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Anaphase Spindle Mechanics Prevent Mis-Segregation
of Merotelically Oriented Chromosomes

of kinetochores and spindle poles). We identified pro-
metaphase/metaphase cells possessing one or more
merotelic kinetochores by taking a through-focus image
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University of North Carolina at Chapel Hill series of the spindle and finding kinetochores with fluo-

rescent fibers toward opposite poles. These cells wereChapel Hill, North Carolina 27599
imaged by time-lapse spinning-disk confocal micros-
copy [8, 9]. The collected images were analyzed, and
both spindle poles and one or more kinetochore pairsSummary
were tracked to determine kinetochore positioning and
movement in metaphase and/or anaphase. We identifiedMerotelic kinetochore orientation is a kinetochore
54 merotelically oriented kinetochores (in 50 cells), andmisattachment in which a single kinetochore is attached
25 of these were followed into anaphase.to microtubules from both spindle poles instead of

Merotelically oriented kinetochores in metaphase ex-just one. It can be favored in specific circumstances
hibited several distinctive structural and kinetic features[1–5], is not detected by the mitotic checkpoint, and
compared to those of normally oriented kinetochores.induces lagging chromosomes in anaphase [6, 7]. In
In PtK1 cells, the outer face of a kinetochore is 0.3–0.5mammalian cells, it occurs at high frequency in early
�m in diameter and contains about 24 kinetochore mi-mitosis [5], but few anaphase cells show lagging chro-
crotubules bound end-on into a 40 nm-thick outer platemosomes [5]. We developed live-cell imaging methods
[10]. The outer face of normally attached kinetochores atto determine whether and how the mitotic spindle pre-
metaphase was perpendicular to the sister kinetochorevents merotelic kinetochores from producing lagging
axis and perpendicular to a robust fluorescent kineto-chromosomes. We found that merotelic kinetochores
chore fiber (Figures 1A and 1C, arrowheads). In contrast,entering anaphase never lost attachment to the spin-
merotelic kinetochores appeared tilted relative to thisdle poles; they remained attached to both microtubule
axis and sometimes stretched laterally (relative to theirbundles, but this did not prevent them from segregat-
outer face) toward the incorrect pole by the fluorescenting correctly. The two microtubule bundles usually
kinetochore fiber to that pole (“K2m” in Figures 1A andshowed different fluorescence intensities, the brighter
1C). In addition, at metaphase, normally oriented sisterbundle connecting the merotelic kinetochore to the
kinetochore pairs showed an interkinetochore stretchcorrect pole. During anaphase, the dimmer bundle
of 2.64 � 0.78 �m (n � 29) with on average one sisterlengthened much more than the brighter bundle as
on one side and the other on the other side of the spindlespindle elongation occurred. This resulted in correct
equator [5, 11] (Figures 1A and 1C). In chromosomessegregation of the merotelically oriented chromo-
with one merotelically oriented sister, the interkineto-some. We propose a model based on the ratios of
chore stretch was reduced to 2.02 �m (standardmicrotubules to the correct versus incorrect pole for
deviation � 0.73 �m; n � 16; t test, p � 0.05), and inhow anaphase spindle dynamics and microtubule poly-
most cases (80%) the merotelic sister kinetochore wasmerization at kinetochores prevent potential segrega-
shifted closer to the spindle equator, between the aver-tion errors deriving from merotelic kinetochore orien-
age positions of normally oriented sisters (Figures 1A–tation.
1D). Finally, most merotelic kinetochores were posi-
tioned at the periphery of the spindle (Figures 1A, 1C,

Results and Discussion and 1E). We speculate that the attachment of kineto-
chore microtubules from opposite poles favors the pe-

In this study, we tested the hypothesis that an anaphase ripheral positioning of chromosomes with a merotelic
correction mechanism, based on the number of microtu- kinetochore because of the larger angle of kinetochore
bules to the correct versus incorrect pole, prevents mis- microtubules to the spindle interpolar axis and hence
segregation of merotelically oriented chromosomes [5]. easier accessibility to the merotelic kinetochore for mi-
In the few cases in which the ratio of microtubules to crotubules coming from opposite directions.
opposite poles is nearly one (same number of microtu- Normally oriented sister kinetochore pairs in the mid-
bules to both poles), the merotelically oriented chromo- dle of the spindle oscillated back and forth about the
some remains near the spindle equator (lagging chromo- equator because of their kinetochore directional insta-
some), thus producing a segregation error. Conversely, bility [12–15], whereas those at the periphery oscillated
when the number of microtubules to opposite poles is less (L.A.C., unpublished data). Likewise, the peripher-
sufficiently different, the merotelically oriented chromo- ally localized merotelic kinetochores oscillated less (Fig-
some moves away from the equator. We determined the ure 1B). However, merotelically oriented kinetochores
mechanics of correction/prevention by using live cell were relatively stationary even when the normally ori-
imaging of PtK1 cells microinjected with X-rhodamine- ented sister oscillated between poleward movement,
labeled tubulin (microtubules) and a nonperturbing con- which stretched its centromere, and antipoleward
centration of Alexa 488 anti-CENP-F antibody (labeling movement, which relieved this stretch (Figure 1D; see

