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Summary

Chromosome alignment during mitosis is frequently
accompanied by a dynamic switching between elon-
gation and shortening of kinetochore fibers (K-fibers)
that connect kinetochores and spindle poles [1, 2]. In
higher eukaryotes, mature K-fibers consist of 10-30 ki-
netochore microtubules (kMTs) whose plus ends are
embedded in the kinetochore [1-3]. A critical and
long-standing question is how the dynamics of indi-
vidual kMTs within the K-fiber are coordinated [1-5].
We have addressed this question by using electron
tomography to determine the polymerization/depoly-
merization status of individual kMTs in the K-fibers
of PtK1 and Drosophila S2 cells. Surprisingly, we
find that the plus ends of two-thirds of kMTs are in a de-
polymerizing state, even when the K-fiber exhibits net
tubulin incorporation at the plus end [6-8]. Further-
more, almost all individual K-fibers examined had a
mixture of kMTs in the polymerizing and depoly-
merizing states. Therefore, although K-fibers elongate
and shrink as a unit, the dynamics of individual kMTs
within a K-fiber are not coordinated at any given mo-
ment. Our results suggest a novel control mechanism
through which attachment to the kinetochore outer
plate prevents shrinkage of kMTs. We discuss the ram-
ifications of this new model on the regulation of chro-
mosome movement and the stability of K-fibers.

Results and Discussion
Cryo-electron microscopy studies of in vitro prepara-

tions have established that MT plus ends adopt
a straight conformation (either as an open sheet or blunt
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end) during polymerization and a curved conformation
during depolymerization [9-13]. We have used semi-
automated electron tomography to determine the plus-
end conformations of a large number of kMTs from
PtK; and Drosophila S2 cells (Figures 1A-1C) [14-16].
Figures 1D and 1E illustrate the variety of plus-end con-
formations found in our analysis of over 400 kMTs.
These conformations are similar to those reported for
MTs assembled in vitro and kMTs from C. elegans spin-
dles [9-12, 17]. Similar conformations were also de-
tected in MTs that were not attached to the kinetochore
(Figure S1). Surprisingly, a substantial proportion of the
straight KMT plus ends we observed were capped (Fig-
ure 1D, third panel). Similar capping structures were pre-
viously detected on the minus ends of C. elegans kMTs
but not on the plus ends [17]. We have no data concern-
ing the structure or composition of this apparent cap,
and we do not know its effect on kKMT growth.

Based upon the analysis of Janosi et al., we classified
slightly flared conformations with the straight group
(Figure 1D, fourth panel) [12]. In practice, however, we
only observed a small number of KMT plus ends that
fell into the slightly flared category. We classified kMT
plus ends as curved when the ends of the kMT were
curled around at least far enough to form a right angle
to the body of the MT. The fourth panels in Figures 1D
and 1E show the most highly flared kMT plus end of
the straight group and the least curled kMT plus end of
the curved group. The table in Figure S2 lists the number
and percentage of KMT plus ends exhibiting each con-
formation type shown in Figures 1D and 1E.

We used the above scheme to classify the plus-end
conformations of kMTs in metaphase, taxol-treated,
nocodazole-treated, and anaphase PtK; cells. As can
be seen from Figure 2, drug treatment dramatically al-
tered the distribution of plus-end conformations, from
33% straight in control cells to 88% straight after taxol
treatment, and to 6% straight after nocodazole treat-
ment (see also Figure S2). These results are consistent
with the known effects of micromolar levels of taxol
and nocodazole to respectively promote MT polymeri-
zation and depolymerization [18]. Similarly, the shift in
plus-end conformations to 7% straight after transition
into anaphase is consistent with the predominately
poleward movement of kinetochores during anaphase,
a directionality that requires that K-fibers shorten from
the plus end [1, 6, 7, 19]. In summary, the kMTs we ana-
lyzed display plus-end conformations similar to those
detected by cryo-electron microscopy in vitro prepara-
tions, and the ratio of straight to curved conformations
shifts in the expected way with drug treatment or
change of mitotic phase.

