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Abstract Kinetochore function is mediated through its
interaction with microtubule plus ends embedded in the
kinetochore outer plate. Here, we compare and evaluate
current models for kinetochore microtubule attachment,
beginning with a brief review of the molecular, biochem-
ical, cellular, and structural studies upon which these
models are based. The majority of these studies strongly
support a model in which the kinetochore outer plate is a
network of fibers that form multiple weak attachments to
each microtubule, chiefly through the Ndc80 complex.
Multiple weak attachments enable kinetochores to remain
attached to microtubule plus ends that are continually
growing and shrinking. It is unlikely that rings or “kine-
tochore fibrils” have a significant role in kinetochore
microtubule attachment, but such entities could have a role
in stabilizing attachment, modifying microtubule dynam-
ics, and harnessing the energy released from microtubule
disassembly. It is currently unclear whether kinetochores
control and coordinate the dynamics of individual kineto-
chore microtubules.
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Introduction

The mammalian kinetochore is a small, transiently
assembled structure that functions to attach chromosomes
to microtubules (MTs), generate force for chromosome
movements, and produce a signal that delays anaphase
onset until all chromosomes are attached to the spindle
[1-5]. These vital functions depend upon the kinetochore’s
unique property of maintaining stable attachment to MT
tips that continually alternate between growing and
shrinking phases [1, 2, 6]. Furthermore, since vertebrate
kinetochores are attached by bundles of 10-30 MTs,
known as kinetochore fibers (K-fibers), kinetochores must
have mechanisms to coordinate growth and shrinkage
cycles of individual MTs, and of the K-fiber as a whole,
with the direction of chromosome motion [1, 6, 7]. Dis-
ruption of any of these crucial kinetochore functions causes
errors in chromosome segregation during cell division,
which in turn can be associated with tumorigenesis [8].

Here, we briefly review classical structural studies on
the mammalian kinetochore and current understanding of
its molecular composition. We then focus on current
models for kinetochore MT (kMT) attachment and con-
trol of kMT plus-end dynamics. We give particular
attention to the role of the KMN network, and the outer
plate network and kinetochore fibril models for kMT
attachment.

Classical trilaminar model of kinetochore structure

The classical trilaminar model of kinetochore structure is
based upon numerous electron microscopy (EM) studies
showing that vertebrate kinetochore structure consists of
electron dense inner and outer plates, separated by an



2164

B. F. McEwen, Y. Dong

Fig. 1 Electron micrographs of unbound kinetochores from PtK;
cells. a Specimen prepared by conventional methods. b Specimen
prepared by high-pressure freezing and freeze-substitution. The outer
plate (op) and electron translucent middle layer (m!/) are indicated in
a. The outer plate appears as a fibrous mat (fin) in b and the corona
appears distal to the fibrous mat as a zone of ribosome-exclusion. In
b, the translucent middle layer is absent or very small, and the
cytoplasm is smooth and continuous without the empty spaces seen in

a. Reprinted from [18] by permission from Springer Science and
Business Media

electron translucent middle layer (Fig. la) [9-12]. In
addition, the unbound kinetochore was found to have an
abundant fibrous corona radiating from the distal side of
the outer plate. The corona disappears upon MT attach-
ment, but reappears upon MT disassembly [13]. The plus
ends of kMTs terminate in the 50-75 nm-thick outer plate
[12, 14, 15]. Models based upon early EM studies postu-
lated fibrous arrangements for the outer plate structure
[9, 16]. However, the first electron tomographic analysis
demonstrated that there is no regular pattern to the
arrangement of the fibrous elements [17].

EM studies on cells prepared by high-pressure freezing,
combined with freeze-substitution, revealed that the outer
plate is a 50 to 75-nm-wide fibrous mat, rather than a dense
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Fig. 2 Molecular domains of the kinetochore and their relation to the
physical structure. a Schematic illustration of the major molecular
domains of the kinetochore and centromere. b Approximate locations
of the molecular domains in a single slice from an electron
tomographic reconstruction. The CCAN proteins are located in the
region marked inner kinetochore (equivalent to the inner plate) and

disk, and that the translucent middle zone is simply a space
of variable width between the chromatin and the fibrous
mat, rather than a distinct zone (Fig. 1b) [18]. In addition,
fibers of the corona region in unbound kinetochores are so
fine that the region appears as a 100 to 150-nm-wide
ribosome-exclusion zone. Although using high-pressure
freezing and freeze-substitution has a dramatic effect on
the overall appearance of the kinetochore, the fibrous nat-
ure of the kinetochore is still strongly evident. Hence, the
consistent feature seen in kinetochore outer plates in over
40 years of EM studies is a largely fibrous composition.

