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Abstract

Chromosome segregation during mitosis requires assembly of the kinetochore complex at the
centromere. Key to kinetochore assembly is the specific recognition of the histone variant CENP-
A in the centromeric nucleosome by centromere protein C (CENP-C). We have defined the
determinants of this recognition mechanism and discovered that CENP-C binds a hydrophobic
region in the CENP-A tail and docks onto the acidic patch of histone H2A/H2B. We further find
that the more broadly conserved CENP-C motif uses the same mechanism for CENP-A
nucleosome recognition. Our findings reveal a conserved mechanism for protein recruitment to
centromeres and a histone recognition mode whereby a disordered peptide binds the histone tail
through nucleosome-docking-facilitated hydrophobic interactions.

The accurate segregation of chromosomes during mitosis is essential for reproduction and
development of all organisms. Chromosome segregation is facilitated by the attachment of
mitotic spindle microtubules to the kinetochore, which is assembled on the chromosomal
centromere (1). Human CENP-A chromatin is constitutively associated with a complex of
sixteen centromere proteins (2, 3). Among these sixteen proteins, only CENP-C has been
identified in all model organisms (4). CENP-C recognizes the carboxyl tail of CENP-A in
the centromeric nucleosome (5, 6). Human CENP-C consists of four functional regions (fig.
S1A). The N-terminal region interacts with the Mis12 complex (7). The central region and
the CENP-C motif are required for targeting CENP-C to the centromere (5, 8-11). The
central region directly binds to the CENP-A nucleosome while the targeting mechanism for
the CENP-C motif is unknown. The C-terminal region is responsible for CENP-C
dimerization (12).

To explore how CENP-C recognizes the CENP-A nucleosome, we first investigated the
central region (CENP-Cyy4_537) alone by nuclear magnetic resonance spectroscopy (NMR)
and found that it is disordered (fig. S1B, C). We then examined CENP-Cy)4_537 in complex
with reconstituted Drosophila nucleosomes containing the H3_;3p-LEEGLG chimera. The
residues in the CENP-A nucleosome that are exposed for binding of CENP-C are essentially
conserved in the Drosophila H3 nucleosome (5, 13) (fig. S2A, B), and CENP-C45¢.537 binds
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to the CENP-A and Drosophila H3_13,-LEEGLG nucleosomes with the same stoichiometry
and similar affinity (figs. S2C-E, S3). We found that the residues 426-481 of CENP-Cyp4.537
remain disordered while residues 482-537 fold into the chimeric nucleosome core (fig.

S1B).

Using methyl-based chemical shift perturbation and paramagnetic relaxation enhancement
(14, 15), we mapped the binding sites between CENP-C45¢.537 and the chimeric
nucleosome. Upon binding of CENP-Cy45¢.537, the cross-peaks of methyl groups of residues
Leu62 in H2A, Leu103 in H2B, Leuloo, Leu103, 116124, HC]Z(,, and 116130 in H3, and 11650 and
Leusg in H4 displayed large chemical shift changes, while those of Leugyq in H2A and Vals7,
Valg, llegp, and Valgs in H4 disappeared (Fig. 1A, C and fig. S4), suggesting close contact
of these residues with CENP-Cy4y¢.537. We next individually mutated each of the residues
Phesqg, Valsgg, Valsy7, llesss, and Serszs in CENP-Cyg4.537 to Cys and linked them to a
paramagnetic spin label. Binding of paramagnetic spin-labeled CENP-Cyg4._537 reduced the
peak intensities of the methyl groups in the nucleosome in accordance with their distance
from the paramagnetic center. While spin labels of residues Valsgg and Vals;7 mainly
affected the methyl groups near the C-terminal region of the histone fold of H2B, the spin
label of residue Iles,3 affected methyl groups at an acidic residue-rich region (acidic patch)
(Fig. 1B, C and fig. S5). In contrast, the spin label of residue Sers35 affected the methyl
groups of H3;.13,-LEEGLG near the C-terminal tail (Fig. 1B, C). These results indicate that
CENP-C residues 509-535 bind to the histone surface, using hydrophobic

residues 530WWVVs33 to recognize the LEEGLG tail and docking the positively charged
region (Argsyp 1, Argsny, Argsys and Argspg) on the acidic patch region (fig. SSE, S6, and
SOM text). The CENP-C residues 482-508, which include many positively charged
residues, likely bind to DNA (fig. S6). The CENP-C binding region in the core histones of
the Drosophila H3 nucleosome has the same structure as the corresponding region of the
human CENP-A nucleosome (16) (fig. S7), further validating the use of the chimeric
nucleosome.

