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Abstract

The centromere is a unique chromosomal locus that ensures accurate segregation of chromosomes
during cell division by directing the assembly of a multiprotein complex, the kinetochorel. The
centromere is marked by a conserved variant of conventional histone H3 termed CenH3 or CENP-
A2. A conserved motif of CenH3, the CATD, defined by loop 1 and helix 2 of the histone fold, is
necessary and sufficient for specifying centromere functions of CenH33, 4. The structural basis of
this specification is of outstanding interest. Yeast Scm3 and human HJURP are conserved
nonhistone proteins that interact physically with the (CenH3-H4), heterotetramer and are required
for the deposition of CenH3 at centromeres in vivo5, 6, 7, 8, 9, 10, 11, 12, 13. Here we have
elucidated the structural basis for recognition of budding yeast CenH3 (Cse4) by Scm3. We solved
the structure of the Cse4-binding domain (CBD) of Scm3 complexed with Cse4 and H4 in a single
chain model. An a-helix and an irregular loop at the conserved N-terminus and a shorter a-helix at
the C-terminus of Scm3-CBD wraps around the Cse4-H4 dimer. Four Cse4-specific residues in
the N-terminal region of helix 2 are sufficient for specific recognition by conserved and
functionally important residues in the N-terminal helix of Scm3 through formation of a
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hydrophobic cluster. Scm3-CBD induces major conformational changes and sterically occludes
DNA binding sites in the structure of Cse4 and H4. These findings have implications for the
assembly and architecture of the centromeric nucleosome.

Unlike other eukaryotic species that have complex regional centromeres with multiple
centromeric nucleosomes14, budding yeast has a single centromeric nucleosome that is
necessary and sufficient to mediate the accurate segregation of chromosomes during mitosis
and meiosis15, 16, 17, 18. The simple centromeres of budding yeast provide an attractive
system for investigating outstanding topics in centromere biology, including the pathway of
CenHa3 deposition and the architecture of the centromeric nucleosome19, 20.

Yeast Scm3 and human HJURP are binding partners of CenH3-H4 and functionally required
for their deposition at centromeres in vivob, 6, 7, 8, 9, 10, 11, 12, 13. A conserved domain of
Scma3 dictates specific and stoichiometric binding of CenH3/H4 (Fig. 1a), forming a (Scm3-
Csed-H4), hexamer in 2 M NaCl5. This Cse4-binding domain (CBD) of Scm3 is mapped to
residues 84-1875. To investigate the structural basis for the recognition of Cse4 by Scm3,
we first analyzed the CBD of Scm3 by NMR and found that it is intrinsically disordered
(Supplementary Fig. 1). To overcome instability inherent in complexes of individual Scm3,
Cse4 and H4 fragments (Supplementary Figs. 2—4), we engineered a single chain molecule
in which Scm3 is inserted between Cse4 and H4 to assemble a stably folded molecule
(Supplementary Fig. 5). For convenience, we termed the single-chain molecule scSCH
(Scm3, Cse4, H4).

The structure of scSCH was determined using multi-dimensional NMR and verified by
structural analysis of its mutants (Fig. 1b—d and Supplementary Fig. 6). The structure of the
folded core of scSCH, which includes residues 97-135 of Scm3, 157-202 of Cse4, and 50—
99 of H4, is well-defined with RMSDs of 0.54 A for backbone atoms and 1.06 A for all
heavy atoms (Fig. 1e and Supplementary Table 1). Importantly, linker residues inserted
between Scm3, Cse4, and H4 do not alter the structure of the folded region. Proteolytic
cleavage of the two linkers in the folded scSCH only affects chemical shifts of neighboring
residues close to the cutting sites (Supplementary Fig. 7). Moreover, the folded structure of
the above tertiary complex is unchanged by refolding after denaturation in 6M GdmCl to
liberate the three components as individual polypeptides (Supplementary Fig. 8). Backbone
amide 1°N-{1H} hetero-nuclear Overhauser effects (NOE) reflect dynamic motions. The
folded core shows small dynamic motions (NOE > 0.7) except for loop 1 of Cse4 and the
small loop region following the N-terminal a-helix (aN) in Scm3 (Supplementary Fig. 9a,
b). In contrast, other regions display larger dynamic motions (NOE < 0.7), corresponding to
less-well defined structures (Supplementary Figs. 9-11).