Nevertheless, a full analysis of the data in Figure 2
supports the surprising conclusion that plus-end con-
formations of kMTs are poorly correlated to net tubulin
assembly or disassembly at the plus end of the K-fiber.
During metaphase in PtK; cells, some, but not all,
chromosomes oscillate around the spindle equator
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Figure 1. lllustration of the Use of Electron Tomography to Identify the Plus-End Conformations of kMTs in PtK, Cells
(A) EM image of a 200 nm thick plastic section containing a metaphase chromosome from a PtK, cell prepared by high-pressure freezing and

freeze substitution. Scale bar =1 um.

(B) Higher magnification image of the boxed area in (A), with the chromosome, kinetochore, and kMTs labeled. Scale bar = 200 nm.
(C) A 1.6 nm thick slice from the tomographic reconstruction of the same area represented in (B). The kinetochore outer plate and two kMTs dis-

playing the curved conformation are indicated. Scale bar = 200 nm.

(D and E) Examples of the range of straight (D) and curved (E) conformations that were detected for the plus ends of kMTs by electron tomog-
raphy. Underneath each image is the percentage of kMT plus ends in untreated metaphase PtK; cells having a similar conformation. Scale bars

represent 25 nm.

[19]. Thus, at any given moment in time, some kineto-
chores are moving toward their attached spindle pole
with shortening K-fibers, others are moving away from
the spindle pole with growing K-fibers, and still others
are stationary with no change in K-fiber length. Because
the data set of KMT plus ends in untreated metaphase
cells comes from a large number of different kineto-
chores, kMTs from growing and shrinking K-fibers will
roughly balance one another. Furthermore, a significant
fraction of the kMTs in the metaphase data set comes
from K-fibers that are neither growing nor shrinking.
Hence, the profile of kMT conformations for the meta-
phase data set that is illustrated in Figure 2 represents
a situation of no net change in K-fiber length. However,
maintaining a constant K-fiber length requires net tubu-
lin assembly at KMT plus ends in order to balance the
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Figure 2. Bar Graph of kMT Plus-End Conformations

The percentage of kMT plus ends classified as straight and curved
are plotted for: M, untreated metaphase; T, taxol-treated meta-
phase; N, nocodazole-treated metaphase; A, untreated anaphase
PtK; cells; and S2, untreated metaphase Drosophila S2 cells. The
sample size (number of kMT plus ends classified) is indicated in
parentheses on the abscissa.

constant tubulin disassembly at kMT minus ends [2, 8].
This is clearly demonstrated by the observation that K-
fibers steadily shorten from the minus end when both
assembly and disassembly of kMT plus ends are in-
hibited by taxol treatment [20]. Therefore, the majority
of kinetochore plus ends ought to exhibit the straight
conformation during metaphase if there were a strong
correlation between conformation and assembly state.
Instead, we find that the majority (67%) of the kMT
plus ends exhibit the curved conformation that is asso-
ciated with disassembly (Figure 2).

We verified the preceding statistical argument by
determining the plus-end conformations of kMTs in
metaphase Drosophila S2 cells. S2 cells show arelatively
fast flux rate during metaphase, but the chromosomes
do not oscillate [21]. Consequently, all K-fibers continu-
ously exhibit net tubulin assembly at the plus ends.
Therefore, most, if not all, of the plus ends of kMTs in
metaphase S2 cells should be in the straight conforma-
tion [20, 21]. Surprisingly, we again see a roughly 1:2
ratio of straight to curved plus-end conformations
(Figure 2).

A caveat to the above conclusion is that although
high-pressure freezing followed by freeze substitution
provides better structural preservation than conven-
tional procedures, there is the unlikely possibility that
the very brief exposure to high pressure prior to freezing
initiates transition to the disassembly phase in some
kMTs [22]. To control for that possibility, we also pre-
pared PtK; cells by room-temperature fixation with glu-
taraldehyde in a MT-stabilizing buffer. Although this is
a slower, less optimal fixation procedure, it does avoid
exposure to high pressure. The results for untreated
and drug-treated metaphase cells were virtually the
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Figure 3. Plus-End Conformations of the
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(A) A plot of the number of kMT plus ends
classified in the straight and curved confor-
mations for ten K-fibers from four different
cells. On average, K-fibers in PtK; cells con-
tain 23 MTs [3], but for technical reasons,
we only analyzed 8-16 plus ends per kineto-
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chore as a random sampling of the total.
The ordering of kinetochores along the
abscissa is by increasing percentage of
kMTs found in the curved conformation.