Deletion and isothermal titration calorimetry studies showed that CENP-C 520-537 region
contains residues critical for binding to the chimeric nucleosome (table S1). Ala-scanning
revealed that substitution of any one of the Argsy,, Trpszg, or Trps3; residues with Ala in
CENP-Cy444.537 abolished binding (Fig. 2A, fig. S8A and table S2). Conversely, the single
charge-reversal mutations Glu60Lys, Glu63Lys, and the neutralizing mutation Glu90Thr in
H2A each essentially abolished the binding (fig. S8A and table S2). Individual substitution
of the two Leu residues in the C-terminus of H3;_13,-LEEGLG with Ala reduced the
dissociation equilibrium constant (Kgy) by a factor of ~3 and ~4, respectively (fig. S8A and
table S2). In contrast, Ala substitution of the two Glu residues increased the K4 by a factor
of ~3 and ~10 (table S2), respectively, indicating that the CENP-A C-terminal tails have not
evolved for high affinity binding with CENP-C. Mutation of CENP-C central region
residues Argsyo, Trpszg or Trps3; to Ala also substantially decreased the localization of
GFP-fused CENP-C|_s37 to centromeres in human cells, whereas the S520A or S524A
mutation had smaller effects (Fig. 2B and fig. S§B). Mutation of the two acidic patch
residues Glug; and Glugy residues in H2A to either Ala or positively charged Lys inhibited
the recruitment of CENP-C from the X. /aevis egg extract to the reconstituted CENP-A
nucleosome array (Fig. 2C and fig. S8C) (6). Neutralization of the acidic patch by the
mutations did not disrupt the formation of condensed CENP-A nucleosome arrays (fig. S9).

The central region of CENP-C is conserved in most mammals, whereas the CENP-C motif is
conserved from budding yeast to human (fig. SIOA). Residues Argsy,, Trpszg, and Trps3y,
which are most important for the binding of the CENP-C central region to the chimeric
nucleosome, are essentially conserved in the CENP-C motif and correspond to residues
Arg4o, Tyrysg and Trpys;, suggesting that the human CENP-C motif may also bind to
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CENP-A and H3_13;-LEEGLG nucleosomes. Indeed, chemical shift perturbation studies
indicate that the CENP-C motif binds to the similar sites on the core histones in the H3;_135-
LEEGLG nucleosome as the CENP-C central region (Fig. 3A and fig. S11). Furthermore,
binding of the CENP-C motifs from human, rat, fission yeast, and budding yeast to the H3
chimeric nucleosomes containing the corresponding C-terminal residues of the CENP-A
homolog displayed reasonably strong affinities with Kq of 1.4 uM, 0.1 pM, 1.4 uM, and 0.3
M, respectively (fig. S12 and table S3). Charge reversal mutation of a single acidic residue
in the acidic patch (Glu60Lys or Glu63Lys) abolished the binding of the CENP-C motif
(table S3). Furthermore, mutation of the conserved sites within the rat CENP-C motif
(Arg717Ala, Tyr725Ala or Trp726Ala) substantially decreased the binding affinity (fig. S12
and table S4). Mutation of the residues corresponding to Argy;7 in frog, fly and fission yeast
prevented targeting of CENP-C to the centromere (9-11).

We determined the crystal structure of the rat CENP-C motif in complex with the
corresponding H3_13-IEGGLG nucleosome at 3.5 A resolution (Fig. 3B, fig. S13 and table
S5). In the structure, the conserved CENP-C motif residue Tyr7,5 recognizes the residues
Ile;33 and Leuy37 in the IEGGLG tail through hydrophobic interactions, inducing the
IEGGLAG tail to fold to a turn structure and promoting intramolecular hydrophobic
interactions between Ile 33 and Leu;37. CENP-C residue Trp7,¢ forms intra-molecular
hydrophobic interactions with CENP-C residue Tyr7,5, in addition to interacting with the
hydrophobic region of the side chain of residue Argj,g in H3{_135. CENP-C residues Argy7
and Argy9 form electrostatic interactions with the acidic patch residues Glugg, Glugs,
Aspgg, and Glug; of H2A and Gluq, of H2B. Binding to the acidic patch was similarly
found in structures of LANA (17), RCC1 (18), and the Sir3 BAH domain (19) in complex
with the nucleosome.