Molecular composition of mammalian kinetochores

The three-tired physical structure of the kinetochore is
reflected in its molecular composition, which consists of
more than 80 proteins arranged into core, middle, and
transient domains (Fig. 2) [2, 3, 19]. The core domain is
localized on the kinetochore inner plate (Fig. 2) and consists
mostly of the constitutive centromere association network
(CCAN), which includes centromere proteins (CENPs) A,
C,H, [, K-R, T, and W [20, 21]. CENP-A is a homologue of
histone H3 and its association with heterochromatin speci-
fies the location of the kinetochore on the chromosome [22—
24]. CENP-C and CENP-W/T then interact with CENP-A,
and form two distinct pathways for the localization of other
CCAN components and the MT-binding proteins [21, 25].
Members of the CCAN are required to form the middle
domain and the outer plate. Thus, the CCAN functions as a
platform for the formation of the middle domain. The

middle domain is located distal to the heterochromatin and

CCAN and has a direct role in MT attachment (Fig. 2)

[2, 19]. The transient domain proteins are largely distal to

the middle domain on the corona of unbound kinetochores.

the KMN network is located in the region marked outer kinetochore
(equivalent to the outer plate). The inner kinetochore forms a platform
for the outer kinetochore, while the outer kinetochore binds kMTs.

Scale bar in b = 250 nm. Reprinted from [19] by permission from
Macmillan Publishers Ltd
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The transient domain is composed of the checkpoint pro-
teins and other dynamic kinetochore proteins that turn over
quickly on the kinetochore, such as BubR 1, Mad2, CENP-E,
and dynein [2, 5, 26, 27].

Genomic screens of C. elegans have identified an
intricate kinetochore assembly pathway including a net-
work of nine proteins that are required for attachment of
kMTs [28-30]. The nine proteins, also known as KMN
super complex, include the Mis12 and Ndc80 complexes,
each containing four proteins, and KNL-1 (kinetochore null
protein-1) (Ndc80 and the Ndc80 complex are also known
as Hecl and the Hecl complex). A number of studies have
established that these middle-domain proteins are required
for chromosome attachment and proper genomic segrega-
tion during mitosis [29-38].

The direct role of the KMN network in binding kMTs
was first indicated by sedimentation assays showing that
two members of the KMN super complex, the Ndc80
complex and KNL-1, bind to MTs in vitro [30]. MT
binding by both the Ndc80 complex and KNL-1 was
enhanced by the presence of the other KMN components,
indicating a synergistic effect from the complete network.
Direct binding of the Ndc80/Nuf2 dimer to purified MTs
has been observed in vitro at moderately high resolution
(3 nm) by cryo-EM [39]. The finding of homologues for all
nine KMN in yeast, frog oocytes, and human cells indicates
the generality of the KMN network and its role in MT
attachment [29, 36, 38, 40].

Structure of the Ndc80 complex and its interaction
with MTs

The Ndc80 complex is the most thoroughly studied mem-
ber of the KMN network. This hetero-tetramer is composed
of Ndc80 (Hecl), Nuf2, Spc24, and Spc25 in a 1:1:1:1
stoichiometry [29, 30, 38, 41]. The Ndc80 complex is
located on the kinetochore outer plate [37]. It is required
for kMT attachment and maintenance of structural integrity
of the outer plate [31-37]. Rotary shadow and immuno-EM
studies have shown that the Ndc80 complex is a rod-shaped
structure formed by association of the C-tail regions of the
Ndc80/Nuf2 and Spc24/25 hetero-dimers [42]. High-reso-
lution two-color LM, combined with SHREC analysis,
indicates that when kMTs are attached to the kinetochore,
the Ndc80 complex is oriented at a shallow but variable
angle to the cylindrical axis of kMTs, and approximately
perpendicular to the outer plate [43]. The Spec24/25 end of
the Ndc80 complex points towards the inner kinetochore,
and the Ndc80 end points towards the spindle pole and
binds to the MT walls.