In the structure of scSCH, Scm3 interacts broadly with both Cse4 and H4. The aN helix of
Scm3 makes close contacts with both the a2 helix of Cse4 and the a3 helix of H4 through
multiple hydrophobic interactions (Fig. 1b and Fig. 2a—d and Supplementary Figs. 9¢ and
13a). Following the aN helix, the loop region of Scm3 (residues 121 to 144) mainly
interacts with loop 1 of Cse4, except that a bulge (Scm3 residues 125-130) in the middle of
the loop lies on top of loop 2 of H4 (Fig. 1c and Supplementary Figs. 9d and 13b—d). Scm3
loop residues 140-144 also interact with the C-terminal portion of the a2 helix of H4
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(Supplementary Figs. 9d and 13e). Interestingly, Scm3 residues 145-154 are completely
disordered (Fig. 9b, e and Supplementary Fig. 10). Finally, the C-terminal a-helix (aC) of
Scm3 (155-161) makes interactions with the N-terminal region of the a2 helix of H4
(Supplementary Fig. 13f).

Next, we analyzed the effects of mutations on the formation of Scm3-Cse4-H4 complexes
with isothermal titration calorimetry. The results reveal that the Scm3 recognition motif
resides in the N-terminal region (181-190) of the a2 helix of Cse4. Double mutations
Met181Ser/Met184Gly and Alal89Ser/Ser190Val in Cse4 that change the Cse4-specific
residues to the corresponding residues in H3 reduced the binding affinity by a factor of 5.5
and 9, respectively (Fig. 2a, b and Supplementary Table 2 and Supplementary Fig. 14). A
double mutation 1le110Asp/lle117Asn in the aN helix of Scm3 decreased the binding
affinity by a factor of 85 (Fig. 2a and Supplementary Fig. 14 and Supplementary Table 2).
These residues are important for cell growth: mutation of the three residues (Met184,
Alal89, and Ser190) in Cse4 to corresponding residues in H3 leads to growth defect (small
colony)21 and mutation llel10Asp/lle117Asn in Scm3 abrogates cell viability7, consistent
with the effects of these mutations on the binding affinity between Scm3 and Cse4/H4
(Supplementary Table 2). Met181 should be important for cell function as well since it
interacts with Ile117 of Scm3 (Fig. 2a). It is possible that simultaneous mutation of the four
residues in Cse4 to the corresponding residues in H3 would abrogate cell viability.

In contrast, deleting the three extra residues (Lys172, Asp173, and GIn174) and mutating
Thrl70 in loop 1 (to Lys as in H3), all residues specific to Cse4 (Supplementary Fig. 12),
had little effect on the binding affinity (a factor of 1.1) (Supplementary Table 2). Mutation
of four residues (Val165, Thrl66, Aspl67, Glul68) at the C-terminal region of the al helix
of Cse4 to corresponding residues in H3 (lle, Ala, GIn, and Asp) also showed little effect on
the binding affinity (a factor of 1.4) (Supplementary Table 2). In addition, we found that
Scma3 is capable of pulling down the H3ATD-H4 chimera, in which the CATD of Cse4 is
swapped to the corresponding region of H322 (Supplementary Fig. 15). Furthermore, Scm3
can pull down an H3 mutant with only four residues replaced by the corresponding residues
in the a2 helix of Cse4 (Met181, Met184, Alal88, and Ser189) as well (Fig. 2c, d).
Importantly, Scm3 residues that interact with the four Cse4-specific residues are well
conserved in human HJURP (Fig. 1a). Indeed, Cse4 can also pull down the N-terminal
region (residues 2-81) of HIURP (homologous to the Cse4-binding motif of Scm39, 22) and
human H4 (Supplementary Fig. 16). This result is consistent with the ability of Cse4 to
replace human CENP-A at centromeres and maintain centromere function in human cells23.
In addition, the CENP-A residues that correspond to the four Cse4-specific residues are
reasonably conserved (Fig. 2d).