also Movie 1, available with this article’s Supplemental
Data online). The frequency of this oscillation was higher*Correspondence: cimini@email.unc.edu
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than what occurred for the normally oriented kineto-
chores of chromosomes in the middle of the spindle.
This is most likely because the merotelic kinetochore
remained relatively stationary, whereas the oscillations
of two normally oriented sisters were coordinated, so
that when one kinetochore was moving poleward, its
sister was following until they both switched direction.

We looked for evidence of merotelic correction in
metaphase and found only eight examples out of 54
merotelic kinetochores analyzed. Correction occurred
by loss of the dimmer fiber after the merotelic kineto-
chore had become aligned at the metaphase plate. This
left the merotelic kinetochore attached to only one pole
and produced a normal bipolar chromosome orientation
(Figures 1E–1G). Before correction, the merotelic kineto-
chore was shifted closer to the spindle equator and did
not show oscillation. After correction, the kinetochore
oscillated back and forth, moving eventually away from
the equator toward a position on average closer to its
pole and establishing, in a short period of time, coordi-
nated oscillations with its sister (Figure 1G). Our obser-
vation of correction in living cells shows that the mecha-
nism that operates before anaphase to correct merotelic
orientations can do so by loss of kinetochore microtu-
bules to the incorrect pole. A role for mitotic centromere-
associated kinesin (MCAK) in “preanaphase” correction
can be hypothesized [16–18] because perturbations of
its centromeric function in vertebrate cells produce ki-
netochore misattachments [18]. Correction of merotelic
orientation, however, occurs while the chromosome
remains at the spindle equator, as opposed to syntelic-
orientation correction, which involves microtubule de-
polymerization and abrupt movement of the chromo-
some toward the spindle pole [19]. The preanaphase
correction of merotelic orientation fails to correct many
merotelic kinetochores (46/54), which persist until ana-
phase onset. The stability of merotelic kinetochores
might seem surprising, considering that a half-life of 5
min has been reported for kinetochore microtubules in
metaphase [20]. We argue that either microtubule at-

(B) The positions of the spindle poles (P1 and P2) and the two sister
kinetochores (K1, K2m) of the cell in (A) were tracked over time (19
min). The merotelically oriented kinetochore was shifted closer to
the equator than its sister (average: 1.3 � 0.2 �m versus 2.4 � 0.3
�m). The sister kinetochore pair was positioned at the periphery of
the spindle, and the two kinetochores did not show oscillations
back and forth about the spindle equator.
(C) Metaphase cell with one merotelically oriented kinetochore
(K2m). The merotelic kinetochore appears shifted, tilted, and
stretched laterally toward the incorrect pole, as opposed to normally
oriented kinetochores (arrowhead).
(D) Chart for the cell in (C). The chart shows that the merotelic
kinetochore (K2m) is shifted closer to the spindle equator and does
not oscillate, although the sister kinetochore is oscillating back and

Figure 1. Merotelic Kinetochores in Metaphase Exhibit Distinctive forth about the spindle equator (Movie 1). The cell was followed
Structural and Kinetic Features Compared to Those of Normally over a 29 min period.
Oriented Kinetochores (E) Example of merotelic kinetochore orientation (K1m) corrected

before anaphase onset.(A) Metaphase cell with one merotelically oriented kinetochore
(K2m). Normally oriented kinetochores are oriented perpendicularly (F) Frame showing the cell in (E) after correction of the merotelic

orientation.to the inter-sister-kinetochore axis and perpendicularly to a robust
fluorescent kinetochore fiber (arrowhead). The merotelic kineto- (G) Chart showing how the merotelic kinetochore of the cell in (E)

starts moving right after correction and reaches coordination withchore appears tilted and stretched laterally (relative to its outer face)
toward the incorrect pole. its sister kinetochore very quickly. The scale bars represent 5 �m.
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Figure 2. Anaphase Behavior of Merotelic Kinetochores Depends on the Ratio of Microtubules Attached to Opposite Poles