X-ray analyses of crystal structures of the Ndc80/Nuf2
dimer have found that both proteins contain a calponin

homology domain, which is involved in MT attachment in
other MT-associated proteins [44, 45]. However, MT
attachment also requires the basic 80 N-terminal amino
acid tail of Ndc80, which forms electrostatic interactions
with the acidic C-terminal tail of tubulin [45-47]. Fur-
thermore, the stability of kMT attachment is regulated by
phosphorylation of the Ndc80 N-terminal tail, as evidenced
by studies showing that blocking the phosphorylation sites
with micro-injecting antibody or point mutations causes
overly robust kMT binding and chromosome-segregation
errors [46-48].

Kinetochore control of KMT stability and dynamics

The preceding section summarizes the molecular, bio-
chemical, cellular, and structural evidence that establishes
the Ndc80 complex as a major (if not the major) molecular
component responsible for kMT attachment. Other mem-
bers of the KMN are critical to Ndc80 function and KNL-1
probably contributes to kKMT binding. However, identifi-
cation of the kMT-binding components by itself does not
resolve the long-standing question of how kinetochores
remain attached to kMTs plus ends that are continuously
switching between growing and shrinking states as the
kinetochore switches between movement toward and away
from its attached spindle pole [1, 2, 6, 7]. Since in vitro
binding studies have indicated that both Ndc80 and KNL-1
form weak attachments to MTs, Cheeseman et al. [30]
proposed that kinetochores form multiple weak attach-
ments to each kMT plus end. This enables kinetochores to
remain attached to growing and shrinking kMTs by form-
ing and breaking multiple weak bonds at different sites
along the MT lattice. As long as some attachments remain
during each point in time, the kMT does not dissociate.

The multiple weak attachments model is consistent with
the multiple connections per kMT seen in electron tomo-
graphic reconstructions [49, 50]. The model is also
supported by biochemical analysis of Xenopus extracts and
quantitative fluorescence light microscopy (LM) of yeast
cells showing that both mammalian and yeast kinetochores
have multiple copies of Ndc80 and KNL-1 per kMT [38,
41]. Furthermore, increasing the strength of kMT attach-
ment by blocking the phosphorylation of the N-terminal
tail of Ndc80 causes errors in mitotic chromosome segre-
gation, implying that weak binding is required for proper
function [46—48].

The multiple weak attachment model provides a mech-
anism by which kinetochores can remain attached to
dynamic kMT plus ends, but it does not explain how
kinetochores control kMT dynamics. It had long been
assumed that kinetochores have a mechanism for control-
ling kMT dynamics because the K-fiber as a whole
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undergoes dynamic switching between growth and
shrinkage as kinetochores move toward and away from
their attached spindle poles during the various stages of
chromosome alignment and segregation [1, 2]. However,
recent results from electron tomography indicate that the
assumption is at best an oversimplification because in situ
two-thirds of the kMTs in metaphase PtK; and Drosophila
S2 cells have plus ends in the curved or flared conforma-
tion (Fig. 3a) [15]. Similar results have been obtained from
an extensive analysis of protofilament curvature in kMT
plus ends in electron tomographic reconstructions (Fig. 3b)
[50]. The flared plus-end conformation is indicative of
MT disassembly and thought to arise from hydrolysis of
f-tubulin bound GTP to GDP [51, 52].

The conclusion that two-thirds of the kMTs in meta-
phase kinetochores are in the disassembly state is
inconsistent with the dynamic state of the K-fiber as a
whole because chromosomes oscillate about the spindle
equator without exhibiting net movement toward either
spindle pole during metaphase. In fact, the K-fiber as a
whole exhibits net kMT assembly at the plus during
metaphase, in order to compensate for continual kMT
disassembly at the minus-ends [53]. Hence, there is not a
simple correlation between kMT plus-end conformation
and the growth or shrinkage of the K-fiber as a whole.

