by polar ejection forces, as well as the
antagonistic pull of the sister kinetochore, causes a kineto-
chore to switch out of the P-moving state. In their model,
the polar ejection forces provide sufficient information
about location on the spindle to explain congression, and
the number of kMts in each K-fiber is relatively unimpor-
tant.

The kinetochore has also been implicated in control of
the cell cycle. In many cells, transition into anaphase is in-
hibited by a cell cycle checkpoint (Hartwell and Weinert,
1989) that monitors unattached kinetochores (Rieder et al.,
1994, 1995). This checkpoint also appears to be sensitive to
treatments that disrupt spindle Mt structure or interfere
with Mt dynamic instability (e.g., Jordan et al., 1992; Wen-
dell et al., 1993; Rieder et al., 1994). For example, treat-
ment of HeLa cells with concentrations of vinblastine that
inhibit Mt dynamic instability without promoting Mt disas-
sembly blocks entry into anaphase without major disrup-

tion of spindle organization (Wendell et al., 1993). One of
the few structural differences detected in the spindles of
treated cells was that K-fibers had 30% fewer kMts. These
results suggest that a full complement of kMts might be re-
quired to pass the checkpoint, and that this may be the
mechanism by which damping dynamic instability inhibits
anaphase onset (Rieder et al., 1994).

Although the kMt number is potentially an important
factor in defining the direction of kinetochore (i.e., chro-
mosome) motion and anaphase onset, there is little reli-
able data on how kMt number changes with the duration
of kinetochore attachment, direction of motion, or the
stage of mitosis. In animal cells, reliable kMt counts have
been determined only on metaphase or anaphase chromo-
somes (e.g., Brinkley and Cartwright, 1971; Roos, 1973;
McIntosh et al., 1975; Rieder, 1981
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; Cassimeris et al., 1990;
McDonald et al., 1992), and no one attempted to correlate
the direction of chromosome motion with Mt numbers on
sister kinetochores. In this report, we present a compre-
hensive examination of K-fiber maturation during the
course of mitosis in PtK
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 cells. Same-cell correlative video
light microscopy/serial-section EM was used to correlate
the number of kMts per kinetochore with the direction of
chromosome motion, length of the K-fiber, duration that
kinetochores were attached to the spindle, and the stage of
mitosis. We also examined metaphase cells that were in-
hibited from entering anaphase by treatment with taxol.
The results demonstrate that the P motion of the leading
kinetochore on a congressing chromosome can be induced
and sustained by only one or several Mts, even when the
trailing kinetochore is attached to its pole by many more
Mts. Therefore, the tendency of a kinetochore to move P
is not positively correlated with kMt numbers. We also
found that a full complement of kMts is not sufficient to
overcome the checkpoint controlling the metaphase/
anaphase transition.

 

Materials and Methods

 

Video-enhanced Light Microscopy

 

Stock cultures of PtK
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 cells (2N 
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 11) were maintained in Hepes-buffered
L15 media and grown on glass coverslips, as described by Rieder et al.
(1994). For light microscopic observation, coverslips were mounted with
VALAP, in culture media, on perfusion chambers (reviewed by Rieder
and Cole, 1997). Chromosome motion in mitotic cells was recorded by
time-lapse video, using differential interference contrast, on a Nikon Mi-
crophot FX (Melville, NY), with a 60
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 (NA 
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 1.4) objective, as described
by Waters et al. (1993). The recording rate was 15 frames/min, and the cul-
ture was maintained at 37
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C using a block heater for the specimen stage.
Some cells were treated with 1 

 

m

 

M taxol (Calbiochem Corp., San Diego,
CA) in media containing 1% DMSO. At the appropriate time, cells were
rapidly fixed by perfusion with 2.5% glutaraldehyde in 0.1 M phosphate
buffer. As reported by Rieder and Alexander (1990), all motion ceased
within one frame after the fixative reached the cell. After fixation, low
magnification frames were recorded, and the position of the filmed cell
was marked on the glass coverslip with an objective scribe. Coverslips
were then transferred to small chambers and processed for EM. Tracking
records were plotted from measurements of the distance between a kineto-
chore and its associated spindle pole in successive frames of the video
record, as described by Khodjakov and Rieder (1996).

 

Electron Microscopy

 

Cells were fixed for a total of 30 min in 2.5% glutaraldehyde, washed with
phosphate buffer, and postfixed for 60 min with 2% OsO
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. They were then
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treated for 1 min with 0.15% tannic acid and stained en bloc for 60 min
with 1% uranyl acetate. En block staining was followed by a graded etha-
nol dehydration series, clearing with propylene oxide, and flat embedding
in Epon (see Roos, 1973). After curing, scribe marks were transferred to
the Epon, the glass coverslips were removed by etching, and the resulting
preparations were trimmed and glued onto an Epon block for sectioning
(Rieder, 1981

 

b

 

). Silver-gray serial thin sections (

 

z

 

75 nm thick) were col-
lected on Formvar-coated slot grids and subsequently stained with uranyl
acetate and lead citrate.

Consecutive serial sections were viewed on an electron microscope
(model 910; Carl Zeiss, Inc., Thornwood, NY), using an accelerating volt-
age of 80 kV, an LaB
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 filament, and the Köhler illumination system. Im-
ages of metaphase, anaphase, and taxol-treated cells were recorded at

 

3

 

5,000, and those of prometaphase cells at 

 

3

 

3,150 or 

 

3

 

4,000 on electron
microscope film (S0163; Kodak, Rochester, NY). At these magnifications,
all the spindle contained in each section could be captured on a single neg-
ative, and selected areas of the negative could be enlarged to identify
kMts accurately.

 

Data Analysis

 

kMts were counted from digitally scanned micrographs of serial sections.
The kinetochore region of each chromosome was scanned into a 320 

 

3

 

320–pixel window using a modified Dage model 81 camera (Michigan
City, IN) with an Androx ICS-400 image-processing board (Imaging Solu-
tions Corporation, Natick, MA) in a Sun 3/260 host computer (Mountain
View, CA) (Hindus, 1992). The enlargements used were obtained by fit-
ting the camera with a 105-mm lens and an auto extension ring. The image
pixel size was typically 2.7, 3.0, and 4.7 nm, respectively, for images re-
corded at 

 

3

 

5,000, 

 

3

 

4,000, and 

 

3

 

3,150. These values correspond to 13.5,
12.0, and 14.7 

 

m

 

m on the film. Objects of the appropriate size and shape
were identified as kMts if they came within 50 nm of the outer kineto-
chore plate or were embedded in the corona material and had an image
density at least one third the density of the brightest kMts in the same dig-
itized image. The analysis was aided by varying image contrast and by
placing images of the same kinetochore from neighboring serial sections
side by side on the computer monitor (Silicon Graphics, Mountain View,
CA, INDY). If the same kMt was identified in neighboring serial sections,
it was only counted in one section.

