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Abstract

The microtubule-based mitotic spindle segregates chromosomes during cell division. During
chromosome segregation, the centromeric regions of chromosomes build kinetochores that
establish end-coupled attachments to spindle microtubules. Here, we used the C. elegansembryo
as a model system to examine the crosstalk between two kinetochore protein complexes
implicated in temporally distinct stages of attachment formation. The kinetochore dynein module,
which mediates initial lateral microtubule capture, inhibited microtubule binding by the Ndc80
complex, which ultimately forms the end-coupled attachments that segregate chromosomes. The
kinetochore dynein module directly regulated Ndc80, independently of phosphorylation by Aurora
B kinase, and this regulation was required for accurate segregation. Thus, the conversion from
initial dynein-mediated, lateral attachments to correctly oriented, Ndc80-mediated end-coupled
attachments is actively controlled.

The 4-subunit Ndc80 complex, whose Ndc80 subunit harbors direct microtubule-binding
activity, is the central component of the microtubule end-coupled attachments that segregate
chromosomes on mitotic spindles (1, 2). In metazoans, initial lateral capture of microtubules
by dynein motors localized to kinetochores kinetically accelerates the formation of end-
coupled attachments and ensures their correct orientation (3-7). How kinetochores transition
from an initial laterally bound state to the final end-coupled state is unclear.

The kinetochore dynein module is composed of the 3-subunit RZZ (Rod/Zw10/Zwilch)
complex, which recruits dynein to kinetochores via Spindly (Fig. 1A;(7-9)). Formation of
end-coupled microtubule attachments was assessed during the first division of the C. elegans
embryo by visualizing chromosome dynamics (Fig. 1B) and by quantifying the kinetics of
spindle pole separation (Fig. 1C; (10, 11)). Removal of Spindly (SPDL-1 in C. elegans) was
nearly equivalent to removal of NDC-80 (Fig 1B,C). As expected (7, 12), the failure to
establish end-coupled attachments resulting from SPDL-1 depletion was suppressed by co-
depletion of RZZ (Fig. 1B); the double inhibition exhibited only the mild delay in end-
coupled attachment formation expected for loss of kinetochore dynein. Thus, RZZ inhibits
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the formation of NDC-80-mediated microtubule attachments and relief of this inhibition
requires SPDL-1.

Aurora B kinase inhibits microtubule binding of Ndc80 by phosphorylating its basic tail
(13-15). To determine whether RZZ inhibits NDC-80 by promoting Aurora B-mediated
phosphorylation of NDC-80, we created an RNAi-resistant transgenic system (Fig. S1A,B)
to replace endogenous NDC-80 with transgene-encoded NDC-80WT or a phosphorylation-
resistant NDC-80*A mutant (Fig. S1C,D;(13)). NDC-80WT and NDC-80** mutant both
rescued the severe chromosome segregation defect and embryonic lethality of NDC-80
depletion (Fig 1D; Fig. S1E,F). Furthermore, NDC-80WT and NDC-80%* were equally
sensitive to inhibition by RZZ—following SPDL-1 depletion, both exhibited severe
chromosome segregation (Fig. 1D) and pole separation (Fig. S1G) defects indicative of a
failure to form end-coupled attachments. Thus, Aurora B-mediated phosphorylation of the
NDC-80 tail is not required for RZZ to inhibit NDC-80-mediated end-coupled attachments.

We next tested if the RZZ complex directly interacts with NDC-80 and inhibits its
microtubule binding activity. ROD-1 has an N-terminal 3-propeller domain that binds to
Zwilch?WL-1 followed by an extended a-solenoid that binds Zw10C2W-1 (Fig. 2A; (16)).
The N-terminal p-propeller domain of ROD-1 and the N-terminal microtubule-binding
region of NDC-80 interacted in a yeast two hybrid assay (Fig. 2B; Fig. S2A). Deletion of the
basic tail of NDC-80 abolished its interaction with ROD-1 without affecting binding to its
Nuf2H!M-10 partner; in contrast, mimicking an Aurora B phosphorylated NDC-80 tail by
mutation of 4 target sites to aspartic acid (4D) did not affect the ROD-1 interaction (Fig.
2B). Binding assays with a partially reconstituted RZZ complex comprised of the N-
terminus of ROD-1 and ZwilchZWL-1 (termed RNZ) confirmed a direct tail-dependent
interaction between RNZ and NDC-80 (Fig. 2B). To test if the ROD-1-NDC-80 interaction
regulates NDC-80 microtubule binding, we used reconstituted C. elegans NDC-80 complex
(Fig. S2B) to perform microtubule co-sedimentation assays in the presence or absence of
purified RNZ complex. RNZ suppressed NDC-80 complex binding to microtubules (Fig. 2C;
Fig. S2C). RNZ did not associate with microtubules on its own, excluding competition for
lattice binding sites as a mechanism underlying this suppression (Fig. S2D).

