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The Ndc80/HEC1 complex is a contact point for
kinetochore-microtubule attachment

Ronnie R Weil2, Jawdat Al-Bassam! & Stephen C Harrison?

Kinetochores are multicomponent assemblies that connect chromosomal centromeres to mitotic-spindle microtubules. The Ndc80
complex is an essential core element of kinetochores, conserved from yeast to humans. It is a rod-like assembly of four proteins—
Ndc80p (HECT in humans), Nuf2p, Spc24p and Spc25p. We describe here the crystal structure of the most conserved region of
HECT1, which lies at one end of the rod and near the N terminus of the polypeptide chain. It folds into a calponin-homology
domain, resembling the microtubule-binding domain of the plus-end-associated protein EB1. We show that an Ndc80p-Nuf2p
heterodimer binds microtubules in vitro. The less conserved, N-terminal segment of Ndc80p contributes to the interaction and
may be a crucial regulatory element. We propose that the Ndc80 complex forms a direct link between kinetochore core

components and spindle microtubules.

Kinetochores assemble on centromeric DNA and attach to spindle
microtubules during cell division. The attachments are stable through
phases of microtubule polymerization and depolymerization, and they
generate forces involved in chromosome movement during metaphase
and anaphase!. Kinetochores also regulate cell-cycle progression at the
metaphase-to-anaphase transition through the spindle-assembly
checkpoint?. These crucial activities require concerted interactions
among the large number of proteins and protein complexes now
known to participate.

The simplest kinetochores, those of Saccharomyces cerevisiae, con-
tain 60 or more distinct subunits, many in multiple copies, assembled
into at least 14 multiprotein complexes>*. In higher eukaryotes,
electron microscopy of kinetochores reveals a trilaminar structure,
with an electron-dense inner domain containing centromeric hetero-
chromatin, a less dense middle domain, and an outer domain
containing microtubule-binding activities®. Short, 125-base-pair
point centromeres are sufficient for accurate chromosome segregation
in budding yeast, whereas the regional centromeres found in human
cells span megabases of DNA, and those in fission yeast 40 kilobases or
more®8, Kinetochores in higher eukaryotes bind 30 or more micro-
tubules; those of budding yeast, a single microtubule®'!. Despite these
large differences, sequences of kinetochore proteins from various
species reveal that many S. cerevisiae kinetochore components have
been conserved from yeast to humans'?>. Among the most conserved
are the four proteins of the Ndc80 complex, essential for proper
chromosome alignment and segregation during mitosis'3.

Inactivation of Ndc80 complex proteins in fungi and metazoa
causes chromosomes to detach from spindle microtubules. When
the Ndc80 complex is depleted, checkpoint proteins such as Madlp
and Mad2p no longer associate with kinetochores or do so at greatly

reduced levels (reviewed in ref. 13). Human Ndc80 (known as HEC1)
and human Nuf2 (NUF2) are present at the outer plate as stable
components throughout mitosis, in contrast with the more dynamic
distribution of motor and checkpoint proteins. They are essential for
maintaining the integrity of the outer plate and for establishing stable
kinetochore-microtubule attachment and tension'4. In yeast, the
Ndc80 complex requires the DNA-binding complex CBF3 for locali-
zation at centromeres, and it is in turn essential for stable association
of outer kinetochore proteins, including Stu2p, Damlp, Cin8p in
yeast'>16 and Zw10 in Xenopus laevis'”. Unlike various kinetochore-
related, microtubule-associated proteins, such as the DASH-Daml
complex and EB1 (refs. 18,19), Ndc80 does not require microtubules
to participate in kinetochore assembly.

The four components of the Ndc80 complex—Ndc80p, Nuf2p,
Spc24p and Spc25p—assemble into a heterotetrameric rod, about
570 A long, with globular ‘heads’ at either end of an a-helical coiled-
coil shaft?®. Ndc80p and Nuf2p contribute to one head and to the
intervening shaft. In an attached kinetochore, the head domains are
likely to point toward the microtubule, as they require Spc24p and
Spc25p to join the kinetochore assembly?l. Spc24p and Spc25p
complete the shaft and contribute to the other head, which points
toward the centromere. Fluorescence microscopy shows that each
kinetochore contains at least five to ten Ndc80 complexes4. Thus,
the properties of the complex suggest that it is a crucial bridge between
microtubules and centromere-proximal structures. Its length is such
that it could, in principle, bridge between the outer and inner layers of
a trilaminar kinetochore?®?,