The structure of scSCH reveals the induction of major local conformational changes in the
structure of Cse4 and H4 relative to the (CENP-A-H4), tetramer. First, the packing between
the central a2 helices of Cse4 and H4 in the structure of scSCH is loose in comparison to
tight hydrophobic interactions in the homology-modeled dimer based on the H3-H4
structure in the nucleosome (Fig. 3a, b), or in the CENP-A-H4 dimer in the (CENP-A-H4),
tetramer24. Hydrophobic residues Leu59, Phe62, and Val66 in the a2 helix of H4 lose
interacting partners Tyr193, Ser192, and Leu186 in the a2 helix of Cse4 (Fig. 3a, b),
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(Phel01, Ala98, and Leu94 in human CENP-A24). Second, due to the insertion of the Scm3
loop, loop 1 in Cse4 loses close contact with loop 2 of H4 (Supplementary Fig. 13b) when
compared with the corresponding loops in the canonical histone octamer25 (Fig. 3c, d) or in
the human (CENP-A-H4), tetramer24 (Supplementary Fig. 17). Third, the a2 helix of Cse4
kinks in the middle in scSCH (Fig. 4a), as forced by the side chain of residue Met103 of the
aN helix of Scm3 (Fig. 4a). In contrast, the a2 helix of CENP-A or H3 is relatively straight
in the CENP-A-H424 (Fig. 4b) or H3-H4 tetramer25 (Supplementary Fig. 18). Fourth, the
C-terminal region (94-99) of H4 in scSCH adopts a striking helical conformation and
extends the a3 helix of H4. The helical conformation is induced by the side chain of Leu98
in the aN helix of Scm3 through hydrophobic interactions with the side chains of Leu98 and
Tyr99 of H4 (Fig. 4a, Supplementary Fig. 14 and Supplementary Table 2). This region is
presumably disordered in the (CENP-A-H4), tetramer24 (Fig. 4b). Interestingly, the same
region forms a mini B-strand that pairs with a p-strand of H2A in the canonical histone
octomer or with a -strand of histone chaperone Asfl in the Asf1-H3-H4 complex26,
27(Supplementary Fig. 18).

Furthermore, the C-terminal region of Cse4 has considerable disorder in sScSCH (Fig. 4a, b
and Fig. 1i). The same region is also disordered in the Cse4-H4 dimer and is not required for
Cse4-H4 binding to Scm3 (Supplementary Fig. 5 and Supplementary Fig. 19). This
“tetramerization domain” is well folded in the (CENP-A-H4), tetramer. Structure modeling
shows that imposing this folded domain on the corresponding region of Cse4 in scSCH
allows association as a (Scm3-Cse4-H4), hexamer without major structural incompatibility
(Supplementary Fig. 20), consistent with the existence of (Scm3-Cse4-H4), hexamers in 2M
NaCl5. However, in this context, histone topography in the scSCH structure outside the
tetramerization domain displays dramatic global conformational changes when compared
with the (CENP-A-H4), tetramer, making the modeled (Scm3-Cse4-H4), hexamer
incompatible with DNA binding (Supplementary Fig. 20). Moreover, the Scm3 loop in the
SCSCH structure blocks loop 2 of H4, which makes contacts with DNA in the canonical
nucleosome (Fig. 4a, b).

Thus, the structure of scSCH suggests that retention of Scm3 in association with centromere
DNA is unlikely to occur via binding of Scm3-CBD to Cse4/H4, as binding of DNA and
Scm3-CBD to Cse4/H4 are mutually incompatible. Instead, Scm3-CBD behaves as a
specific histone chaperone, and the retention of Scm3 with Cse4/H4 on centromeric DNA
requires its distinct DNA-binding domain (H. Xiao and C. Wu, manuscript in preparation).

The structure of scSCH reveals that a sub-region within the CATD, including four Cse4-
specific residues in the N-terminal region of the a2 helix of Cse4, is necessary and sufficient
for specific recognition by Scm3. Thus, the remainder of the CATD of Cse4 should be
important for association with other proteins for Cse4 functions. The CBD of Scm3 uses
both induced histone conformation changes26, 27 and direct steric occlusion28 to prevent
Cse4-H4 in the Scm3-Cse4-H4 complex from DNA binding (Supplementary Fig. 21).
Conversely, Cse4-H4, with a conformation similar to that of CENP-A-H4 in the (CENP-A-
H4), tetramer, is unfavorable for Scm3-CBD binding but favors DNA binding, suggesting a
competition mechanism for Scm3 and HJURP as CenH3-specific chaperones22.
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Methods Summary

Methods

See Supplementary Information for detailed methods.