Lack of a correlation between kMT plus-end confor-
mation and K-fiber growth or shrinkage can be explained
by kMT plus ends cycling between assembly and disas-
sembly states without dissociating from the kinetochore
outer plate [15]. Kinetochore attachment prevents kMTs in
the disassembly state from rapidly depolymerizing. Growth
or shrinkage of the K-fiber as a whole is postulated to occur

Fig. 3 Conformations of kMT
plus ends in situ. a A gallery of
1.6-nm-thick slices from
electron tomographic volumes
of PtK, kinetochores illustrating
the range of bending observed
in flared conformations of kMT
plus ends. Putative kinetochore
fibrils are indicated by arrows.
b A similar gallery of 1.0-nm-
thick slices with putative
kinetochore fibrils indicated by
arrows. Scale bars = 50 nm.

a Modified from [15] with
permission from Elsevier.

b Reprinted from [50] with
permission from Elsevier

by biasing kinetochores to favor assembly or disassembly
conformations, rather than directly controlling the dynamic
state of each kMT. An alternative model postulates that
kMTs are able to assemble from curved conformations,
implying that MTs can grow from the GDP-tubulin lattice
under appropriate conditions [50, 54, 55]. Biased cycling
and growth from the flared conformation are not mutually
exclusive mechanisms. Indeed, both models point out the
insufficiency of numerous published illustrations showing
two distinct states for the kinetochore, one where all of the
kMTs have straight plus ends, and the other where all of
the kMTs have flared plus ends.

Ring and sleeve models for kKMT attachment

There is substantial in vitro data demonstrating that the
energy released from MT disassembly at the plus end can
move objects, including isolated chromosomes, toward the
MT minus-end [56-58]. Since minus-end-directed motors
are dispensable for poleward motion of the kinetochore in
yeast, it has been suggested that MT disassembly drives
poleward motion of chromosomes [4, 59]. Early theoretical
considerations led to the proposal that chromosome
movement could be coupled to MT disassembly by the
kinetochore-forming sleeves around the kMT plus ends
[60].

The sleeve model has remained popular for many years,
particularly after it was found that purified Dam1 complex,
which is required for chromosome alignment in Saccha-
romyces cerevisiae, forms rings around in vitro assembled
MTs (Fig. 4a) [61-63]. In addition, when the MTs are
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Fig. 4 Assembly of Daml A
rings on MTs. a Purified Dam1
complex is able to form rings
around in vitro assembled MTs.
b Complete decoration of the
MTs is observed at higher
concentrations of the Dam1
complex. Scale bar = 50 nm.
Reprinted from [62] with
permission from Elsevier

transferred to conditions that disassemble MTs, the rings
move along the MT lattice (Fig. 4b) [62, 63]. However,
equivalent rings have not been found around kMTs in
tomographic reconstructions of yeast or mammalian kine-
tochores [49, 50, 64]. Furthermore, there is barely enough
Daml complex at each yeast kinetochore to form a single
ring per kMT, and MT disassembly can be harnessed for
movement by fewer Daml complexes than are needed to
form a ring [65]. Finally, Daml is not required for chro-
mosome segregation in most fungi species and sequence
homologues have not been found in higher organisms
[50, 64].

Recent publications have shown that the Ska complex is
required for stable KMT attachment in human cells, indi-
cating that the Ndc80 complex alone is insufficient for
stable kKMT attachment [66—68]. This suggests that the Ska
complex might be a functional homologue of the Daml
complex. However, there is no evidence of ring formation
in EM images of the Skal complex bound to in vitro-
assembled MTs [68]. Hence, collectively, the current data
fail to support a significant role for rings or sleeves in kMT
attachment or coupling KMT disassembly to kinetochore
motion towards the spindle pole, particularly in mamma-
lian cells.

Fibrous network model of KMT attachment

Electron tomography studies of high-pressure frozen/
freeze-substituted kinetochores in PtK; cells revealed that
in the absence of MT attachment, the outer plate is a net-
work of long fibers oriented in the plane of the plate
(Fig. 5a, c¢) [49]. This agrees with biochemical and struc-
tural studies that the many of the key components of the
MT-binding domain are fibrous [29, 42, 69]. Upon MT
attachment, the outer plate rearranges into an irregular
network of short fibers that form two distinct kinds of
attachments to the plus ends of kMTs (Fig. 5b, d) [49]. One
type of attachment is made by fibers that remain oriented in