(B) Histogram of the percentage of kMTs
exhibiting the curved conformation in 27
K-fibers, for which 3-16 kMTs each were an-
alyzed. The broad distribution with a weak
secondary peak at a low percentage of
curved plus ends indicates that the kMT
plus-end conformations within a given K-fi-
ber are not completely random.

(C) A plot of the number of kKMT plus ends classified in the straight and curved conformations for K-fibers from three pairs of sister kinetochores in

PTK metaphase cells.

(D) A plot of the number of kMT plus ends classified in the straight and curved conformations for six K-fibers from a S2 cell.

same as for high pressure frozen specimens (Figure S3).
In summary, although the results are surprising, we find
essentially the same pattern for two different cell types
and two different fixation conditions.

The rapidity with which kinetochores can change their
direction of movement implies that the growth states of
kMTs in a given K-fiber are coordinated [1, 19]. In order
to test this idea, we compared plus-end conformations
between individual kMTs bound to the same kineto-
chore, in untreated metaphase cells. As can be seen
in Figure 3A, individual kMTs attached to the same
kinetochore rarely exhibit complete uniformity of their
plus-end conformations. On the other hand, if kMT
conformations on individual kinetochores were totally
uncoordinated, then the kMTs on most kinetochores
would exhibit close to the 1:2 ratio of straight to curved
conformations observed overall for kMTs in untreated
metaphase cells (Figure 2). Instead, the graph in Fig-
ure 3A shows one kinetochore exhibiting a strong
preference for the straight conformation and the other
kinetochores exhibiting a range of ratios from 1:1 to all
curved. We tested this further by plotting a histogram
of the percentage of kMTs exhibiting the curved confor-
mation in 27 kinetochores from untreated metaphase
cells (Figure 3B). The histogram does not show a Gauss-
ian distribution centered on 67% in the curved confor-
mation as would be expected if KMT plus-end confor-
mations were not influenced by the local kinetochore
environment. Rather the data shows a broad distribution
with a weak secondary peak at a low percent of curved
ends and a primary peak at a percentage of curved
plus ends that is higher than 67% (Figure 3B). These
results indicate that although the conformations of
MT plus ends on a given kinetochore are not tightly co-
ordinated, individual kinetochores are generally biased
toward a preponderance of kMTs in one of the two
conformations.

We carried out a similar analysis on sister kineto-
chores in PtK; cells and found that some sister pairs
are coordinated with each other, whereas others are
not (Figure 3C). We also examined kMT plus-end

conformations on six kinetochores in Drosophila S2
cells and found that four of the kinetochores had a mix-
ture of KMT plus-end conformations (Figure 3D). These
results are consistent with the notion that individual ki-
netochores can be biased toward growth or shrinkage
and that sometimes sister kinetochores pull in opposite
directions [19].

The data in Figure 3 indicate that kMT plus-end
dynamics is not tightly coordinated in either S2 or PtK;
cells. Although this contradicts the prevailing view of
tight coordination between different kMTs of the same
kinetochore, there are earlier studies indicating that
kMTs in a single K-fiber do not have to be in the same
growth state. For example, when biotin-labeled tubulin
was injected into PtK, cells, some K-fibers only incorpo-
rated the label into a few of the kMTs [23]. Similarly,
when biotin-labeled tubulin was injected into PtK, cells
at early to mid anaphase, the label incorporated into
K-fibers, even though most kinetochores are moving
poleward [24]. This is consistent with our observation
that even early anaphase cells have some kMTs in the
growing conformation (Figure 2). Thus, there is some
precedent for microheterogeneity in the dynamic behav-
ior of KMT plus ends in the same K-fiber. Although the
minus-end disassembly of kMTs in fluxing systems is
thought to proceed continuously, presumably the
microheterogeneity we have detected at the plus end
could be present at the minus end as well.