We have recently described the crystal and solution structures of the
Spc24p-Spc25p globular domains, which fold into a single, globular
entity?®. Its structure does not correspond to a previously described
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interaction module, but it does have a marked cleft, which faces away
from the coiled-coil shaft. We have suggested that this cleft is the
contact point for a centromere-proximal kinetochore protein. We have
now determined the crystal structure of the most conserved region of
the HEC1 globular domain (residues 81-196). It belongs to a family of
proteins known as calponin-homology (CH) domains, many of which
bind cytoskeletal proteins. We have gone on to show that the Ndc80p-
Nuf2p globular regions indeed associate with microtubules in vitro.
Inclusion of the less conserved, N-terminal extension of Ndc80p
strengthens the interaction, and we suggest that this extension, a site
of phosphorylation by Aurora B kinases (Ipllp in S. cerevisiae), is a
functionally important regulatory element.

RESULTS

HEC1/Ndc80p contains a calponin-homology domain

Crystals of HECg;_196, prepared as described in Methods, yielded
diffraction data to a Bragg spacing of 1.8 A. We determined the
structure using MAD. The domain has six o-helices (Fig. 1ab),
organized in a CH domain fold; we designate it as HEC1_CH in
the rest of the text. CH domains are present in many actin-binding
proteins and also in the microtubule-binding protein EB1 (ref. 24). By
use of the Dali programzs, we found that HEC1_CH has closest
structural similarity to the first CH repeat of human fimbrin?® (PDB
1AOA; Dali Z-score = 8.4; r.m.s. deviation = 2.7 A for 99 Ca atoms;
4% sequence identity); the N-terminal, microtubule-binding domain
(residues 1-126) of EBI (ref. 24) is also very similar (PDB 1PA7;
Z-score = 6.3; r.m.s. deviation = 3.3 A for 91 Ca atoms; 11%
sequence identity) (Fig. 1c,d). CH domains all have four principal
a-helices (a1, a3, 04 and a6), which form a parallel, four-helix bundle.
Two or three short, less regular helices (2 and o5 in HEC1_CH) are
minor secondary structure elements. Aliphatic residues from o3 and
a6 contribute to the hydrophobic core?” (Figs. 1 and 2).

The CH domain is a conserved structural unit with diverse
biological functions. Two CH domains in tandem form a high affinity
F-actin-binding module in a large number of actin—cross-linking
proteins such as o-actinin and fimbrin?®, Crystal structures suggest
that a compact assembly of the two CH domains is the actin-binding
unit, but the details remain to be clarified*>*°. The microtubule-
binding protein EBI, conserved in all eukaryotes, has a single CH
domain?**!, It can bind along the length of microtubules, but it
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Figure 1 Structure of the HEC1 globular domain, compared with the EB1
microtubule-binding domain. (a) Ribbon diagram of HEC1_CH (HECgi_196).
(b) View from the opposite direction to a, showing the potential microtubule-
binding site, analogous to that on EB1. Side chains of Arg84, Phel25,
Tyrl60, Phel62 and Tyr187 are shown as sticks. (c) Ribbon diagram of
EB1 microtubule-binding domain (PDB 1PA7)24 in the same orientation

as HEC1_CH in a. (d) EB1 microtubule-binding domain, in the same
orientation as HEC1_CH in b, showing the proposed microtubule-binding
site?4. The side chains of Lys89 and its surrounding hydrophobic residues
are shown as sticks, with O and N in red and blue, respectively.

N and C termini are labeled.

localizes preferentially to the plus ends of kinetochore-bound micro-
tubules during mitosis as well as to the plus ends of cytoskeletal
microtubules during interphase®!. EB1 binds microtubules as a
homodimer, held together by a 40-residue coiled-coil, which connects
to the N-terminal CH domain through a flexible linker*?2. The
Ndc80p-Nuf2p heterodimer has a similar quaternary organization,
but with a much longer coiled-coil. The likely microtubule-binding
site on EB1 maps to the neighborhood of Lys89, on the loop
connecting 04 and o5 (14,5); mutation of this residue to glutamate
abolishes microtubule binding?%. The side chain of Lys89 is buttressed
by aromatic residues on a6, part of the hydrophobic core (Fig. 1d)%4.
The surface of HEC1_CH that corresponds to the proposed micro-
tubule-binding site on EBl has an exposed hydrophobic cluster,
containing conserved aromatic residues in L4,5 and o6 (Fig. 1b,d
and Fig. 2). The N-terminal segment of HEC1_CH traverses one edge
of this hydrophobic cluster. It is secured in place by interactions
between the side chain of Arg84 and those of Tyr160 and Phel62 in
14,5, augmenting the conserved surface (Fig. 1b and Fig. 2b). This
region is therefore a good candidate for microtubule binding. It is
also the most extensive region of conservation on the molecular
surface (Fig. 2a,b).