the plane of the outer plate and bind radially to the tips of
kMT plus ends. The other type of attachment is formed by
fibers that extend distally from the outer plate and bind to
the sides of kMTs, roughly 50 nm from the tip of the plus
ends. Kinetochores also form lateral attachments to the
walls of MTs whose plus ends are not embedded in the
kinetochore. These data suggest that the kinetochore outer
plate in vertebrate cells is a flexible fibrous network that
functions like a spider web, rather than a series of discrete
MT-binding sties [49]. When the outer plate encounters
MT-plus ends, or the lateral surface of MTs in the vicinity,
the network undergoes a conformational change that
enables MT-binding proteins to capture the MT by forming
attachments to the tips and walls of MT plus ends, much as
a spider web entangles prey that come in contact with it.
Technical limitations prevent molecular identification of
the structural features detected in electron tomographic
reconstructions, but it is likely that at least some of the
lateral attachments to MT walls correspond to the Ndc80
complex because these features occur at similar orienta-
tions and distances from MT ends as observed for Ndc80/
Nuf2 dimers binding to in vitro assembled MTs [39, 49]. In
addition, two-color fluorescence LM indicates that the
Ndc80 head is about 50 nm distal from kMT plus ends and
other members of the KMN super complex [43]. Hence,
taken together, the data from electron tomography, in vitro
EM, biochemical studies, and two-color fluorescence LM
suggest that KNL-1 and the Mis12 complex are part of the
network of outer plate fibers, with KNL-1 forming
attachments to the tips of kMT plus ends and the rod-like
Ndc80 complex extending out from the outer plate and
attaches to walls of MT lattice (Fig. 5b, d) [30, 39, 43, 49].
While other proteins could also be directly involved in
kKMT attachment or perform a stabilizing role, current
evidence indicates that the Ndc80 complex and KNL-1 are
the major players. Electron tomographic reconstructions
also predict that in unbound kinetochores the Ndc80 head
is located near or in the outer plate (Fig. 5a, c). This
hypothesis is supported by immuno-EM images showing
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that the Ndc80 head is on the distal surface of the outer
plate in unbound kinetochores [37].

Kinetochore fibril model

Recently, the kinetochore fibril model was proposed as an
alternative for kKMT attachment (Figs. 3b, 5e) [50]. Like the
outer plate network model, the fibril model is based upon
electron tomography of a large number of kinetochores
from PtK; cells prepared by high-pressure freezing and

HHE

Low High
Intra KT Intra KT

freeze-substitution. However, instead of analyzing indi-
vidual kMT plus ends as a unit, McIntosh and colleagues
traced 4-8 protofilaments at the plus end of each kMT.
This was accomplished by examining each kKMT rotated
about its cylindrical axis in 28° increments to find suc-
cessive protofilaments. Traces of kMT plus ends drawn at
the different rotation angles were used to measure proto-
filament curvatures. About half of the kMT protofilaments
in metaphase cells had curvatures intermediate between the
curvatures measured for assembling and disassembling
MTs in published images of in vitro assembled MTs. The
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Fig. 5 Illustrations of the outer plate network and kinetochore fibril
models for KMT attachment. a, b Three-dimensional surface render-
ings of the outer plate in PtK; kinetochores, based on the tracing of
the outer plate fibrous components in kinetochores without (a) and
with (b) kMTs. In each case, end-on views are shown on the left and
en face views on the right with the outer plate network shown in
yellow. Tracings of kMTs are shown in various colors in the edge
view of the bound kinetochore in (b). The kMTs have been digitally
removed from the en face view in (b), but shaded colors on the
network fibers show where the corresponding kMTs insert into the
outer plate. Note the dramatic reorganization of the outer plate upon
kMT attachment. d Schematic illustrations corresponding to the
surface renderings in a and b. A plausible arrangement for the KMN
components is indicated by an assignment of shapes and colors in the
key. e Illustration of the kinetochore fibril model. Kinetochore fibrils
(shown in red) are thought to arise from chromatin in the inner
kinetochore (shown in blue) and bind to the inner lumen of individual
protofilaments of kMT plus ends (shown in green). In this way, the
fibrils could restrict the curvature of the GDP lattice and harness some
of the energy released from kMT disassembly for chromosome
movement. f [llustration of how movement of the outer plate network
relative to the underlying inner kinetochore could account for the
intra-kinetochore stretch that is correlated with release of the spindle
assembly checkpoint [71, 72]. Intra-kinetochore stretch is measured
by labeling an inner kinetochore component (CENP-A) with GFP
(location indicated by the green area in f), and an outer kinetochore
component (Ndc80 or Mis12) with m-Cherry Red (location indicated
by the red area in f). The hypothesized location of the outer plate (in
red) in low and high intra-kinetochore stretch is indicated by “Low
Intra KT” and “High intra KT” on the left and right sides of the
figure. Inter-KT indicates the stretch between sister kinetochores,
which is not correlated with checkpoint release. a-d Adapted from
[49] with permission from Macmillan Publishers Ltd. e Reprinted
from [50] with permission from Elsevier. f Reprinted from [73] with
permission from Rockefeller University Press