From each kinetochore, kMts were counted at least twice, on different
days, by the same person, and the average value of the counting trials was
recorded. If the counting trials differed by more than 20%, the number
was counted again, and the best fit to all trials was recorded. The counting
error was assessed from the variation between duplicate (or in some cases
triplicate) counting trials in the following way. For each kinetochore, the
variation between multiple counting trials was used to calculate a “count-
ing standard deviation” that was then divided by the reported kMt value.
The latter operation normalized values so that counting standard devia-
tions from different kinetochores could be averaged. The average count-
ing standard deviation of 53 kinetochores, from three different cells, was
0.08. Since the normalized value is a fractional value (i.e., a ratio between
the counting standard deviation and kMt number), we concluded that the
counting error was 8%, or 
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2.0 kMts for kinetochores with 25 kMts. To
assess possible bias introduced by having one person make all of the
counts, eight other people were asked to count the number of kMts on
four metaphase kinetochores using the stated criteria. On average, the
kMt number was the same as when a single person made the counts, but
the estimated counting error was slightly higher (12%).

Distances between the spindle poles and kinetochores of monooriented
or congressing chromosomes were measured in three dimensions, using the
Sterecon software package for serial section reconstruction and quantita-
tive measurements (Marko and Leith, 1996). Electron micrographs of the
serial section series were first examined on a light box to determine which
sections contained the midpoints of the spindle poles and the kineto-
chores. The corresponding micrographs were then digitized (pixel size 

 

5

 

20–30 nm) in sequence with enough of the intervening sections to enable
alignment in Sterecon. The depth dimension of the resulting image stack
was adjusted for the excluded sections, using an assumed section thickness
of 75 nm. Coordinates for the centers of poles and kinetochores were ob-
tained within the resulting Sterecon reconstruction and were used to cal-
culate three-dimensional (3D) distance vectors using the standard dis-
tance formula.

For statistical analyses, the relevant data were entered into Quattro Pro
version 6.0 (Novell, Inc., Orem, Utah), and the functions for computing
averages, standard deviation, Student’s 

 

t

 

 test, 

 

z

 

 test, and regression analy-

sis were used. For comparisons of prometaphase, metaphase, anaphase,
and taxol distributions, the 

 

z

 

 test was appropriate because of the relatively
large sample sizes (

 

n

 

 

 

.

 

 30). For comparisons of kMt numbers on sister ki-
netochores of bioriented chromosomes, the 

 

t

 

-test was used because of the
small sample sizes. Analyses involving the time course of kMt acquisition
were aided by Mathematica 2.2 (Wolfram Research, Inc., Champaign, IL).

 

Equations

 

Initially we modeled K-fiber maturation as a simple association/dissocia-
tion reaction:

(1)

For this model, the rate at which kinetochores acquire kMts is

(2)

where 

 

A

 

 is the concentration of free Mt plus ends, 

 

B

 

 is the number of un-
occupied sites on a kinetochore, 

 

C 

 

is the number of occupied sites (i.e., the
number of kMts), and 

 

k

 

1

 

 and k

 

2

 

1

 

 are the association and dissociation rate
constants. Since the growth of free Mts is continually initiated from the
spindle pole in large excess of the number of kMts, to a first approxima-
tion, the concentration of free Mt plus ends is independent of the course
of the reaction. In addition, the number of unoccupied binding sites, 

 

B

 

, can
be determined from the number of occupied sites, 

 

C

 

, and the total binding
capacity (number of kMts bound at saturation), 

 

S

 

, which is a constant.
Substituting these identities and rearranging, the rate equation becomes

(3)

where

(4)

The solution to Eq. 3 is

(5)

Since there are no kMts on the kinetochore until it becomes attached, 

 

C

 

 is
0 at time zero, and the initial rate of this pseudo–first order reaction is lin-
ear:

(6)

At equilibrium, the forward and reverse reactions must be balanced and,
after rearrangement, the rate equation becomes

(7)

For the more complex model, where the association rate increases with
time, we estimated the variation of 

 

k

 

1

 

 with time empirically:

(8)

By fitting our data to this function, we found that 

 

a
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 0.05735, 

 

b
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 0, and

 

c
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 0.00013. Modification of Eq. 3 to include the time dependence of 

 

k

 

1

 

results in

(9)

Substituting the above constants 

 

a

 

 and 

 

c

 

, as well as the previously deter-
mined saturation value and dissociation constant, results in the curve illus-
trated in Fig. 6 

 

c.

 

Results

 

A total of 36 mitotic cells were filmed, fixed at the appro-
priate time, and processed for subsequent serial section
analysis. Mts were scored as kMts if they came within 50 nm
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of the kinetochore outer plate or were embedded into the
corona material and had at least one third the density of
the brightest kMts in the same digitized image (Fig. 1). All
counts were determined at least in duplicate, as described
in Materials and Methods, and from the multiple counting
trials of 53 different kinetochores, the counting error was
estimated to be 8%, or 62.0 per 25 kMts.

Mt Numbers on Sister Kinetochores of
Congressing Chromosomes

As a monooriented chromosome becomes bioriented, the
newly attaching kinetochore is expected to have fewer Mts
than its sister because the latter has been attached to the
spindle for a longer time. However, the extent of this dis-
parity has not been previously investigated, and little is

Figure 1. Illustration of
our method for counting
kMts from serial section
electron micrographs. (a)
Full area of one electron mi-
crograph from a cell. Electron
micrographs were taken at a
magnification sufficiently low
to record all of the mitotic
spindle, and were then en-
larged for counting kMts.
The white box indicates one
kinetochore and its associ-
ated microtubules to be
counted in consecutive serial
sections. (b) The outer plate
of the kinetochore indicated
in a could be identified in
nine serial sections. Associ-
ated microtubules were
counted as kMts when they
were visible within 50 nm
from the outer kinetochore
plate or were embedded in
the corona material. A total
of 28 kMts were counted on
this kinetochore (arrows).
Bars: (a) 2 mm; (b) 0.2 mm.
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known concerning how many Mts are needed to initiate
congression (i.e., P motion of the newly attaching kineto-
chore) or the rate at which kinetochores acquire their full
complement of kMts. We filmed late prometaphase cells
(i.e., cells containing one to four monooriented chromo-
somes) until one of the monooriented chromosomes ex-
hibited the in-plane rotation characteristic of biorientation
and began moving toward the metaphase plate with the
centromere region leading (e.g., Fig. 2, a and b). When this
motion was well established, cells were rapidly fixed and
processed for EM. Chromosomes tracked in vivo (see Ma-
terials and Methods) were readily identified from low
magnification electron micrographs (Fig. 3 a), and kMts
were counted from enlargements of the kinetochore re-
gion, as illustrated in Fig. 1 b.