The Ndc80 complex interacts directly with microtubules

We carried out a series of microtubule cosedimentation assays with
different recombinant constructs of Ndc80/HECI, to test whether it
can indeed interact directly with microtubules. Unlike the monomeric,
N-terminal domain of EB1, which cosediments with microtubules4,
HEC1_CH alone does not bind microtubules under the conditions we
explored (data not shown). We used the S. cerevisiae Ndc80 complex,
from which we had previously prepared well-characterized fragments,
to determine whether an Ndc80p-Nuf2p heterodimer can interact
with microtubules. We purified recombinant heads of Ndc80p-Nuf2p,
held together through the proximal part of the coiled coil (2NG; see
Methods). The Ndc80 chain included a roughly 100-residue, non-
conserved, N-terminal segment not present in the crystal structure of
HECI1_CH (see next paragraph). The 2NG heterodimer bound taxol-
stabilized microtubules, assembled from purified bovine-brain tubulin,
with an affinity similar to that of EB1 (Fig. 3 and Supplementary
Fig. 1 online). There was detectable interaction even at NaCl con-
centrations as high as 500 mM (data not shown), effectively ruling out
a purely nonspecific electrostatic affinity. As the concentration of 2NG
increased, binding saturated at one or two heterodimers of 2NG per
heterodimer of tubulin (Fig. 3).

Ndc80 homologs have an extended N-terminal segment that is
highly variable in length (~ 110 residues for S. cerevisiae and 80 for
human, respectively) and sequence, but consistently rich in positive
charge. Although it was not included in our crystallization construct,
owing to its presumed flexibility, this extension would project along
the proposed microtubule-binding surface, like the extended
N-terminal fragment present in the EBI structure (Fig. 1b,d). We
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H. sapiens 81 13" NDKA " IQQCIRQLCE. NGV -- - -AHN
G. gallus 84 )2 HDKA " IQQCIKQLCE NGV - - - -AHN'
X. laevis 80 134" HDKA " IQQCTIRQLCEFIEN NG - - - - SQA
S. cereviseae 114 DPRIFLRDENFQSAIQEELYD! NK-DIETNHPIS
S. pombe 95 13 SDRRVQQECATQ! SGI----SQP
C. elegans 58 13" DVKS . VSLNGSKI YES----SDA
D. melanogaster 86 |5 SDEK/"VAERAQQILE! IQS-EAPTG!

H. sapiens EB1 1

H. sapiens 137 CPSYELPDTK- FEEEVPRI - KDIGH4JFA - - LSKESMYTVGAPHTWPH
G. gallus 140 CPSYELPDSK-FEEEIPRV KFP--LS ISMYTVGAPHTWPQ
X. laevis 136 CPNYENPESK - FEEEIPRIKEI#GY¢4FA - - LSKESMYTVGAPHTWPQ
S. cereviseae 174 DPGYGFTKS- - IENEIYQIIKI LESI ISAVGGSN-WHK" LG
S. pombe 151 DPNFRFGAR- - YEEDVTTC!. KA LﬁYP FLDSISRERLVAIGSPHVWPAL.GI
C. elegans 115 SKDYEFPRHERIEEEVSQIKGIGFZYP - - L QPMGSSHGYPH. D!
D. melanogaster 150 WRNRVTVGQN-HVEDITSANQK L!.YP Q-- VSPITQHSFGHV IV

H. sapiens EB1 57

prepared a heterodimer of S. cerevisiae Ndc80p-Nuf2p heads with the
first 114 residues of Ndc80p deleted (2NGAN) and found that this
species also binds microtubules, but with approximately seven- to ten-
fold lower affinity than does intact 2NG (Fig. 3b). The 114-residue
segment expressed alone showed no detectable binding in vitro
(Supplementary Fig. 2 online). Full-length Ndc80 complex also
bound microtubules, but we were unable to determine a Ky, owing
to aggregation of the complex at high concentration. The Ndc80p
fragment containing both the N-terminal segment and the CH
domain was insoluble, even at low concentration. The Spc24p-
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Figure 2 Surface properties of HEC1_CH.