mean and range of protofilament curvatures did not change
significantly from metaphase to anaphase and the variation
of protofilament curvature on each individual kMT was
approximately the same as in the pooled sample.

The authors postulated that intermediate protofilament
curvatures are caused by slender fibrils that come from the
inner kinetochore and attach to the lumen-facing surface of
individual protofilaments (Figs. 3b, Se). Attachment of the
slender fibrils is envisioned as constraining the curvature of
the GDP lattice and harnessing the resulting tension to
create a poleward-directed force at the kinetochore. Hence,
Mclntosh and colleagues proposed that in mammalian cells
“kinetochore fibrils”, rather than rings, are used to harness
the energy of MT disassembly for moving chromosomes
towards the attached spindle pole.

Comparison of the fibril and network models

On the surface, it is surprising that two different labs
working with the same cell type, using essentially the same
methods to optimize structural preservation and compute
electron tomographic reconstructions, come up with

completely different models for kMT attachment. Mcln-
tosh and colleagues attributed this partially to minor
technical differences in the procedures, but this is unlikely
because the advantages the McIntosh group gained using
higher accelerating voltage and a finer tilt-angle increment
while collecting tilt images for electron tomography are
negated by examining thicker sections than the McEwen
group [15, 49, 50]. Furthermore, the quality of images
published by McEwen and colleagues is obviously suffi-
cient to detect the fibrils proposed by the McIntosh group
(i.e., compare Fig. 3a, b). In our view, the major difference
in the models arises from the different emphasis and
interest of the two research groups. Thus, while the McE-
wen group did report fibers coming from the inner
kinetochore to the vicinity of kMT plus ends, these were
interpreted as attaching the outer plate to the inner kine-
tochore rather than harnessing the energy of kMT
disassembly for poleward motion [49]. Similarly, the
Mclntosh group detected the outer plate network but dis-
counted its importance because it was not detected in all
slices of their tomograms [50]. However, the outer plate
becomes clear in 3D representations, as opposed to slice-
by-slice analysis (Fig. 5a, b). The outer plate is also more
prominent and continuous in unbound kinetochores, which
the McIntosh group did not study.

The strength of the study by McIntosh and colleagues is
the quantitative analysis of protofilament curvature. An
earlier study had noted a variation in protofilament curva-
ture at KMT plus ends, but the analysis was qualitative [15].
An important conclusion that can be drawn from studies of
kMTs and non-kMTs is that in the intracellular environ-
ment MT assembly probably occurs from flared plus ends
[50, 55]. Thus, it appears that the GDP lattice can support
MT growth in certain environments and that control of MT
dynamics is more complex than previously envisioned.

However, it is unlikely that kinetochore fibrils, as
described by Mclntosh et al. [50], play a major role in kMT
capture and attachment because growing MTs have to
penetrate the outer plate network and adopt a flared con-
formation to be assessable to the fibrils (Figs. 3b, Se).
Kinetochore encounters with growing MTs are relatively
infrequent [70]. Therefore, it is more likely that kineto-
chores display crucial MT-binding components on the
distal surface in order to maximize chances of capturing
nearby MTs, as predicted by the network model, rather
than burying the binding components in the heterochro-
matin, behind a network of other kinetochore proteins [43,
49]. Furthermore, it appears that not all kMTs have fibril
attachments, meaning something else must maintain kMT
attachment [50].