ROD-1 binding to the NDC-80 basic tail may mask an electrostatic interaction required for
the NDC-80 complex to bind to microtubules (17-19). To test this, we analyzed 3 mutant
forms of NDC-80 in vitro and in vivo: a tail deletion (NDC-802Tail) an Aurora B
phosphorylation-mimicking tail mutant (NDC-80P), and a calponin homology (CH)
domain mutant (NDC-80€H™) in which 3 basic residues were changed to alanine (Fig. 2D;
Fig. S3A (20)). NDC-80CH*, NDC-802Tail and NDC-804P mutations all inhibited
reconstituted NDC-80 complex microtubule binding to the same extent in vitro (Fig. 2F; Fig.
S2B; (15, 21-23)). However, only the NDC-80CH" mutant resulted in embryonic lethality
(Fig. 2E). Consistent with the lack of embryonic lethality, NDC-802Tail and NDC-804P were
able to segregate chromosomes whereas NDC-80€H" was defective in chromosome
segregation (Fig. 2G). In pole-tracking analysis, NDC-802Tail overlapped NDC-80WT (Fig.
S3B); in addition, removal of the microtubule-binding Ska complex (24) did not enhance the
phenotype of NDC-802Tail (Fig. S4). Thus, although the basic NDC-80 tail was required for
microtubule binding in vitro, it was not required to form end-coupled kinetochore-
microtubule attachments in the C. elegans embryo. Therefore, RZZ cannot inhibit NDC-80
in vivo by masking an electrostatic interaction between the tail and the microtubule lattice.

To test whether the ROD-1-NDC-80 tail interaction was required for RZZ inhibition we
analyzed the effect of depleting SPDL-1 (to trigger persistent RZZ-mediated inhibition) in
embryos in which endogenous NDC-80 was replaced by NDC-80WT, NDC-80ATail or
NDC-80*P. Consistent with the tail-dependence of the ROD-1-NDC-80 interaction, the
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failure to form end-coupled attachments following SPDL-1 depletion was completely
suppressed in embryos expressing NDC-802Tail (Fig. 3A,B). In contrast, the NDC-80%P
mutant that still interacted with ROD-1 (Fig. 2B) but failed to bind to microtubules in vitro
(Fig. 2F), was as sensitive to SPDL-1 depletion as NDC-80WT (Fig. 3A; Fig. S3C). Thus,
the ability of NDC-80 to be regulated by RZZ correlates with its tail-dependent interaction
with ROD-1 and not with in vitro microtubule binding.

In NDC-80WT embryos, SPDL-1 depletion prevented formation of end-coupled attachments,
whereas RZZ depletion only delayed attachment formation owing to the absence of dynein-
mediated acceleration of microtubule capture (Fig. 3A,B; (7)). If NDC- 802Tail js resistant to
RZZ inhibition, the dramatic difference in phenotypic severity between RZZ and SPDL-1
depletion observed with NDC-80WT should be lost in the presence of NDC-802Tail, Both
visualization of chromosome segregation and quantitative pole tracking confirmed this
prediction (Fig. 3A,B). Because the tail was not required for the formation of end-coupled
attachments (Fig. 2G,S3B), binding of RZZ to the NDC-80 tail probably prevents the
adjacent functionally critical CH domain from interacting with microtubules.