The number of kMts found on sister kinetochores of five
congressing chromosomes are listed in Table I. For all five
determinations, at least twice as many kMts were attached
to the AP-moving kinetochore, and in most cases, the dis-
parity is much greater. To compare congressing chromo-
somes with fully congressed chromosomes, we defined a
disparity ratio as the number of Mts attached to the sister
kinetochore with the most Mts divided by the number of
Mts attached to the sister with the least Mts. For congress-
ing chromosomes, this ratio was always the number of Mts
on the AP-moving kinetochore divided by the number on
the P kinetochore. A comparison between disparity ratios
of congressing and fully congressed chromosomes in the
same prometaphase cells is given in Table II. (Fully con-
gressed chromosomes were defined as those positioned at
the metaphase plate.) Clearly, the number of kMts is more

balanced on sister kinetochores of fully congressed chro-
mosomes than it is on sister kinetochores of congressing
chromosomes. Only a few of the former have disparity ra-
tios greater than 2, and in some cases, the film record
shows these to be newly congressed. Table II also shows
that the disparity between sisters drops further as cells
progress into metaphase, where the maximum ratio ob-
served was only z1.5.

From their data, Hays and Salmon (1990) argued that
the poleward force on a kinetochore depends on the kMt
number and the K-fiber length (i.e., F 5 cNL, where F 5
force, L 5 length of K-fiber, measured as the distance be-
tween the kinetochore and its associated spindle pole, N 5
number of kMts, and c is a proportionality constant). As-
suming as Hays and Salmon (1990) did, that the predomi-
nate direction of motion is indicative of which sister kineto-
chore experiences the greater poleward force, their model
predicts that the product of kMt number and K-fiber
length should be greater for the P-moving kinetochore
during congression (i.e., NAPLAP , NPLP). We evaluated
this prediction for the P and AP kinetochores listed in
Table I by measuring K-fiber lengths in 3D, as illustrated
in Fig. 3 b, and multiplied by the corresponding kMt num-
bers. The resulting values are listed in Table I. Contrary
to the prediction of Hays and Salmon’s balanced force
model, the product of length and number of kMts is 2.3–
8.4 times greater for the AP kinetochore in four of the five
congressing chromosomes. Thus, poleward force at the ki-
netochore is clearly not proportional to kMt number times
K-fiber length during congression in PtK1 cells, and the
Hays and Salmon (1990) assumption that the sister kineto-

Figure 2. Tracking of a congressing chromosome as identified by
differential interference contrast (DIC) video-enhanced light mi-
croscopy. (a) Selected frames from the DIC-video record. The
congressing chromosome is indicated by the white arrow, and the
time after initiation of video tracking is given in the lower left
corner of each frame. (b) Tracking record of the AP-moving ki-
netochore on the chromosome noted in a as it initiates congres-
sion and moves to the spindle equator. From the start of filming
until z196 s, the chromosome is monooriented and oscillates
without a net change in distance from the spindle pole. At z196 s,
the chromosome acquires bipolar attachment and initiates con-
gression. During congression, the AP-moving kinetochore exhib-
its a brief reversal at z290 s and a pause at z330 s. Fixation is at
356 s. Bar, 5 mm.
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chore possessing the most Mts experiences the greater P
force is not valid.

Comparing Mt Numbers on Sister Kinetochores of 
Oscillating Bioriented Chromosomes

We investigated the possibility that poleward force acting
on the sister kinetochores of fully congressed chromo-
somes is related to the kMt number by determining Mt
numbers on the sister kinetochores of fully congressed but
oscillating chromosomes whose motion could be defined
by the video record at the time of fixation (Fig. 4). AP-
moving kinetochores had 25 6 2.7 kMts, and P-moving
kinetochores had 21 6 3.1 kMts (Table IIIa). These differ-
ences are on the borderline of statistical significance (P 5

0.028 in a two-tail t test), primarily because of the small
sample sizes. One reason for the small sample size was that
in any one optical plane, only a few of the chromosomes
were oscillating to a significant extent during filming. As
an alternative approach, we examined the film record of
chromosomes with varying disparity in the number of kMts
associated with each sister kinetochore. As seen in Table
IIIb, the likelihood of pronounced oscillations was not cor-
related with the difference in the kMt number between sis-
ter kinetochores.

Figure 3. Serial section electron microscopic analysis of the congressing chromosome from Fig. 2 to determine kMt numbers and dis-
tance from spindle poles. (a) An electron micrograph from a serial section series through the cell. White arrow indicates the AP-moving
kinetochore of the congressing chromosome. (b) Measurement of the distances between sister kinetochores and their associated spindle
poles. The congressing chromosome was reconstructed in 3D from serial sections, as described in the text. Sister kinetochores are indi-
cated by the light regions at the site where K-fibers (white tubes) attach to the chromosome (gray). The centrioles are schematically rep-
resented by cylinders. Distances between kinetochores and the spindle poles were determined by measuring the K-fiber length in 3D.
Bar, 2 mm.

Table I. Number of kMts and Distances from Spindle Poles for 
Congressing Chromosomes

Congressing
chromosome No. of kMts

Distance from
spindle pole

Predicted relative
force

Cell No. AP P AP P AP P

mm (NL)*

1 16 8 3.9 8.5 62.4 68
2 27 8 6.5 9.4 175.5 75.2
3 26 1 5.8 18.3 150.8 18.3
4 11 2 5.8 10.0 63.8 20.0
5‡ 32 7 10.9 7.8 348.8 54.6

*After the formulation of Hays and Salmon (1990). See text for details.
‡Congressing chromosome from cell 5 has traveled beyond the metaphase plate.