Another major weakness of the kinetochore fibril model
is that currently there are no plausible molecular candidates
for such a molecule. The authors did demonstrate that
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Ndc80 and CENP-E could couple movement of microbeads
to MT depolymerization in vivo. However, immuno-elec-
tron microscopy and immuno-fluorescence studies place
these molecules distal to kMT-plus ends in the kinetochore
[26, 27, 37, 43]. Furthermore, both Ndc80 and CENP-E are
known to bind to the walls of MTs, not the lumen side [39].

The network model, on the other hand, fits well with a
wide range of molecular and structural studies. First, the
outer plate has been observed by electron microscopy for
over 40 years and electron tomographic studies of the
unbound kinetochore from specimens prepared by con-
ventional methods and high-pressure/freeze-substitution
show that the basic arrangement of fibers is the same
except that the structure is more collapsed in conventional
preparations [17, 49]. Second, the network model fits well
with the three-domain model for the arrangement of kine-
tochore molecular components that was derived from
numerous immuno-fluorescence, and biochemistry data.
Third, the KMN supercomplex is a highly plausible
molecular candidate for the core of the outer plate network
because it contains three proteins that are known to bind
kMTs (Ndc80, Nuf2, KNL-1), it is located in the right
place, depletion of components such as Ndc80 severely
disrupt kKMT attachment and the structure of the outer plate,
and features in the electron tomograms resemble those of
the Ndc80/Nuf2 dimer bound to in vitro assembled MTs
[29, 30, 37, 39, 43, 48, 49].

The network model explains variation in protofilament
curvature as easily as the fibril model by postulating that
the protofilament curvature of the GDP lattice is con-
strained by being enmeshed in a fibrous network that
pushes against the sides of the kMT tip, rather than pulling
on the lumen side of individual kMTs (Figs. 2d, 5b, d) [15,
49]. The network model also readily explains recent reports
that intra-kinetochore stretching is linked to satisfying the
spindle assembly checkpoint [71, 72]. This intra-kineto-
chore stretching is predicted by unpublished observations
that the outer plate can be located at variable distances
from the underlying chromatin, as illustrated in Fig. 5f
[73]. Such movements could also stabilize kMTs by
moving Ndc80 away from the major site of Aurora B
phosphorylation [74]. Finally, rearrangements in the spac-
ing between putative outer-plate components detected by
high-resolution two-color LM are similar to those predicted
from the differences in the electron tomographic recon-
structions of attached and unattached kinetochore outer
plates (Fig. 5a—d) [43, 49].

Summary and conclusion

The bulk of biochemical, molecular, light and electron
microscopy, and electron tomography data strongly support

a model of the kinetochore outer plate as an interconnected
network of proteins that functions as the primary site for
kMT attachment and checkpoint signaling. At most, rings
and sleeves have a minor role in chromosome congression
in budding yeast. The kinetochore fibril model is accom-
panied by theoretical considerations useful for studying
force generation, and it is possible that kinetochore fibrils
have a role in modifying kMT dynamics. It is unlikely,
however, that kinetochore fibrils have a significant role in
kMT capture or attachment. Both the outer plate network
and kinetochore fibril models agree that binding to the
kinetochore constrains the curvature of the GDP-tubulin
lattice in kMT plus ends and that kMTs are stabilized by
kinetochore attachment preventing the rapid disassembly
of kMTs whose plus ends are in the disassembly confor-
mation. At this point it is not clear how (or even if) the
kinetochore controls and coordinates the dynamics of
individual kMTs.

While most of the differences in the outer plate network
and kinetochore fibril models are matters of focus and
interpretation, the correlation of MT plus-end conformation
with growth and shrinkage of the K-fiber as a whole, and
the mechanism by which the kinetochore influences pro-
tofilament shape, still need to be reconciled. Resolution of
these and other remaining questions concerning the corre-
lation between kinetochore structure and function will
require further studies to determine the structures of indi-
vidual kinetochore components, and correlations of LM
and EM immuno-localizations with high-resolution struc-
tural studies of the kinetochore in different functional
states. The fact that there are still fundamental questions
concerning kMT attachment and the control of kMT
dynamics illustrates that kinetochore structure and func-
tion are far more complex and subtle than originally
anticipated.
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