In the examples shown, fluorescence ratios of one (A) and two (B) induced very different behaviors.
(A) Example of merotelic kinetochore orientation producing an anaphase lagging chromosome. The merotelic kinetochore (K2m) is attached
to microtubule bundles of approximately the same fluorescence intensity and does not move away from the spindle equator during anaphase
(bottom row). Note that the chromosome moves from the periphery of the spindle toward the center. The ratio between the fluorescence
intensities of the two microtubule bundles for this merotelic kinetochore was 1.05 (Movie 2).
(B) Example of merotelic kinetochore orientation (K2m) that does not produce a lagging chromosome (note the bulk of the chromatin moving
away from the spindle equator) but does induce high kinetochore stretching (Movie 3). The ratio between the fluorescence intensities of the
two microtubule bundles for this merotelic kinetochore was 1.99. Elapsed time is displayed as mm:ss. The scale bars represent 5 �m.

tachment is more stable for merotelic kinetochores or, very stable even under severe lateral stretch of the kinet-
ochore.more likely, that microtubule reattachment largely de-

pends on the orientation of adjacent kinetochore micro- By live cell imaging, we were able to clearly follow
and track the movements of 25 merotelic kinetochorestubules.

It has been proposed that not all merotelic kineto- after anaphase onset. Only 2 of 25 merotelic kineto-
chores produced lagging chromosomes (i.e., single chro-chores produce lagging chromosomes in anaphase be-

cause the forces that stretch merotelic kinetochores matids that remained in the proximity of the spindle
equator; note that after sister chromatid separation eachlaterally toward opposite poles break the linkage to one

pole either by detachment of kinetochore microtubules sister chromatid becomes by definition an independent
chromosome) during anaphase (Figure 2A; Figure S1;or breakage of the stretched kinetochore [1, 2, 4, 5].

Neither of these events occurred during anaphase for Movie 2). The ratio of microtubules to opposite poles
was estimated by measuring the ratio between fluores-any of the merotelic kinetochores analyzed. During nor-

mal anaphase, microtubule attachment to kinetochores cence intensities of the two microtubule bundles (see
Supplemental Experimental Procedures for details). Foris very stable [20], and we found that attachments were



Current Biology
2152

Figure 3. Merotelic Kinetochores with a Fluorescence Ratio Close to Three or Higher between the Two Microtubule Bundles Segregate to
the Pole Attached to the Brighter Microtubule Bundle

(A) Example of merotelic kinetochore with a fluorescence ratio equal to 3.89 between the two microtubule bundles. The merotelically oriented
chromosome moves away from the spindle equator (frames 4–10), and its kinetochore shows slight stretching (Movie 4).
(B) Example of cell in which two sister kinetochores (K1m and K2m) are merotelically oriented. The fluorescence ratios for the two kinetochores
were 4.23 and 3.82, respectively. In anaphase, both sister kinetochores moved away from the spindle equator, and neither one displayed any
obvious stretching. Elapsed time is displayed as mm:ss. The scale bars represent 5 �m.

both examples of lagging chromosomes, the fluores- bundles was close to two, the kinetochore became
highly stretched during anaphase as the bulk of thecence ratio of microtubule bundles to opposite poles

was close to one (1.05 and 1.06; Figure 2A). In both chromatin was shifted away from the spindle equator
in the direction of the correct pole (Figure 2B; Figurecases, the cell was followed through mid-anaphase, and

the merotelically oriented chromosome did not move S2; Movie 3). In one extreme example, the kinetochore
became stretched up to 6.39 �m, extending from oneaway from the spindle equator (Figure 2A; Figure S1;

Movie 2). These results show that lagging chromosomes side far into the other side of the spindle equator (Figure
2B; Figure S2). Note that in this example, the stretchedare produced by merotelic kinetochore orientation when

the ratio of kinetochore microtubules to opposite poles region appeared as puncta separated by thin strands
of CENP-F-stained material, as previously observed byis nearly one.