Table II. Disparity Ratios for Congressing, Late 
Prometaphase, and Late Metaphase Chromosomes

Range of disparity
ratio*

Number of sister pairs

Congressing‡ Fully congressed‡
Mature

metaphase§

1.00–1.15 0 14 17
1.16–1.30 0 13 8
1.31–1.45 0 7 4
1.46–1.60 0 6 1
1.61–1.75 0 3 0
1.76–3.00 1 4 0
.3.00 4 0 0

*Number of kMts on the sister kinetochore containing the most kMts divided by the
number on the sister containing the least.
‡Congressing chromosomes were identified in late prometaphase cells (cells with one
to four monooriented chromosomes) by their movement towards the spindle equator.
All other chromosomes that were situated at the spindle equator in these cells were
considered fully congressed.
§Mature metaphase chromosomes came from cells filmed for 20–21 min after the last
monooriented chromosome–initiated congression.
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Figure 4. Correlating kMt numbers with the direction of motion of sister kinetochores on an oscillating metaphase chromosome. (a)
Frames from the DIC video record showing the oscillating chromosome, indicated by black arrows. (b) Tracking record for sister kineto-
chores of the oscillating chromosome. Arrowheads correspond to frames shown in a. At fixation (512 s), one kinetochore is moving P and
the other is moving AP. (c) A serial section electron micrograph of the cell. Oscillating chromosome is indicated by white arrow. (d)
Electron micrograph enlarged to show the P kinetochore and its associated kMts. The kMts were counted in successive serial sections, as
illustrated in Fig. 1. (e) Electron micrograph enlarged to show the AP kinetochore and its associated kMts. Bars: (a) 4 mm; (c) 2.2 mm; (d
and e) 0.12 mm.
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Comparing Mt Numbers on Fully Congressed 
Kinetochores in Prometaphase, Late Metaphase, and 
Early Anaphase Cells

As detailed in Table I, the number of kMts on the AP-
moving kinetochore of congressing chromosomes varies
from 11 to 32. Kinetochores of fully congressed prometa-
phase chromosomes show a similar range in their number
of attached kMts (Table IV). This wide variability, as well
as the observation that none of the P kinetochores on con-
gressing chromosomes had more than eight kMts, indi-
cates that kinetochores acquire kMts relatively slowly, and
that only a few prometaphase kinetochores have a full
complement of kMts. If this is true, then kinetochores in
late metaphase cells should, on average, have more kMts
than prometaphase kinetochores, and the distribution of
kMt number should have less variability (i.e., a higher per-
centage of the kinetochores are expected to have a full
complement of kMts). To evaluate this prediction, we de-
termined the number of kMts on nearly all of the kineto-
chores from three metaphase cells that were fixed 20–21
min after the last monooriented chromosome-initiated
congression. Since anaphase onset in PtK1 cells occurs at
23 min after the last monooriented chromosome initiates
congression (with a standard deviation of 1 min, Rieder et al.,

1994), these cells were in late metaphase at the time of fix-
ation. The distributions of kMt numbers for prometaphase
and metaphase kinetochores are compared in Fig. 5 a and
Table IV. This comparison demonstrates that on average,
late-metaphase kinetochores have more kMts and less
variability than prometaphase kinetochores, and the dif-
ference of the mean values is statistically significant (P 5
6.5 3 1027 in a one-tail z test).

Similarly, kinetochores from bioriented prometaphase
chromosomes are expected to have more kMts than kineto-
chores from monooriented prometaphase chromosomes
because the bioriented kinetochores on average have been
attached longer and because tension between sister kineto-
chores stabilizes kMt attachments, at least during meiosis
in grasshopper spermatocytes (Nicklas and Ward, 1994).

Table IIIa. Direction of Motion vs. Number of kMts on 
Individual Kinetochores

P* AP‡

Average§ 21.0 24.9
Standard deviation 3.1 2.7
n 9 7

*Includes kinetochores in transition from AP to P.
‡Includes kinetochores in transition from P to AP.
§Difference in kMt numbers for P and AP kinetochores is statistically significant: P 5
0.028 for two-tailed t test.

Table IIIb. Detectable Motion vs. Difference in Number of 
kMts on Sister Kinetochores

Difference in kMts n Number in motion

0–3 10 3
4–6 9 4
7–11 6 1

Table IV. Variation of kMt Numbers with the Stage of Mitosis 
and Taxol Treatment

Mono-
oriented

Late
Pro-metaphase*

Mature
metaphase‡

Early
anaphase§

Taxol
(10 min)i

Average 11.9 19.7 24.3 27.8 28.7
Standard deviation 5.9 6.7 4.9 6.3 7.4
Range 3–27 7–34 11–35 14–44 12–52
n 30 94 62 65 54

*Late prometaphase chromosomes came from cells with 1–4 monooriented chromo-
somes.
‡Mature metaphase chromosomes came from cells filmed for 20–21 min after the last
monooriented chromosome initiated congression.
§Early anaphase chromosomes came from cells fixed 1–3 min after chromatid separa-
tion.
iMetaphase cells (all chromosomes at the spindle equator) were treated for 10 min
with 1.0 mM taxol before fixation.

Figure 5. Numbers of kMts on late prometaphase, mature meta-
phase, early anaphase, and taxol-treated metaphase cells. The mi-
totic stages are defined in Table IV. (a) A comparison of kMt
numbers from late prometaphase and mature metaphase kineto-
chores reveals that the prometaphase kinetochores are less satu-
rated than the metaphase kinetochores. (b) A comparison of kMt
numbers on late metaphase and early anaphase kinetochores re-
veals that mature metaphase kinetochores are less saturated than
early anaphase kinetochores. (c) A comparison of kMt numbers
on taxol-treated (10 min) metaphase and early anaphase kineto-
chores reveals no difference in the distribution.
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As summarized in Table IV, kinetochores from bioriented
prometaphase chromosomes have an average of 19.7 6 6.7
kMts, while kinetochores from monooriented prometaphase
kinetochores had only 11.9 6 5.9 kMts. This difference is
highly significant (P 5 4.4 3 10210 in a one-tail z test).

Even at late metaphase, the kMt number varies over a
relatively large range (Table IV), indicating that some ki-
netochores have not acquired their full complement of
kMts and/or that kinetochore size (i.e., total kMt binding
capacity) is variable. In fact, kinetochore size does vary
over a three- to fourfold range (McEwen, B.F., A.B. Heagle,
and C.L. Rieder, manuscript in preparation), but in the
present analyses we circumvent this variably by looking at the
average value for all or nearly all chromosomes in each cell.