All the proteins used in the present study were over-expressed in Escherichia coli and
purified using Ni-NTA column (Qiagen), ion exchange, gel filtration, and reverse-phase
HPLC (Waters). Uniformly isotope-labeled proteins were produced using M9 medium
with 1°NH,CI, 13C-D-Glucose, and D,0 as the sole source of the isotopes. The molecular
weight and stoichiometry of the complex were determined by velocity and equilibrium
sedimentation experiments on a Beckman Coulter Proteome XL-1 analytical ultracentrifuge
at 20.0 °C. The multi-dimensional NMR spectra were collected on Bruker 500, 600, 800,
and 900 MHz and Varian 600 and 800 MHz instruments. The structure was calculated using
the distance constraints measured by NMR and the program Xplor-NIH. Mutations were
made using a quick-change kit. The binding constants were measured on the MicroCal VP-
ITC instrument.

Protein sample preparation

All proteins were expressed in E. coli (BL21-codonPlus(DE3)-RIL) with pET vectors
(Stratagene). N-terminal His6-tagged fragments of Cse4 and Scm3 and their mutants were
first purified via Ni-NTA (Qiagen) whereas H4 and non-His-tagged fragments of Cse4 and
Scm3 were first purified via SP sepharose (GE Healthcare). They were next subjected to
reverse phase HPLC purification using acetonitrile and water as solvents. Purified proteins
were lyophilized. Isotope-labeled proteins for NMR studies were produced by growing E.
coli cells in M9 media with °NH,Cl, U-13C¢-Glucose, and D50 as the sole source for
nitrogen, carbon, and deuterium, respectively. For the measurement of side chain NOEs,
specific methyl labeling (-13CHg) for lle, Leu, and Val residues was also made following the
protocol of Kay and coworkers30.

To prepare the Cse4, H4 and Scm3 complexes, lyophilized proteins were first dissolved in
H,0. Their concentrations were determined by measuring the absorbance at 280 nm. Equal
amounts of each species were mixed together and dialyzed against 10 mM Tris-HCl and 2 M
NaCl at pH 7.4 and 4°C. After centrifugation, the soluble fractions were subjected to gel
filtration on Superdex 75 10/300 GL column (GE Healthcare, USA). The eluted complexes
were concentrated with an Amicon with Ultra Ultracel-10 membrane (Millipore, USA) and
exchanged to a final buffer of 50 mM MES at pH 5.6. The Cse4-H4 complexes were made
in the same way. Scm3ggp_o11 samples for NMR study were prepared by dissolving them in
8M urea and dialysis against corresponding buffer. scSCH and all other single chain
molecules derived from scSCH are purified with Ni-NTA (Qiagen) under native conditions
(20 mM Tris-HCl and 0.5 M NacCl at pH 8.0), followed by gel filtration with Superdex 200
10/60 column at 4 °C (GE healthcare, USA). The fractions with target protein were
concentrated and exchange to its final buffer.
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Analytical ultracentrifugation

Sedimentation velocity experiments were conducted in duplicate at 20.0°C on a Beckman
Coulter Proteome XL-I analytical ultracentrifuge. 400 uL of the sample of 35 uM in 50 mM
Mes (pH, 5.6) was loaded in a double sector centerpiece cell and analyzed at a rotor speed of
50 krpm. 100 scans were acquired as single absorbance measurements (A =280 nm) at 7.1
minute intervals using a radial spacing of 0.003 cm. Data were analyzed in SEDFIT 11.71 in
terms of a continuous c(s) distribution to obtain a sedimentation coefficient, s, and molecular
mass M (ref 31). Solution densities p were measured at 20.00 °C on a Mettler Toledo DE51
density meter and solution viscosities 1 were measured using a Cannon-Ubbelohde
viscometer and Cannon-CT 500 constant temperature bath set at 20.00 °C. The partial
specific volume v of the complex was calculated in SEDNTERP 1.09 (ref 32). ¢(s) analyses
were carried out using an s-value range of 0.5 to 6.0 with a linear resolution of 100 and a
confidence level (F-ratio) of 0.68. The analyses, implemented using time independent noise
corrections, returned root mean square deviation (rmsd) values for the best fits of 0.0040
absorbance units. Sedimentation equilibrium experiments were conducted at 20.0°C on a
Beckman Optima XL-A. 135 pL volumes of the complex were studied at loading
concentrations of 20, 39 and 78 uM, along with the sample recovered from the
sedimentation velocity experiments. Experiments were carried out using six channel
centerpiece cells at rotor speeds ranging from 18 to 34 krpm. In all cases data were acquired
as an average of 4 absorbance measurements at wavelengths of 280 and 250 nm using a
radial spacing of 0.001 cm. Sedimentation equilibrium at each speed was achieved within 40
hours. Data were analyzed globally in terms of a single ideal species using SEDPHAT 6.21
(refs 32, 33).