We next employed a genetic approach to analyze phenotypes observed following
replacement of endogenous NDC-80 with transgene-encoded variants. We analyzed the fate
of embryos homozygous for ndc-80(tm5271) (Fig. S5A) derived from a heterozygous
mother that also harbored homozygous ndc-80 transgene insertions (Fig. 3C). While the
ndc-80WT, ndc-80P and the ndc-80** transgenes supported development of
ndc-80(tm2571) larvae into fertile adults, the ndc-804Ta! transgene did not (Fig. 3C). The
phenotypes observed in the presence of NDC-802Tall included late larval arrest, bursting at
the vulva, and absence of a germline leading to sterility (Fig. 3D; Fig. S5B). Similar
phenotypes are observed in C. elegans mutants that compromise the spindle checkpoint, a
well-studied pathway ensuring accurate chromosome segregation (25). Because
NDC-80ATail exhibited normal checkpoint signaling (Fig. S6A) and synthetic embryonic
lethality with checkpoint inhibition (Fig. S6B), the observed phenotypes were not due to a
defect in checkpoint signaling. Thus, NDC-80ATail exhibited a spectrum of defects
associated with reduced accuracy of chromosome segregation in C. elegans and failed to
rescue the lethality caused by the ndc-80 mutation. Because similar severity defects were not
observed with NDC-804P, which inhibits NDC-80 complex microtubule binding activity in
vitro, the origin of these defects is most likely due to loss of NDC-80 regulation by RZZ. A
mutant in ROD-1 that selectively disrupts regulation of NDC-80 will be necessary to
identify and characterize to confirm this conclusion.

To understand how RZZ inhibition of NDC-80 was alleviated by SPDL-1, we focused on
the conserved motif in Spindly family proteins required for dynein recruitment (Fig. 4A,
(26)). We replaced endogenous SPDL-1 with SPDL-1WT or a single amino acid mutant in
the motif required for dynein binding (SPDL-1F199A; Fig. 4A;Fig. S7A-D). Analogous to
human cells, SPDL-1F199A |ocalized to kinetochores (Fig. S7C) but abrogated dynein
recruitment (Fig. 4B). SPDL-1F199A exhibited a chromosome segregation defect of similar
severity to removal of SPDL-1 (Fig. 4C; Fig. S8). In addition, the severe chromosome
segregation defect of SPDL-1F199A was suppressed by co-depletion of RZZ (Fig. 4C; Fig.
S7E). Thus, dynein recruitment by SPDL-1 turns off RZZ-mediated inhibition of end-
coupled attachment formation (Fig. S9).

Regulation of Ndc80 by RZZ represents an Aurora B-independent mechanism for the
control of kinetochore-microtubule attachments. We postulate that this regulation prevents
NDC-80-mediated attachments from occurring during an initial laterally attached state to
minimize the potential for merotely, where a single kinetochore becomes erroneously linked
to both spindle poles and results in missegregation (27). We suggest that dynein activity
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reduces the probability of merotely by coordinating chromosome orientation with activation

of

NDC-80, either via inducing a change in RZZ conformation or dissociating RZZ from the

kinetochore (Fig. S9). Because both the kinetochore dynein module and the Ndc80 complex
are conserved throughout metazoans, the mechanism we elucidate here is also likely to be
conserved.
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Fig. 1. RZZ inhibits microtubule attachment formation at kinetochor esindependently of Aurora
B phosphorylation of NDC-80

(A) Cartoon depiction of the kinetochore dynein module.

(B) Chromosome segregation phenotypes for the indicated conditions. GFP: :H2b (arrow)
and GFP: :y-tubulin (arrowhead) signals are indicated. Bar, 5 pm.

(C) Plot of spindle pole separation kinetics, which serves as a readout for kinetochore-
microtubule attachment formation. Error bars are SEM with a 95% confidence interval.

(D) Chromosome segregation phenotypes for the indicated conditions (see also Fig. S1).
Bar, 5 pm.

Science. Author manuscript; available in PMC 2014 June 06.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Cheerambathur et al.

Page 7

A B RNz
i Complex
Bta:"'c NDC.80 NDC-80 NDC-80 P wq  Input Beads Input —Beads
CH (1195)  (60-195) (11950 70 <« ZWL- 20%) MBP R\Z (20% MBP RZ
- Ve . _6XHis (
NDC-80 ‘/\Hs - €CHOT | Y 15 50 R0D1 25 251
41371 (1-418) o | —| - ——
ROD-1 a
N E | wn o .DUD % NDC-80"1% NDC-80%01%5
Zwilch™1  Zw10eaw " | — -,
In Vitro Translation Product
c D o _ E
M 100 nM NDC-80 Complex - - w0 ATail Embryonic Lethality (% )
N
@ 100 nM NDC-80 Complex + 2 uM R"Z K100A H155A CH* 0 100 99.5
é— 807 K144A
K o S44D
g 60 R 4D
S 518D S51D 50
=
g4 0 — ATall CH* WT 4D
S ndc-80 - —
S 2 (RNA:= F = F =+ = ¥ =+ nde-80 0 07 10 14
© - " »
2 ol [ =_=—|em—e=—l" Transgene: — WT aTail CH 4D
@ 12 3 4 5 = |[=—=—=——J«c-tubulin ndc-80(RNAI)
Microtubule Concentration
(UM Tubulin Dimers)
100 nM WT (m), ATail (m) 4D (m)
or CH* () NDC-80 Complex ndc-80 . X
Tr None WT ATail 4D CH

80105 [ ]

@
n
o
-
I~
&

[2]
2
v
=4
o
EF
£

Bound NDC-80 Complex (%)

I ndc-80(RNAI)

Microtubule Concentration
(UM Tubulin Dimers)

Fig. 2. RZZ interactswith and inhibits NDC-80

(A) Schematics of NDC-80 and the RZZ complex.