To explore the possibility that late metaphase kineto-
chores are subsaturated, we determined the kMt number
on early anaphase kinetochores. Cells were filmed until it
was certain that anaphase had commenced (1–3 min after
chromatid separation), and then they were fixed for EM.
The average number of kMts observed at early anaphase
was 27.8 6 6.3, or 3.5 more kMts than at metaphase (Table
IV). Distributions of kMt number for late metaphase and
early anaphase are compared in Fig. 5 b. Clearly, the dis-
tribution shifts toward higher kMt numbers after anaphase
onset and this difference is statistically significant (P 5 4.2
3 1024 in a two-tail z test).

The Effect of Taxol Treatment on kMt Number

Moderate doses of taxol inhibit anaphase onset in PtK1
cells, presumably by preventing passage through a cell cy-
cle checkpoint (e.g., Rieder et al., 1994). It is generally as-
sumed that the average 23-min delay that occurs between
attachment of the last kinetochore to the spindle and
anaphase onset is the time required for biochemical events
downstream from the checkpoint release. However, this
could also represent the time required for the last attach-
ing kinetochore to acquire the minimum complement of
kMts that is needed to shut down production of the ana-
phase inhibitor (see Rieder et al., 1995). This would ex-
plain why HeLa cells treated with low levels of vinblastine
are blocked from anaphase onset, since treated cells have
30% fewer kMts per kinetochore (Wendell et al., 1993).
Similarly, it is possible that taxol exerts its inhibition by
causing kMts to detach from the kinetochore.

To evaluate this hypothesis, we determined the Mt num-
ber on metaphase kinetochores after treatment for 1 h
with 1.0 mM taxol. The average kMt number was 23.2 6
7.6, which is similar to the value observed on mature
metaphase kinetochores, but the standard deviation (7.6)
and the maximum number of kMts observed (46) were
both higher. In addition, we noticed that the spindles were
abnormally short after 1 h of taxol treatment, with some
kinetochores as close as 2.2 mm to the pole (data not
shown). This observation is consistent with a recent report
by Waters et al. (1996a) that the spindle shortens during
taxol incubation because of the removal of kMt subunits
at the centrosome in the absence of plus-end assembly.
Since it is possible that the average kMt number has also
been reduced by minus-end disassembly, we determined
the number of Mts on kinetochores from metaphase cells
treated for only 10 min with 1.0 mM taxol. These kineto-

chores had 28.7 6 7.4 kMts (Table IV), and their Mt distri-
bution was nearly identical to the kMt distribution found
in early anaphase (Fig. 5 c). Differences between anaphase
and 10-min taxol-treated cells are not statistically signifi-
cant (P 5 0.48 in a two-tail z test).

K-Fiber Maturation

The time course of K-fiber maturation was measured di-
rectly by filming cells from before nuclear envelope break-
down until fixation after specified lengths of time. kMts
were counted on those kinetochores whose total time of
attachment to the spindle could be determined unambigu-
ously, including kinetochores from mono- and bioriented
chromosomes and the congressing kinetochores reported
in Table I. In most cases, initial attachment was recognized
by a sudden jerk toward the spindle pole, followed by con-
tinuous P motion until the chromosome encountered an
obstruction or underwent an oscillation. Frequently, chro-
mosomes could be followed for up to 30 min after initial
attachment. The data show considerable scatter in the time
course (Fig. 6 a), indicating a large variability in the rate of
kMt acquisition. Since the rate of kMt acquisition is ex-
pected to be proportional to the total Mt-binding capacity
of a kinetochore, some of the scatter in Fig. 6 a undoubt-
edly arises from variations in the Mt-binding capacity be-
tween kinetochores. In addition, we observed indications
that steric hindrance can affect the rate of kMt acquisition:
in one prometaphase cell, several kinetochores were par-
tially shielded from their attached spindle pole by the arms
of other chromosomes, and all of these kinetochores had
significantly fewer kMts than neighboring kinetochores
that were on the spindle for an equivalent length of time
(data not shown and not included in Fig. 6).

Based on our observations of K-fiber maturation, we de-
termined a model to describe the process according to a
simple association/dissociation reaction, such as the one il-
lustrated by Zhai et al., (1995) (also see Eqs. 1–7 in Mate-
rials and Methods). All parameters of the model (Eq. 5)
were experimentally determined. The maximum Mt bind-
ing capacity of kinetochores was estimated to be 35 from
the average kinetochore size and the maximum kMt pack-
ing density (see Rieder, 1982; McEwen, B.F., A.B. Heagle,
and C.L. Rieder, manuscript in preparation). The dissocia-
tion rate was set at 0.15 (min)21, based on the 4.7-min half-
life of kMts in PtK1 cells at 378C (Zhai et al., 1995). The as-
sociation rate, k1, was estimated to be 0.053 (min)21 from
the initial velocity of the reaction, 1.9 kMt/min. The latter
was computed as specified in Eq. 6, using the first five time
points from Fig. 6 a (i.e., the first 6 min of the reaction).
These values were substituted into Eq. 5 to compute ex-
pected kMt values over the first 40 min. The resulting curve
is shown in Fig. 6 b, overlaying the data points of the mea-
sured time course. The computed equilibrium value (i.e.,
the plateau value of the overlay in Fig. 6 b) is 9.2 kMts, far
fewer than the average value of 24 kMts per kinetochore
observed at late metaphase (Table IV). To achieve an equi-
librium value of 24 kMts/kinetochore, the initial velocity
needs to be 16.7 kMt/min, far faster than the observed ini-
tial rate of 1.9 kMt/min, unless the dissociation constant
k21, is lowered to 1025 min21. However, the latter corre-
sponds to a kMt half-life of more than 3 h!
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Since the time course data cannot be described by the
simple association/dissociation model, we explored the
possibility that the kMt acquisition rate increases during the
course of the reaction (see Eqs. 8 and 9 in Materials and
Methods). This could happen if the concentration of free Mt
plus ends increases during the course of the reaction (see
Eq. 4 a), and/or if there is cooperativity in kMt binding. The
resulting curve, shown as an overlay on the data points in
Fig. 6 c, satisfies the initial slow rate of kMt acquisition and
approaches the equilibrium level observed at metaphase.