The data in Figures 2 and 3 reveal a surprisingly weak
correlation between kMT dynamics and K-fiber growth.
To further investigate the structural basis for this rela-
tionship, we determined the position of KMT plus ends
in our data pool relative to the corona, outer plate, and
heterochromatin (Figure 4A). Figure 4B illustrates that
86% of the kMTs in metaphase cells terminate in the
outer plate, whereas only 9% penetrate into the hetero-
chromatin and 5% terminate in the corona. Taxol does
not stimulate a significant increase in the percentage
of kMTs that penetrate into the heterochromatin, but
nocodazole does completely inhibit penetration into
the heterochromatin. These data are consistent with
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Figure 4. Depth that kMTs Penetrated into the Centromere

(A) A single 10 nm thick slice from a tomographic reconstruction,
with regional delineations for the corona (CR), outer plate (OP),
and heterochromatin (HC). Two kMTs terminating in the outer plate
are indicated (kMTs [OP]). Scale bar = 200 nm.

(B) Bar graph of kMT penetration. The percentages of kMTs termi-
nating in the three regions delineated in (A) are indicated above
the bars for: M, untreated; T, taxol treated; N, nocodazole-treated
metaphase PtK; cells; and A, untreated anaphase PtK, cells. The
sample sizes are indicated in parentheses on the abscissa. Mea-
surements were limited to kinetochores for which a clearly defined
outer plate was visible.

(C) Curved plus ends showing the kinks (arrows) and tight-radius
curvatures (arrowhead) that were frequently observed. Scale bar =
25 nm.

the hypothesis that molecules such as MCAK rapidly
disassemble kMTs penetrating into the heterochromatin
(Table S1) [25, 26]. Only a small percentage of the kMTs
end in the corona, and we believe that these are likely to
be in the process of association or disassociation. Pre-
vious studies have also found that most MTs terminate
in the kinetochore outer plate [27]. However, the combi-
nation of electron tomography, optimal specimen pres-
ervation, and a large sample size enabled us to achieve
greater precision in localizing the plus ends and quanti-
fying the results.

Assembly Low Tension High Tension
HC CR
kMT
Catastrophe
- _"_
Association R

Disassembly

The datain Figure 4B establish aremarkable feature of
the kinetochore: the plus ends of almost all attached
MTs are confined to a relatively narrow space defined
by the outer plate. Therefore, it is highly probable that
the outer plate is the site that mediates the attachment,
plus-end conformation, and growth state of kMTs. The
kinetochore outer plate is a fibrous network, and the ter-
mination of KMTs in the outer plate implies that the plus
ends are enmeshed in this fibrous network [28] . We
hypothesize that molecular components of the network
inhibit MTs with curved plus ends from dissociating,
which in turn prevents their rapid shrinkage. This hy-
pothesis is consistent with the observation that kMTs
in most cells are stable against a variety of disassembly
agents and have a low turnover rate [29, 30]. The hypoth-
esis is also supported by the frequent occurrence of
distortions suggestive of constraint on the curved
conformation (Figure 4C).

The results of our tomographic analysis call for a new
way to look at the control of KMT dynamics. The modelin
Figure 5 postulates that during metaphase, kMT plus
ends undergo catastrophe twice as often as rescue.
However, kMTs in the disassembly phase do not neces-
sarily disassemble because they are restrained by at-
tachments to the outer plate. This restraint causes a
local rise in tension around kMTs in the disassembly
conformation, which stimulates their rescue [19, 31,
32]. In contrast, kMTs in the assembly conformation
are under lower tension, which stimulates catastrophe.
The net result is a robust cycle of dynamic instability
that produces a continuous exchange of individual
kMTs in the assembly conformation. Hence, the K-fiber
as a whole exhibits a net incorporation of tubulin sub-
units, even though at any one point in time only one-third
of the kMTs are growing. The incomplete coordination of
microtubule dynamics could partially explain the “gov-
ernor” effect that refers to the observation that growth
and shrinkage rates are slower for kMTs than for
isolated MTs [1].