Most merotelic kinetochores (23 of 25) did not pro- CREST staining [7]. This extensive lateral stretch indi-
cates that the microtubule attachment sites haveduce a lagging chromosome during anaphase (Figure

2B; Figures S2–S4). For these merotelic kinetochores, stretched apart their supporting centromeric DNA by
pulling apart the multiple DNA-protein subunits, as pro-different behaviors were observed depending on the

ratio of microtubules to opposite poles. In some in- posed by Zinkowski and coworkers [21].
Finally, when the fluorescence ratio between the twostances, when the fluorescence ratio between the two
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microtubule bundles was close to three or higher, the
merotelically oriented chromosome moved away from
the equator in the direction of the pole connected to
the brighter fiber (Figure 3; Figures S3 and S4). In such
cases, the stretching of the merotelically oriented kinet-
ochore was much less pronounced (Figure 3A; Figure
S3; Movie 4) or almost nonexistent (Figure 3B; Figure
S4). For most merotelic kinetochores, we could also
identify and track the sister kinetochore before and after
anaphase onset. When one of the two sisters was mero-
telically oriented and the fluorescence intensity of the
two microtubule bundles was unbalanced, the brighter
bundle was always connected to the correct pole (pole
opposite the one to which the sister kinetochore was
attached) (Figures 2B and 3; Figures S2–S4). These re-
sults show that merotelically oriented chromosomes
segregate correctly when the ratio between kinetochore
microtubules to the correct versus incorrect pole is suffi-
ciently greater than one.

In higher eukaryotes, the segregation of chromo-
somes to opposite ends of the cell during mitosis is
produced by two processes, defined as anaphase A
and anaphase B. Anaphase A is chromosome poleward
movement, which is coupled to shortening of kineto-
chore microtubules. Anaphase B is the movement of
the spindle poles away from each other. To understand
how much anaphase A and B contributed to the correct
segregation of merotelically oriented chromosomes, we
quantified the shortening of kinetochore fibers and the
extent of spindle elongation after anaphase onset. We
found that kinetochore fibers of normally oriented kinet-
ochores became on average 2.05 �m shorter during
anaphase (Figure 4A). However, most of the microtubule
bundles that attached merotelic kinetochores to oppo-
site poles became longer during anaphase (Figure 4A;
see also Figure 2A, last three frames). For microtubule
bundles with different fluorescence intensities, the dim-
mer fiber lengthened more than the brighter one (4.2 �
2.5 �m versus 0.7 � 0.7 �m) (Figure 4A; see also Figure

telic kinetochores. In cells possessing merotelically oriented kineto-
chores, the extent of spindle elongation is reduced but not signifi-
cantly different as compared to that in cells without merotelic kineto-
chores. Error bars represent standard deviations.
(B) Model showing how the ratio (R) of microtubules to opposite
poles determines the movement of the merotelic kinetochore away
from the spindle equator during anaphase. (I) For a merotelic kineto-
chore with unequal microtubule numbers to opposite poles, the
tension (T) at each attachment site increases as the number of
microtubules decreases. This determines different polymerization
rates (Vpoly). (II) The rate of movement of the merotelic kinetochore
away from the spindle equator (VK) is determined by the different
polymerization rates for the two microtubule bundles (Vpoly1 and
Vpoly2). (III) Different polymerization rates during anaphase will lead
to movement of the merotelic kinetochore away from the spindle
equator, toward the pole with the higher number of kinetochore