Discussion

Measurements of Kinetochore Microtubule Number

Assessment of the variation between duplicate and tripli-

cate kMt counts established that our average counting er-
ror is 8%. Since this is much less than the observed varia-
tion in kMt numbers (e.g., Table IV), counting error is not
a limiting factor in our analysis. A variation of 12% was
determined when eight different people counted, which in-
dicates that the relative accuracy of our determinations is
higher than the absolute accuracy, despite efforts to care-
fully define which Mts will be counted as kMts. Neverthe-
less, our results for kMt numbers at metaphase agree well
with previous studies of PtK1 kinetochores from several
different laboratories (Table V), using such widely differ-
ent approaches as serial longitudinal sections (Brinkley
and Cartwright, 1971; Roos, 1973; McIntosh et al., 1975;
Cassimeris et al., 1990), serial axial sections (Rieder, 1981a;
McDonald et al., 1992), cold treatment to depolymerize non-
kMts (Rieder, 1981a), and a 3D reconstruction via electron
tomography (McEwen et al., 1995). This agreement with pre-
viously published results substantiates the validity of our
methodology. It is also noteworthy that we counted more
kinetochores to determine the metaphase distribution of
kMt number than all of the previous studies combined.

K-Fiber Maturation

One striking feature that emerges from our analysis is the
relatively slow initial rate of kMt acquisition (z1.9 kMt/
min). Others have anticipated a much faster rate (i.e., Mer-
des and De Mey, 1990; Zhai et al., 1996), although our re-
sults are consistent with Rieder and Alexander’s (1990)
study of initial chromosome attachment in newt lung cells.

Table V. Previous Determinations of kMt Number on 
Metaphase PtK1 Kinetochores

Study Average
Standard
deviation Range n

Brinkley and Cartwright (1971) 25 N.A. 21–30 10
Roos (1973) 26 N.A. 16–40 8
McIntosh et al. (1975) 31 N.A. 21–41 8
Rieder (1981) 29 N.A. 20–45 10
Cassimeris et al. (1990) 24 5.0 19–29 N.A.
McDonald et al. (1992) 25.5 5.2 N.A. 4
Table IV 24.3 4.9 11–35 62

N.A., not available.

Figure 6. Time course for
kMt acquisition. (a) Raw
data. The length of time that
monooriented, bioriented,
and congressing chromo-
somes were attached to the
spindle was determined
from video records, as de-
scribed in the text. (b) Curve
predicted by a simple asso-
ciation/dissociation model
(see Eq. 5). The association
rate constant k1 is estimated
to be 0.053 from the earliest
time points (see Eq. 4 a and
text), the kMt value at satu-
ration S is approximated as
35 kMts, and the dissociation
rate constant k21 is set at 0.15
kMt/min, based on a kMt
half-life of 4.7 min at 378C
(Zhai et al., 1995). The re-
sulting curve levels off at 9.2
kMts, far fewer than the 24
kMts observed at metaphase
(Table IV). (c) Curve pre-
dicted by a model where k1
increases with time (see Eq.
9). This curve is consistent
with observations of both the
initial rate of kMt acquisition
and the kMt number at
metaphase.
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An association rate of 1.9 kMt/min is too slow to balance
the kMt dissociation rate estimated by Zhai et al., 1995,
and still maintain 24 Mts/kinetochore at equilibrium, where
equilibrium is estimated as the average kMt number at
late metaphase (see Table IV). For this reason, the full
time course of K-fiber formation cannot be described by a
simple model of association/dissociation of kMts from in-
dependent binding sites on the kinetochore (see Fig. 6 b).
Rather, the results suggest that the rate of kMt acquisition
increases during K-fiber formation.

We cannot draw this conclusion directly from the prometa-
phase time course data without considering kMt numbers
at metaphase (Table IV), which effectively provides 62 ad-
ditional points to the upper right of the plot in Fig. 6 a.
This makes it clear that the curve in Fig. 6 b reaches a pla-
teau at far too few kMts. Analysis of the time course is
hindered by variability in the data, some of which results
from a twofold variation in the potential Mt-binding ca-
pacity of the kinetochores on different PtK1 chromosomes
(McEwen, B.F., A.B. Heagle, and C.L. Rieder, manuscript
in preparation). Another source of scatter is the variation
in the density of free Mt plus ends caused by obstructions
between the kinetochore and its spindle pole (see Re-
sults). It is also likely that the stochastic nature of Mt
growth and the association/dissociation reaction contrib-
utes to the observed variability.

Our analysis assumes that kMt number has reached
equilibrium by late metaphase. Although we have no di-
rect evidence for this, if equilibrium has not been reached,
then kMt numbers would still be increasing during late
metaphase. In this case, the discrepency between the data
and the simple association/dissociation model would be
even greater. An additional consideration is the accuracy
of our estimation of the kMt saturation level, which is
based on measurements of the kinetochore outer plate
size and a maximum density of kMt packing (see Rieder,
1982). The kMt acquisition rate required to balance the dis-
sociation rate does decrease if higher values for the satura-
tion level are used in the calculations, but the time course
plot is not very sensitive to this parameter. Even with un-
realistically large values for kMt saturation (i.e., on the or-
der of 300 kMts), a curve based on the simple association/
dissociation model still fails to fit both the initial velocity
and the metaphase distribution (calculations not shown).

Two likely mechanisms by which the association rate could
increase during K-fiber formation include an increase in
the concentration of free Mt plus ends in the vicinity of the
kinetochore and/or cooperativity. In early prometaphase,
when many kinetochores first attach to the spindle, the to-
tal amount of Mt polymer is about half its value at meta-
phase (Zhai et al., 1996). Thus the concentration of free
Mt plus ends rises during K-fiber formation, with the re-
sult that the kMt association rate is also predicted to rise
(see Eq. 4 in Materials and Methods). For congression
during late prometaphase, the total Mt polymer level is
similar to metaphase, but the newly attached kinetochore
is generally positioned far from the spindle pole to which it
is connected, and hence in a region containing few Mt plus
ends emanating from that pole. This number progressively
increases as the chromosome congresses to the spindle
equator (see McIntosh and Landis, 1971; Brinkley and
Cartwright, 1971). In this regard, it is interesting that con-

gressing and monoorienting chromosomes have roughly
the same slow initial rate of kMt acquisition.

Cooperativity during K-fiber formation could result from
the favorable interactions between the kMts of an individ-
ual kinetochore, which make it easier for successive Mt
plus ends to bind. Such interactions and mechanical link-
ages are indicated by the natural bundling of kMts within a
K-fiber (e.g., Rieder, 1981a; McDonald et al., 1992) and by
the cohesiveness of this bundle to micromanipulation (e.g.,
Nicklas et al., 1982).