(a,b) Surface representations of HEC1_CH in the
orientations of Figure 1a,b, respectively, colored
by degree of conservation (dark blue, most
conserved; white, least conserved), showing

that the potential microtubule-binding surface

is conserved across species. (c,d) Surface
representations showing electrostatic potential of
HEC1_CH and EB1 microtubule-binding domain,
in the orientations of Figure 1b,d, respectively.
Red to blue, -15 k,Tto +15 kyT, as calculated
by Delphi®. (e) Multiple sequence alignment

for Ndc80/HEC1 and EB1 CH domain (bottom),
generated with CLUSTAL W50, Secondary
structural elements derived from the crystal
structure are colored as in Figure 1a. Number of
initial residue for each homolog is shown after
species name. Residues are colored by degree

of conservation: white letters on dark blue
background, identical; blue on blue-gray, strongly
conserved; light blue on white, weakly conserved.

KIFTFLYGFL 136
KIFTFIYGFL 139
KIFAFIYTFI 135
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Spc25p globular domain did not cosediment with microtubules (data
not shown).

We further demonstrated the microtubule-binding activity of 2NG
and 2NGAN by negative-stain electron microscopy (Fig. 3c). At a
concentration of 2NG at which microtubules were nearly saturated in
the cosedimentation assay, there was a dense halo of stain-exclusion
along the microtubule walls. Individual 2NG complexes are too small
to be discerned by this method. At the same concentration of 2NGAN,
microtubules were less than 25% saturated in the cosedimentation
assay, and the stain-excluding halo was correspondingly weaker.
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Figure 3 Microtubule binding by 2NG and 2NGAN. Drawings at top illustrate the parts of the Ndc80 complex present in the respective constructs.

(a) Analysis by SDS-PAGE of cosedimentation. Concentration of input protein in each sample (uM) is shown at top of lane. Upper gel (P) shows protein in
pellets sedimented in the presence of microtubules; middle panel (S) shows unbound protein in supernatant in the presence of microtubules; lower panel
(C) is control showing background protein sedimentation without microtubules. (b) Protein bound to microtubule (normalized as moles per mole of tubulin
heterodimer) plotted against free protein concentration. Dissociation constants derived from these curves, + s.e.m.: 2NG, K4 = 2.8 + 0.7 uM; 2NGAN,

Kq = 25.5 = 4.9 uM. Red arrows indicate concentrations used for EM. (c) Negative-stain EM of microtubules mixed with 2NG (left column, +) and 2NGAN
(right column, +). At concentration shown by arrow in b, 2NG binds and forms a halo of stain exclusion along the microtubule wall. Halo is much less
pronounced in samples with equal amounts of 2NGAN. Microtubules stained in the absence of added protein are shown at bottom (). Scale bars, 500 A.
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DISCUSSION
Our structural and biochemical results show that the heads of
Ndc80p/HEC1 and Nuf2p, joined as a heterodimer by a distal
coiled-coil, together form a microtubule-binding unit. The general
resemblance to homodimeric EB1 is noteworthy, although lack of the
Nuf2p globular-domain structure makes more detailed discussion of
their relationship premature, and we do not yet know whether Nuf2p
contributes directly to microtubule binding or merely to the stability
of the Ndc80p fragment we used in the binding experiments. The
variable, N-terminal segment of Ndc80p is neither sufficient nor
essential for microtubule binding, but when present, it enhances
affinity. The N-terminal segment connects to the CH domain through
residues adjacent to the proposed microtubule-binding surface
(Fig. 1b). It is therefore suitably positioned to regulate the Ndc80
CH domain-microtubule interaction.

The Aurora B (or Ipllp) kinase is thought to monitor chromosome
bipolar attachment by sensing the tension generated when kineto-
chores of cohesin-linked chromosomes are drawn toward opposite
poles®>3, Several Aurora B phosphorylation sites map to the non-
conserved, nonglobular, N-terminal segment of Ndc80/HECI (Ser100
of S. cerevisiae Ndc80p; Ser5, Serl5, Ser55, Ser62, Ser69 and Thr49 of
HEC1)*>7. Cells expressing mutants of HEC1 that cannot be phos-
phorylated at these sites show hyperstretching of centromeres, an
indication of heightened tension across the kinetochore’”. These
in vivo experiments imply that the N-terminal segment of Ndc80/
HECI can affect the stability of kinetochore-microtubule attachment,
just as it modulates binding of heterodimeric Ndc80p-Nuf2p to
microtubules in vitro (Fig. 3). A conserved characteristic of this
segment is its strong net positive charge, a property known to favor
microtubule association. We suggest that when lack of tension activates
or recruits Ipl1p/Aurora B, phosphorylation of
the Ndc80 N-terminal segment reduces its net
charge, weakens the microtubule-kinetochore
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involve association along the side of a microtubule, with stable end
binding achieved later®®. Thus, Ndc80 probably provides only one
component of the kinetochore-microtubule interface, to which other
contributors seem to include KNL/Spc105p and (in yeast) the DASH—