Figure 4. Anaphase B, but Not Anaphase A, Is Important for Correct microtubules. (IV) If the number of microtubules to opposite poles
Segregation of Merotelically Oriented Chromosomes is equal (R � 1), polymerization rates for the two microtubule bundles
(A) Fibers of merotelically oriented kinetochores do not shorten will be the same, and the merotelic kinetochore will not move away
during anaphase. The average change in length for kinetochore from the equator, thus producing a lagging chromosome.
fibers of normally and merotelically oriented kinetochores is shown. Refer to text for a more comprehensive discussion of the model.
For merotelically oriented kinetochores, microtubule fibers become The following abbreviations were used: F, force; T, tension; R, ratio
longer during anaphase rather than shortening. However, the dim- of microtubules to opposite poles; n, viscous coefficient; Vpoly,
mer fiber lengthens much more than the brighter fiber. The histogram polymerization rate; Vflux, flux rate; Vpp, rate of spindle pole separa-
also shows spindle elongation, measured from anaphase onset to tion; and VK, rate of movement of the merotelic kinetochore away
the beginning of furrow ingression, in cells with and without mero- from the spindle equator.
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3A, frames 4–10). These results indicate that anaphase phase, this velocity is the sum of the velocity of poleward
flux (�0.2 �m/min [20]) plus half the velocity of interpolarB, but not anaphase A, is extremely important for correct
spindle elongation, as diagrammed in Figure 4BII. In oursegregation of merotelically oriented chromosomes.
model, tension at single attachment sites depends in-Anaphase B spindle elongation pulled the merotelically
versely on the number of kinetochore microtubules, andoriented chromosome sufficiently far from the spindle
polymerization rate is proportional to tension [8] (Figuresequator that it could be included within the reforming
4BI and 4BII). For merotelic kinetochores with a microtu-nucleus in telophase. In spindles with merotelically ori-
bule ratio greater than one, at anaphase the microtu-ented chromosomes, the velocity of interpolar spindle
bules of the smaller bundle will experience more tensionelongation was reduced to 0.42 �m/min (standard
and therefore polymerize faster (and thus becomedeviation � 0.15; n � 9), compared to 0.72 �m/min (stan-
longer) than the bigger kinetochore bundle, whose mi-dard deviation � 0.21; n � 11) in normal cells. However,
crotubules are under less tension (Figures 4BII and 4BIII).the extent of spindle elongation, measured from ana-
When the ratio of kinetochore microtubules to oppositephase onset to the beginning of furrow ingression, was
poles is one, the rates of plus-end polymerization arenot significantly different (5.94 � 2.43 �m versus 7.44 �
equal for both the correct and incorrect attachments,1.85 �m; t test, p � 0.1; Figure 4A). A decreased rate
and the chromosome remains near the spindle equatorof spindle pole elongation had been previously observed
(Figure 4BIV).in fission yeast cells possessing lagging chromosomes

In summary, we propose that the difference in tension[22], but no description of the interaction between lag-
between kinetochore microtubule attachment sites fac-ging chromosomes and spindle microtubules was pro-
ing opposite poles determines the direction and extentvided in that study.
of movement of merotelic kinetochores away from theIn Figure 4B we present a model illustrating how the
spindle equator in response to microtubule pullingratio of microtubules to opposite poles governs the move-
forces produced primarily by spindle elongation. Thisment of merotelic kinetochores away from the equator
model can also account for another major chromosomeduring anaphase. In this model, we make the following
segregation error, in which separated sister chromatidsassumptions: (1) Preanaphase spindle mechanisms
in anaphase segregate to the same pole [32]. This wouldsuch as polar ejection forces and other unknown mecha-
occur for merotelic kinetochores with more microtubulesnisms, which antagonize chromosome poleward move-
to the incorrect pole than to the correct pole (ratio � 1).ment [23], are inactivated in anaphase [24, 25]; (2) kineto-
We did not observe any of these kinetochores, probablychore microtubules of merotelic kinetochores, as for
because they were shifted further across the spindlenormally oriented kinetochores, maintain their minus-
equator into the region occupied by normally orientedend anchorage at the spindle poles and their plus-end
kinetochores, and their identification was difficult. Ouranchorage at kinetochores [15, 20, 26]; (3) poleward flux,
results and the model in Figure 4B also explain whywhich is coupled to minus-end depolymerization at the
single-kinetochore chromosomes produced by prema-poles, occurs at the same rate for all microtubules (this
ture sister separation [4], defective DNA replication [1, 3],is based on available data for normally attached kineto-
or laser severing from a sister [2] often move to one orchores [8, 20], although we cannot exclude the possibil-
the other spindle pole in anaphase after forming merotelicity that microtubules attached to merotelic kinetochores
attachments and aligning near the spindle equator atbehave differently); (4) the viscous resistance to chromo-
metaphase. For microtubule ratios not equal to one insome movement is very low (�0.1 pN) at the slow veloci-
anaphase, they will migrate away from the equator inties of merotelic kinetochores and much less than the
the direction of one or the other spindle pole with noforce (100–400 pN) that can stall chromosome move-
need for detachment, as previously proposed [1–4].ment in anaphase [27, 28]; and (5) each microtubule

attachment site is an independent unit capable of sens- Supplemental Data
ing tension, as suggested by our data and previous Detailed Experimental Procedures, as well as several movies and
work by Khodjakov et al. [2]. On the basis of these figures, are available with this article online at http://www.current-

biology.com/cgi/content/full/14/23/2149/DC1/.assumptions, we postulate that the forces (F) in opposite
directions on a merotelic kinetochore are equal, and the
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