Recently, Zhai et al. (1996) determined that Mt polymer
levels remain constant through prophase, decrease dramat-
ically just after nuclear envelope breakdown, then slowly
increase almost back to prophase values by metaphase.
The decrease in total polymer immediately after nuclear
envelope breakdown is caused by the increased dynamic
instability of Mts, which Zhai et al. (1996) observed at the
same time. Since the increased dynamic instability persists
into anaphase, Zhai et al. (1996) proposed that the recov-
ery of Mt polymer levels is caused by tension-driven poly-
merization/stabilization of kMts. However, their model as-
sumes that the newly attaching kinetochore of a previously
monooriented chromosome saturates rapidly so that dur-
ing congression, it generally has a full complement of
kMts. This assumption conflicts with the results presented
here (Fig. 6 and Table I), which favor a model where most
kMt polymer is generated by kinetochores slowly captur-
ing and stabilizing longer kMts that reach the metaphase
plate. In addition, Zhai et al. (1996) observed that most of
the Mt polymer at metaphase remains sensitive to brief no-
codazole treatment. These results indicate that the major-
ity of the Mts formed after nuclear envelope breakdown
are not kMts. It is possible that the non-kMts are stabilized
by the high Mt density within the bipolar spindle.

The Direction a Bioriented Chromosome Moves Is
Not Determined by the Relative Numbers of Mts on Its 
Sister Kinetochores

As a consequence of the slow initial rate of kMt acquisi-
tion, the disparity in the Mt number between sister kineto-
chores of congressing chromosomes is larger than was pre-
viously anticipated, and much larger than predicted by the
formulation of Hays and Salmon (1990; see Table I). In-
deed, in one example, we found 1 kMt “out-pulling” 26,
and in another, 2 out-pulling 11. In contrast, the corre-
sponding kinetochore-to-pole distances differ only by a
factor of 2–3 (Table I). Thus, poleward force production
during congression in somatic cells is not correlated with
the product of kMt number and distance to the spindle
pole, and in fact appears to be independent of kMt num-
ber. This conclusion can be extended to bioriented chro-
mosomes at the metaphase plate, where we observed a
slight inverse correlation between kMt number and direc-
tion of motion, and no correlation between kMt number
and the probability of movement (Table III). Clearly, the
number of Mts on attached kinetochores is not important
for determining the direction of kinetochore motion in
PtK1 cells.

The inconsistency between our data and the predictions
of Hays and Salmon (1990) could reflect differences in be-
havior between meiotic vs. mitotic systems and/or insect
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vs. vertebrate cells. However, as in grasshopper spermato-
cytes, destruction of one kinetochore on congressed PtK1
chromosomes also induces the chromosome to move off
the spindle equator toward the pole attached to the nonir-
radiated kinetochore (McNeil and Berns, 1981; Rieder et al.,
1995). In addition, premature separation of sister chroma-
tids by laser surgery invariably results in poleward migra-
tion of the individual kinetochores (Skibbens et al., 1995;
Khodjakov and Rieder, 1996). Thus, in mitotic systems,
equatorial positioning of bioriented chromosomes also re-
quires the antagonistic poleward pull of sister kineto-
chores. Hays and Salmon’s data (1990) demonstrate that
when kinetochore function is partially destroyed, the dis-
tance that chromosomes move from the spindle equator is
correlated with the number of attached kMts. However,
this correlation between the final chromosome position
and kMt number does not establish a cause and effect rela-
tionship. An alternative explanation is that both the num-
ber of Mts and the number of force-producing sites on the
kinetochore are reduced by irradiation, but only the latter
determines the final chromosome location (see Rieder and
Alexander, 1990). This view is consistent with both our re-
sults and those of Hays and Salmon (1990).

Our results are inconsistent with traction fiber models
which postulate that the molecules producing poleward
force for chromosome motion reside along the K-fiber
(Hays et al., 1982; Pickett-Heaps, 1986; Fuge, 1989; Pick-
ett-Heaps et al., 1996). These models have been largely
abandoned in favor of the poleward force being generated
primarily at the kinetochore by either kMt depolymeriza-
tion or minus-end–directed Mt motor molecules, and sec-
ondarily at the spindle pole by poleward flux (reviewed by
McIntosh and Pfarr, 1991; Rieder and Salmon, 1994; Desai
and Mitchison, 1995; Inoue and Salmon, 1995; Vernos and
Karsenti, 1996). However, like the traction fiber model, all
of these mechanisms also predict that force production
will depend on kMt number. For kMt depolymerization,
the dependence should be linear, since each kMt releases
the same amount of chemical energy upon depolymeriza-
tion. For Mt motor–driven motion, the relationship would
be more complex because the same amount of force could
be generated by several motor molecules interacting with
one kMt as by each motor molecule interacting with a dif-
ferent kMt (see Rieder and Alexander, 1990). Neverthe-
less, when the kMt number is well below saturation, as it is
for the P kinetochore on congressing chromosomes, it is
probable that many of the motor molecules are unable to
form productive interactions with a kMt, either because
distances between motor molecules and the nearest kMt
are too large, and/or because of too much competition for
binding sites along each kMt. Thus, for motor molecules,
the kMt dependence of poleward force production should
be determined by the limiting factor, either the availability
of motors or the number of kMts.

Chromosome motion is also effected by polar ejection
forces, which are generated external to the kinetochore
and push the chromosome away from the nearest spindle
pole (reviewed in Rieder and Salmon, 1994; Khodjakov
and Rieder, 1996; Vernos and Karsenti, 1996). During
congression, polar ejection forces aid the leading kineto-
chore in moving the chromosome toward the metaphase
plate. However, this does not explain the lack of correlation

between kMt number and direction of motion because, in
the moment before biorientation, the monooriented chro-
mosome is positioned at or oscillates about a point where
the P force generated by the kinetochore balances the po-
lar ejection forces. If poleward force production were lin-
early dependent on the kMt number, then 1 kMt binding
to the sister kinetochore would not drastically alter the
position of the balance point, and chromosomes would
generally move to the spindle equator slowly through a se-
ries of new balance points as the leading kinetochore grad-
ually acquires more kMts. Instead, chromosomes congress
steadily to the spindle equator with few interruptions (e.g.,
Skibbens et al., 1993; Khodjakov and Rieder, 1996), indi-
cating that the balance between astral ejection forces and
the P force of a monooriented chromosome is drastically
changed by the binding of a single kMt to the unattached
kinetochore, even when the originally attached kineto-
chore has nearly a full complement of kMts.