NMR experiments

NMR experiments were performed on Bruker 500, 600, 800, and 900 MHz and Varian 600
and 800 MHz spectrometers at 35°C. The following experiments were recorded. 2D:

[*H, 1H]-NOESY, [*H, 15N]-TROSY, [*H, 13C]-HMQC, 1°N-{*H} NOE; TROSY version
3D: HNCACB, HNCOCACB, HNCA, HNCOCA, HNCO, HNCACO; 3D HBHACONH,
HCCH-TOCSY, CCH-TOCSY, CCC(CO)NH, [*H,1°N]-NOESY-HSQC, [1H,1°N]
NOESY-HSQC (3C methyl-labeled sample), [1H, 13C]-NOESY-HSQC, [1H,13C]-NOESY-
HSQC (33C methyl-labeled sample). The spectra were processed using NMRPipe34 and
analyzed with NMRView35.

Structure calculation

Structure calculation was done using the program Xplor-NIH7. The NOE-derived restraints
were subdivided into four classes, strong, medium, weak, and very weak by comparison
with NOEs of protons separated by known distances as described in Zhou et al.37.
Backbone dihedral angle restraints (¢ and v angles) were obtained from analysis of 1H,,
HN, 13C,, 13Cg, 13CO, and 13N chemical shifts by using the program TALOS38. Two
constraints per hydrogen bond (dyp-o < 2.2 A and dy.o < 3.2 A) were added in the final
structure calculation after initial NOE-derived structures were obtained. The program
PROCHECK_NMR39 was used to evaluate the quality of the calculated structures.
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Isothermal titration calorimetric experiments

The ITC experiments were performed on a MicroCal VP-ITC by injecting Scm3g3_169
solution (250 UM) to a solution of single chain Cse4-H4 or their mutants (His6-KK-
Csedq51_207-LVPRGS-H4,5_193) solution (20 pM) in a chamber of 1.4 ml at 25 °C in 50
mM MES (pH 5.4) and 0.1 M NaCl. Twenty-nine injections (each of 10 pl) were made and
the heat released was analyzed. The data was analyzed as described by Houtman et al.40.

Pull-down experiments

Pull-down experiments were carried out in 50 mM sodium phosphate, 25 mM imidazole, 2
M NaCl, pH 8.0 at room temperature. Ni-NTA (Qiagen) beads were mixed with His6-
Scm3gg_169 With a final concentration of 6 uM. Approximately 10 fold excess of (Cse4-H4),
or (H3-H4), or their mutants was mixed with beads and incubated. The incubation was at 25
°C for 30 minutes. The beads were washed with the same buffer three times. The complex
formed on the beads was eluted with 250 mM imidazole and analyzed by SDS-PAGE.
Beads without His6-Scm3 were also incubated with corresponding (Cse4-H4), under
identical conditions to assess background binding and the integrity of the tetramer. No non-
specific binding was identified in 2 M NaCl. For molecules derived from thrombin digested
single chain proteins, the complex was incubated with Ni-NTA (Qiagen) beads at 25 °C for
30 minutes and then washed 3 times. The final complex formed on the beads was eluted
with either 8 M Urea or 250 mM imidazole. The eluted molecules were analyzed by SDS-
PAGE.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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oN L oC
S
S. cerevisiae 90 DEVMERHKLADENMRKVWSNIISKYES--IEEQGDLVDLKTGEIVEDNGHIKTLTANNSTKDKRTKYTSVLRDIIDISDEED 169
S. pombe 36 DDVECKRIESEKKYNDFLESLFKKYGR-DTSDIADEVDLATGEIIVNNGHLEALK 89