Daml ring#%4!,

METHODS

Sample preparation. Human HEC1_CH (residues 81-196) and full-length
human EB1 were amplified from a human complementary DNA library and
cloned into pET28a(+) (Novagen) with a cleavable Hiss tag fused to the
N terminus of each. The proteins were overexpressed in Rosetta pLyS cells
(Novagen) induced by 1 mM IPTG and purified by nickel-nitrilotriacetic acid
chromatography (Qiagen) followed by size-exclusion chromatography on an
S200 16/60-Sephadex column (GE Healthcare). The selenomethionyl (SeMet)
HEC1_CH derivative was expressed in the methionine auxotroph cell
line BL834(DE3) (Novagen) and purified in the same way as the native
protein. Yeast NdcGp (residues 1-343) and NufGp (residues 1-223), or
NdcGAN (residues 114-343) and NufGp, were coexpressed and purified
as described?’.

Structure determination. Proteins were concentrated to 20 mg ml™! in 20 mM
bis-tris propane (pH 7.6), 250 mM NaCl, 5 mM 2-mercaptolethanol and
10 mM DTT, and crystallized by hanging drop vapor diffusion against a
reservoir solution of 0.1 M cacodylate (pH 6.5), 22%-30% (w/v) PEG 8,000
and 0.2 M (NH4);SO4. Crystals were transferred to a reservoir solution
supplemented with 20% (v/v) glycerol before flash-freezing in liquid nitrogen.
The native and MAD data were collected at Advanced Light Source beamline
8.2.2 and processed using HKL2000 (ref. 42). Positions of two of the three
selenium sites were located using SOLVE*. Density modification and initial
model building were done using RESOLVE*, which gave a figure of merit of
0.84. Model building with O* and COOT#® was iterated with refinement
against the native data using REFMACS (ref. 47). Data collection and refine-

Table 1 Data collection, phasing and refinement statistics

contact and enhances the detachment rate.
This suggestion is consistent with a report,

Native SeMet

Data collection
Space group
Cell dimensions

published while
the present paper was under review, showing
that the Caenorhabditis elegans homolog of

Ndc80p-Nuf2p binds microtubules in vitro a b c(A)
and that addition of Ipllp and ATP weakens
the contact®. That report includes evidence
. . . Wavelength
that KNL-1/Spc105p, which also binds micro- S
. Resolution (A)
tubules, enhances the Ndc80-microtubule R (%)
interaction, but only in the presence of the ij:I
heterotetramﬂ.rlc.MIND cor.nplex. . Completeness (%)
.The assoc1at}on of k1net9ch0res with Redundancy
microtubules withstands multiple cycles of
microtubule polymerization and depolymer- Refinement

ization and sustains substantial tension. A
single Ndc80-microtubule contact would not
have these properties, but multiple, moderate-
affinity contacts between the five to ten copies
of the Ndc80 complex in a budding-yeast
kinetochore, and the single microtubule to
which it attaches, could provide the required
combination of plasticity and strength. We
also note that there may be multiple modes of
kinetochore-microtubule interaction at differ-
ent stages during metaphase and anaphase.
The initial encounter between chromosomes
and spindle microtubules is thought to

Resolution (A)
No. reflections
Ruork ! Reree (%)
No. atoms
Protein
Water
B-factors
Protein
Water
R.m.s. deviations
Bond lengths (A)
Bond angles (°)

P21212; P21212;

40.91, 44.71, 69.19 40.91, 44.71, 69.19

Peak Inflection Remote
0.9199 0.97973 0.97986 0.95370
50.00-1.80 50.00-1.90 50.00-1.90 50.00-1.90
7.5 7.8 7.4 7.8
26.7 (4.25) 20.7 (2.4) 20.6 (2.3) 19.7 (2.2)
100 (100) 99.3(93.8) 98.8 (90.1) 98.8 (89.4)
7.0(6.9) 4.5(3.8) 4.5 (3.6) 4.5(3.6)
37.4-1.8
12,129
19.9/23.1
935
77
16.15
25.6
0.015
1.43

One native and one SeMet crystal were used to solve the structure. Values in parentheses are for highest-resolution shell.
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