On the basis of in vitro results, Hyman and Mitchison
(1991a,b) postulated that kMt acquisition partially inhibits
poleward force generation by deactivating a kinetochore
minus-end–directed Mt motor such as cytoplasmic dynein.
This model is consistent with the data in Tables I and III,
because it predicts an inverse relationship between the
kMt number and poleward force generation. However, the
model also predicts that the distance between monoori-
ented chromosomes and their attached spindle poles
should be directly related to kMt number because kineto-
chores with fewer kMts would generate more P force, and
hence on average be able to approach closer to the spindle
pole in their oscillation cycles before the tension level from
astral ejection forces causes switching into neutral (see
Salmon, 1989). We failed to detect a correlation between
kMt number and distance from the spindle pole (data not
shown), in agreement with Cassimeris et al. (1994), who
failed to detect such a correlation in monopolar newt lung
spindles. Furthermore, the dynein-deactivation model fails
to account for how a single kinetochore can initiate con-
gression after being prematurely separated from its sister
by laser surgery (Khodjakov et al., 1997) or how kineto-
chore fragments from an unreplicated genome migrate to
the spindle equator (Wise and Brinkley, 1997).

An Alternative Model for Congression

When laser surgery is used to separate chromatids of con-
gressing chromosomes, the trailing kinetochore abruptly
stops moving AP and remains stationary for a variable
length of time (up to 60 s) before switching to P motion
(Khodjakov and Rieder, 1996). Thus, PtK1 kinetochores
that are moving AP are in a “neutral” (i.e., non–force-pro-
ducing) state (see also Waters et al., 1996b), and there is
an obligatory pause before the kinetochore is able to
switch back to the P force–producing state. Thus, congres-
sion is not a tug of war between two poleward producing
forces acting on the sister kinetochores: i.e., the leading ki-
netochore does not outpull the trailing kinetochore (see
also Skibbens et al., 1993). Rather, the initial attachment
of the unattached kinetochore on a monooriented chro-
mosome produces a sudden change in tension level that in-
duces the previously attached kinetochore to switch into
the neutral state (see Skibbens et al., 1993, Rieder and
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Salmon, 1994, and Skibbens et al., 1995). Aided by the as-
tral ejection forces, the attaching (now leading) kineto-
chore would then be able to move the chromosome a con-
siderable distance toward the metaphase plate before the
trailing kinetochore switches back into the force-produc-
ing or P motion state. After a brief reversal of direction
(most PtK1 and newt lung chromosomes show at least one
oscillation during congression, as seen in Fig. 2 b) that is
opposed by the polar ejection forces, the kinetochore clos-
est to its pole again switches into the neutral state. By the
time it is able to switch back to the force-producing state
for a second time, the chromosome is near the metaphase
plate and the leading kinetochore undoubtedly has acquired
several kMts, since the rate of kMt acquisition increases
with time. Thus, a mechanism based on a tension-sensitive,
time-delayed switch, participation of polar ejection forces,
and deviation from a strict linear dependence of force pro-
duction upon kMt number explains how congression can
occur, even when there is a wide disparity of kMt numbers
between sister kinetochores. In fact, the kMt number ap-
pears to have very little to do with either congression or
the tendency for a kinetochore to be in the P state.

Distribution of kMt Number after Anaphase Onset and 
Taxol Treatment

The increase in kMt number we observed during early
anaphase appears to arise from a four to fivefold increase
in the stability of kMts that occurs with anaphase onset
(Zhai et al., 1995). At first glance, our results seem at vari-
ance with others who have observed that kMt number de-
creases during anaphase (e.g., Jensen, 1982). Such a de-
crease is expected because the number of free Mts in the
vicinity of the kinetochore decreases for mammalian cells
during the course of anaphase (McIntosh and Landis,
1971; Brinkley and Cartwright, 1971), which in turn will re-
duce the rate of kMt acquisition. During early anaphase,
however, the chromosomes still display brief periods of
AP motion (Bajer, 1982; Skibbens et al., 1993), and they
are able to incorporate new Mts into their K-fibers (Wads-
worth et al., 1989). These data indicate that in contrast to
late anaphase, the concentration of dynamic Mt ends is still
sufficient to produce significant astral ejection forces and
kMt association. Therefore, it is probable that the rate of
kMt association, which is dependent on the concentration
of free Mt plus ends, is also initially maintained at the meta-
phase level. Thus, the kMt number should show a tran-
sient rise with anaphase onset because of the decreased
dissociation rate, followed by a steady decline as the num-
ber of free Mt plus ends decreases. Indeed, this seems to
be indicated when our results for early anaphase are com-
pared with those of McDonald et al. (1992), who found meta-
phase levels of kMts in PtK1 cells during mid-anaphase
and less than metaphase levels at late anaphase. The tran-
sitory nature of the kMt increase is also indicated by the
greater variation (i.e., higher standard deviation) in kMt
number during early anaphase, as compared with late meta-
phase (Table IV).

When metaphase PtK1 cells are treated for 10 min with a
concentration of taxol that is sufficient to block anaphase
onset, the kMt number increases to the level seen in early
anaphase (Table IV). From this, we conclude that a full

complement of kMts is not sufficient to induce anaphase
onset, and that the checkpoint mechanism does not moni-
tor kMt number. Alternative possibilities for effectors of
the metaphase/anaphase transition include dynamic insta-
bility of kMts and tension produced across the kineto-
chore (Rieder et al., 1994; Nicklas et al., 1995; Waters et
al., 1996a).

The increased kMt number observed upon taxol treat-
ment could be the result of a decrease in the kMt dissocia-
tion constant. Alternatively, the increase could also be the
result of more free Mt plus ends in the vicinity of the kineto-
chores, since taxol promotes Mt polymerization as well as
Mt stability (reviewed in Wilson and Jordan, 1994). The
increase in the kMt number is transient, however, as indi-
cated by the lower kMt numbers for the 60-min treatment
(see Results) and by the larger standard deviation of kMt
numbers from taxol-treated cells compared with untreated
metaphase cells (Table IV). The decrease after longer in-
cubations could indicate a subsequent drop in the concen-
tration of free Mt plus ends near the kinetochores since
Mts no longer turn over frequently. The reduction in kMt
number could also result from the eventual depolymerization
of kMts from the minus end, since this activity is known to
continue in the presence of taxol (Waters et al., 1996a).
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