Human HJURP 16 DQLLOKLRASRRRFQRRMORLIEKYNQ--PFEDTPVVOMATLTYETPQGLRIWGG 68

Figure 1. Overall structure and dynamics of scSCH
a, The amino acid sequence and secondary structures of the Cse4-binding domain of Scm3

in sScSCH. Also shown are the conserved regions in the Scm3 of S pombe and human
HJURP. The highly conserved residues are highlighted in red. The region in the folded core
is shown in dark magenta (see e). b—d, Front, bottom, and back view of the scSCH structure
shown in ribbon. Scm3, Cse4, and H4 are in magenta, cyan, and dark green, respectively.
The full sequence of scSCH is M-Hisg-KK-Cse4150_227-LVPRGS-Scm3g3_169-GDK-

H445_103.
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a

H3 mutant
His6-Scm3
H4
Csed N Sers
A2
o3’ v
Csed  -—--------- I ST '

— o ] T T~
CATD 166 TDEFTTKDQDLRWOYMAIMALQEASEAYLVGLLEHTNLLAL 201

H3 75 AQDFKT---DLRFQS[SAIGALQESVIEAYLVSLFEDTNLAAI 112
H3Mut_4 MAIMALQEAS
H3Mut_5 WOSMAIMALQEAS

H3L1 75 TDEFTTKDQDLRW
CENP-A 75 CVKFT-RGVDFNWQAQALLALQEAAEAFLVHLFEDAYLLTL 114

Figure 2. The N-terminal region (181-190) of the a2 helix of Cse4 is the Scm3 recognition motif
a, 11e110, 1le111, Tyr114, and lle117 (balls in magenta) in the aN helix of Scm3 form a

hydrophobic cluster with Cse4-specific residues Met181 and Met184 (balls in cyan) in the
a2 helix of Cse4. b, Trp107 (balls in magenta) in the aN helix of Scm3 has close
interactions with the Cse4-specific residue Alal89 (balls in cyan) in the a2 helix of Cse4.
Ser190 is also a Cse4-specific residue (balls in cyan). ¢, SDS-page gels showing the pull-
down results with mutants of H3. Upper panel shows the input of H3 mutants and H4.
Lower panel shows the molecules eluted from His6-Scm3 (Scm3g5-169)-bound beads with
250 mM imidazole. d, lllustration of the secondary structures in Cse4 and the Scm3
recognition motif (dark cyan), CATD, and the mutants used in the pull-down experiments.
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The red squares indicate the four residues that are sufficient for specific recognition of Cse4
by Scm3. The sequences swapped from Cse4 to H3 in the mutations are shown. The
sequences that are not changed in the swap are omitted.
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Figure 3. Altered interactions in the CATD region in scSCH
a, The region of the a2 helices of Cse4 and H4 in scSCH, showing that there is little side

chain interaction between the two helices. b, The corresponding region of the a2 helices of
Cse4 and H4 in the Cse4-H4 dimer structure obtained by homology modeling based on the
structures of H3 and H4 in the nucleosome, showing that there are many hydrophobic
interactions. ¢, The region of the a2 helices of H3 and H4 in the nucleosome. d, Region of
loop 1 of Cse4 and the loop 2 of H4. The side chains of the hydrophobic residues are shown
in stick and orange. The extra three residues in loop 1 of Cse4 are shown in stick. e, The
corresponding loop 1 of H3 and loop 2 of H4 in the nucleosome structure. The hydrophobic
residues are shown in stick and orange.
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a

Figure 4. Scm3 induces large conformational changes in Cse4 and H4 and prevents loop 2 of H4
from binding to DNA

a, Cse4-H4 in scSCH. The extended a3 helix in H4 is shown in light green. The loop of
Scm3 pushes loop 1 of Cse4 away from loop 2 of H4 and prevents loop 2 of H4 from
binding to DNA. DNA is modeled to bind the loop 2 region of H4 based on the canonical
nucleosome structure29. b, CENP-A-H4 in the (CENP-A-H4), tetramer. DNA is modeled to
bind to loop 2 region of H4 based on the canonical nucleosome struture29.
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