Although the model in Figure 5 predicts that kineto-
chores do not directly control the dynamics of individual
kMTs, factors such as drugs can bias kMT dynamics on
individual kinetochores toward the growing or shrinking
conformations. For example, the data in Figure 2 can be
explained by taxol treatment shifting the ratio between
catastrophe and rescue rates toward rescue and noco-
dazole treatment shifting the ratio toward catastrophe.

Figure 5. Model for kMT Dynamic Instability
on PtK1 and Drosophila S2 Kinetochores

A single KMT is shown undergoing a confor-
mational change from straight (left side) to
curved (right side). A key feature of the model
is that attachment to the outer plate prevents
kMT disassembly that is not coupled to chro-
mosome motion. This enables kMTs in the
disassembly phase to be rescued, which in
turn results in a continual cycling of individual
kMTs that are in the growing phase. The

cycling of kMTs between the growing and shrinking phases permits net incorporation of tubulin into the plus end of the K-fiber, even though
the majority of its kMTs are in the disassembly phase. The catastrophe rate is shown as twice the rescue rate because that generates a 1:2 ratio
of straight to curved conformations. Dissociation from the outer plate is low in PtK; cells but is much higher in cells with a high kMT turnover rate.
In the latter case, dynamic cycles of MT growth and shrinkage would occur primarily in the spindle, rather than on the kinetochore outer plate.
However, the principle of cycling between which individual kMTs are contributing to K-fiber growth would be the same. The heterochromatin
(HC), outer plate (OP), and corona (CR) designations are the same as those given in Figure 4A.
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In addition, factors such as tension and stage of mitosis
can be seen as biasing the kinetochore to favor growth
or shrinkage of KMT plus ends. Thus, transition into ana-
phase involves several regulatory changes that presum-
ably act through the kinetochore outer plate to shift the
ratio between kMT plus-end catastrophe and rescue
rates toward catastrophe (Figure 2).

Expansion of the model in Figure 5 to include distinct
states of the kinetochore also resolves the apparent
contradiction between our data and the observation
that the MT plus-end binding protein EB1 only binds to
kinetochores when they are moving away from the
attached spindle pole (i.e., EB1 only binds when the
K-fiber is growing) [33]. Generally, this observation is in-
terpreted to mean that EB1 has a strong preference for
binding to the growing (straight) conformation of kMT
plus ends. Our data is in conflict with this interpretation
because EB1 binding to the kinetochore is an all or none
effect, showing complete dissociation or association as
the direction of motion is changed, while we observe
a microheterogeneity of kMT plus-end conformations
within individual K-fibers. However, EB1 binding data
is also compatible with a model in which EB1 binds to ki-
netochore components that are coregulated with K-fiber
growth or shrinkage [33]. This latter model predicts that
the kinetochore is in different biochemical states during
K-fiber growth and K-fiber shrinkage. When this model
is combined with our kMT conformation data, we obtain
a model in which the kinetochore as a whole has at least
two distinct states: one state that supports K-fiber
growth, EB1 binding, and biases individual kMT plus
ends toward the growing (straight) conformation; and
another state that supports K-fiber shrinkage, inhibits
EB1 binding, and biases individual kMT plus ends to-
ward the shrinking (curved) conformation. Correlative
video LM and electron tomography studies will be re-
quired to test this model.