(B) (left) NDC-80 tail-dependent yeast 2-hybrid interaction with ROD-1; Nuf2H!M-10 served
as a positive control (Fig. S2). (right) Recombinant RNZ complex and autoradiogram of
binding assay with RNZ complex-coated beads and in vitro translated S3°-labeled NDC-80
N-terminus. Maltose Binding Protein (MBP)-coated beads are negative controls.

(C) Microtubule cosedimentation with 100 nM NDC-80 complex, indicated concentration of
taxol-stabilized microtubules, 2 uM RNZ complex, and 5 M BSA. Binding was quantified
using anti-NDC-80 immunoblots of Supernatant (S) and Pellet (P) fractions. (see also Fig.
S2).

(D) (top) Schematic of mutations engineered in NDC-80 (Fig. S3). (bottom) Anti-NDC-80
immunoblot showing replacement of endogenous NDC-80 by transgene-encoded NDC-80
WT & variants (see also Fig.S1).

(E) Embryo viability analysis for the indicated conditions. Error bars are SD of embryo
lethality per worm. >10 worms and >1000 embryos were scored per condition.

(F) Microtubule cosedimentation, as in (C), with indicated NDC-80 complex variants
(Fig.S2).

(G) Chromosome segregation phenotypes for the indicated conditions. Bar, 5 um.
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Fig. 3. Tail-deleted NDC-80 isresistant to regulation by RZZ

(A) Chromosome segregation phenotypes for the indicated conditions. Bar, 5 pm.

(B) Plot of spindle pole separation kinetics, as in Fig. 1C.

(C) Experimental strategy for analyzing the effect of different ndc-80 transgenes in an
ndc-80(tm5271) mutant background (Fig. S5). Graph on the right shows the percentage of
homozygous mutant larvae that develop into fertile adults producing viable embryaos. In the

absence of a transgene, all homozygous mutants arrest as larvae (Fig. S5).

(D) Fate of ndc-80(tm5271) larvae for the indicated conditions. n is the number of

homozygous ndc-80(tm5271) worms/larvae analyzed. See also Fig. S5.

Science. Author manuscript; available in PMC 2014 June 06.




1duosnuei\ Joyiny Vd-HIN 1duosnueiN Joyiny Vd-HIN

1duosnuei\ Joyiny Vd-HIN

Cheerambathur et al. Page 9

A F199A

C. elegans 193 AARGNSMFSEVIDAERK 208

H. sapiens 251 NSKGNSLFAEVEDRRAA 267
D. rerio 253 NSKGNSLFSEVEDKRAA 269
D. melanogaster 229 DRKGNSLFAEVDDQRQA 245

\_— o .

1
C. elegans SPDL-1 oY ied Merge
WT F199A

spdl-1 — ———r———
-Nz (l‘fm}i): + - + - +
100 50 25 12 6 100 100 100 100 100 F199A
SPDL-1
er—— L .!

Monopolar Spindles

spdl-1Transgene:

=_—_— ———— ]<a-tubulin spdl-1(RNAI)
rod-1 &
C spdl-1(RNAi) spdl-1(RNAi) spdl-1(RNAi)
+

+ +
spdl-1(RNA)  sPDL-1WT  spDL-1F'®A  gppL.1F199A

Fig. 4. Dynein recruitment by SPDL-1isrequired to turn off RZZ-mediated inhibition of
NDC-80

(A) (top) The mutation (F199A) engineered in the Spindly motif. (bottom) Anti-SPDL-1
immunoblot, as in Fig. S1D. a-tubulin is a loading control.

(B) Analysis of dynein heavy chain (DHC-1) recruitment to unattached kinetochores of
monopolar spindles generated by depleting the centriole duplication kinase ZYG-1 (Fig. S7).
Bar, 5 pm.

(C) Chromosome segregation phenotypes for the indicated conditions. See also Fig. S7 and
Fig. S8. Bar, 5 um.
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