Whereas CENP-C motifs are well conserved among all species, the C-terminal tails of
CENP-As are not (fig. S10B). We observed a common feature in the C-terminal tails of
CENP-As: they are more hydrophobic than those of corresponding H3. In particular, the C-
terminal tails of CENP-As have at least one bulky hydrophobic residue such as Ile, Leu, Val
or aromatic residues (with the exception of fission yeast), which are absent in the C-terminal
tails of H3. In addition, nucleosomes containing chimeric H3_13,-QFI (C-terminal tail of
CENP-A in budding yeast) bound to the central region and the CENP-C motif of human
CENP-C with similar affinity as nucleosomes containing H3;_13,-LEEGLG (Fig. 4 and table
S3). Thus, the higher hydrophobicity of the C-terminal tail of CENP-A rather than a specific
amino acid sequence is the key determinant for specific recognition by CENP-C.

Our findings can explain diverse experimental results in the literature. In human cells, the
CENP-Csg4.943 fragment, which contains the CENP-C motif and the dimerization domain, is
capable of being targeted to the centromere when over-expressed (20). In Xenopus,
chromatin in which H2A/H2B is replaced by protamines does not support CENP-C
localization to the centromere of sperm (9, 21). However, CENP-C co-localizes with CENP-
A upon addition of egg extract, as the histone chaperone nucleoplasmin catalyzes the
eviction of protamines and the incorporation of H2A/H2B dimers into the sperm chromatin
(21). The function of human CENP-A can be complemented by the budding yeast
Saccharomyces cerevisiae homolog Cse4 (22) (Fig. 4). Our study also suggests that CENP-
C can recognize CENP-A chromatin through multivalent interactions, allowing it to
associate more strongly and selectively (figs. S14, S15) (20, 23). In addition, our results
have implications for various structural models of the centromeric nucleosome, a widely
discussed and controversial topic (24). The finding that the broadly conserved CENP-C
motif in a dimeric CENP-C could bind to two H2A/H2B and two CENP-A/H4 molecules
constraints these models since CENP-C is constitutively associated with the centromeric
nucleosome. Our study provides the structural basis for the recognition of the CENP-A
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octameric nucleosome by CENP-C. Further understanding of how it engages chromatin
should provide important insight into favored compositions of CENP-A nucleosomes.

In a broader perspective, our finding that the widely conserved CENP-C motif binds to the
centromeric nucleosome, along with the recent identification of the budding yeast
homologues of the vertebrate centromere proteins CENP-T and CENP-W (25, 26), supports
a conserved mechanism of centromere targeting by the kinetochore. Furthermore, our study
has revealed a histone recognition mode whereby an intrinsically disordered peptide binds to
the histone tail through nucleosome-docking-facilitated hydrophobic interactions, which
broadens the repertoire of the cell to “read” histone variations (27, 28), not only at the
centromere but possibly also in other contexts.
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Binding sites between the CENP-C central region on the chimeric nucleosome mapped by
methyl-based NMR. (A) Histone methyl chemical shift perturbation (CSP) upon CENP-

Cy476.537 binding. (B) Effects on methyl groups by paramagnetic spin labels in CENP-

Cy484-537- (C) Nucleosome structure showing representative side chains (black balls) whose
methyl groups display large changes in (A) or (B), and approximate locations of CENP-C
residues (arrows). E133 in H3 is used to represent L133 in H3_;3,-LEEGLG.
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Figure2.

Residues important for binding of the central region of CENP-C and the chimeric
nucleosome. (A) Effects of mutations in CENP-Cy5¢_s537 on its binding to the H3{_3;-
LEEGLG nucleosome. No detectable binding (*). (B) Effect of CENP-C_s37 mutations on
centromere targeting in human cells (fig. S8B). Error represents SEM n=4, Students t
probability p €0.02 for all mutants. (C) Effect of H2A acidic patch mutations on localization
of CENP-C to the CENP-A nucleosome arrays. Error represents SEM, n=4, Students t
probability p €0.05 for both mutants.
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Broadly conserved CENP-C motifs bind to the H3 nucleosome chimera containing CenH3
C-terminal tails. (A) Nucleosome methyl CSP upon binding of the CENP-C motif. (B) The

structure of the rat CENP-C motif in complex with the H3;_;3,-IEGGLG nucleosome. (C)
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Hydrophobicity of the CenH3 tail is the primary determinant for recognition of CenH3 by
CENP-C. Isothermal titration calorimetric curves for binding of the human CENP-C central
region (CENP-Cy44.537) and the CENP-C motif (CENP-C7,7.7¢7) to nucleosomes containing
H3,.13>-LEEGLG (human) and H3_;3,-QFI (budding yeast), respectively.
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