Although taxol treatment stabilizes MTs and en-
hances the straight conformation in kMTs, taxol also
inhibits both oscillations and incorporation of tubulin
subunits into kMT plus ends [20]. This means that in
taxol-treated cells, the K-fibers, and presumably most
of the individual kMTs, are in the paused state [34-36].
The paused state is an established feature of MT dynam-
ics, but to our knowledge, the plus-end conformation of
MTs in the paused state has not been reported. Our re-
sults with taxol-treated cells indicate that kMTs in the
paused state can adopt the straight conformation (Fig-
ure 2). Because taxol also reduces tension across the ki-
netochore, it is tempting to speculate that tension arises
from the kinetochore preventing curved conformations
from disassembling [20, 37]. However, we did not ex-
pose the cells to taxol long enough to significantly
reduce tension, and our measurements of the distance
between sister kinetochores in EM serial sections con-
firmed that tension in the taxol-treated data set was
equivalent to that in control metaphase cells (data not
shown). Hence, it appears that kMTs with the straight
plus-end conformation can also generate tension.

The model proposed in Figure 5 bears a striking re-
semblance to the release-capture model proposed by
Zhai et al. to explain kMT turnover in PtK; cells [30]. A
similar model was recently evoked to explain how kinet-
ochores remain stably attached during mitosis in

Drosophila embryos, despite a relatively high kMT turn-
over rate [38]. The critical new feature in our model is
that the dynamic instability cycle can take place on the
surface of the outer plate without kMTs being released.
Hence, KMT catastrophe rate is not necessarily predic-
tive of KMT release rate. Another key feature of the
model in Figure 5 is that attachment to the outer plate
prevents KMT plus ends in the curved conformation
from disassembling, unless disassembly is coupled
to kinetochore movement. This feature explains why
kMTs are relatively stable against disassembly condi-
tions such as cold, drug, or calcium treatments. Our
model and the release-capture model are not mutually
exclusive. Rather, we envision the dynamic instability
cycles proposed by the two models taking place simul-
taneously. The relative contribution of each cycle to kMT
dynamics depends upon the kMT release rate. The kMT
release rate appears to be a regulated parameter be-
cause kMT turnover can vary considerably with: temper-
ature, stage of mitosis (in PtK; cells, turnover is much
slower during anaphase), and species and/or tissue (in
Drosophila embryos, turnover is relatively rapid) [30,
39]. Thus, the outer plate cycle of our model is expected
to be a more dominant factor in kMT dynamics in sys-
tems in which the kMT release rate is low (e.g., PtK;
cells) than in systems in which kMT turnover is high
(e.g., Drosophila embryos).

An alternative model to the one presented in Figure 5
is that under tension and the local environment of the ki-
netochore, tubulin assembles onto kMT plus ends in the
curved conformation. Although we cannot currently rule
out this mechanism, we find it less attractive because
the curved end conformation is indicative of a GDP-
tubulin lattice and there is no precedent for the straight
MT lattice forming from the GDP tubulin [13, 40]. Rather,
a considerable amount of energy appears to be released
from the disassembly of straight MTs in which the GTP-
tubulin has hydrolyzed to GDP-tubulin [41]. In contrast,
the model in Figure 5 is built upon processes that are
known to occur including cycles of dynamic instability
and stable kinetochore attachment to the plus ends of
disassembling MTs.

In summary, our data indicate the existence of a novel
mechanism for coordination of MT dynamics and kinet-
ochore function, in which attachment to the outer plate
prevents depolymerization of kMT plus ends. Factors
controlling kMT dynamics at the kinetochore appear to
work by changing the probability that kMTs are in a given
dynamic state, rather than by directly controlling the dy-
namics of individual kMTs. Hence, kinetochores gener-
ally show a bias toward one of the two conformations,
rather than a tight coordination of their individual kMTs
(Figure 3). These data have important ramifications for
current attempts to build more comprehensive models
of mitosis because all such models require an accurate
description of kMT dynamics [32, 38, 42]. Our simple
model implies that the outer plate mediates control
mechanisms that bias kMT dynamics. Therefore, it is
critical to understand the molecular architecture of the
outer plate and how this structure interacts with other
molecular components to mediate both the dynamics
and the attachment of kMTs. This endeavor requires
the synthesis of structural and molecular approaches,
and we are currently engaged in such efforts.
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Supplemental Data

Supplemental Datainclude three figures, one table, and a description
of the methods used, and are available with this article online at
http://www.current-biology.com/cgi/content/full/16/12/1217/DC1/.
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