Molecular basis of CENP-C association
with the CENP-A nucleosome at yeast
centromeres
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Histone CENP-A-containing nucleosomes play an important role in nucleating kinetochores at centromeres for
chromosome segregation. However, the molecular mechanisms by which CENP-A nucleosomes engage with ki-
netochore proteins are not well understood. Here, we report the finding of a new function for the budding yeast Cse4/
CENP-A histone-fold domain interacting with inner kinetochore protein Mif2/CENP-C. Strikingly, we also dis-
covered that AT-rich centromere DNA has an important role for Mif2 recruitment. Mif2 contacts one side of the
nucleosome dyad, engaging with both Cse4 residues and AT-rich nucleosomal DNA. Both interactions are directed
by a contiguous DNA- and histone-binding domain (DHBD) harboring the conserved CENP-C motif, an AT hook,
and RK clusters (clusters enriched for arginine-lysine residues). Human CENP-C has two related DHBDs that bind
preferentially to DNA sequences of higher AT content. Our findings suggest that a DNA composition-based
mechanism together with residues characteristic for the CENP-A histone variant contribute to the specification of

centromere identity.
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Kinetochores are large subcellular assemblies of ~75 poly-
peptides that assemble on chromosome centromeres to
enable the faithful segregation of replicated daughter
chromosomes during cell division (Fukagawa 2004; Big-
gins 2013). The discovery of three centromere-specific hu-
man autoantigens, designated CENP-A (the histone
variant of CenH3), CENP-B (a sequence-specific helix—
turn-helix DNA-binding factor), and CENP-C (a compo-
nent of the inner kinetochore), paved the way toward a
molecular characterization of centromeric chromatin
and its role in kinetochore assembly (Fukagawa and Earn-
shaw 2014). At the fundamental level of the nucleosome,
the replacement of canonical histone H3 with CENP-A in
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centromere-specific nucleosomes creates a platform for
the recruitment of CENP-C (Carroll et al. 2010; Gas-
coigne et al. 2011). CENP-C is colocalized with CENP-A
at metazoan centromeres and serves as a structural link
between CENP-A nucleosomes and outer kinetochore
proteins, thereby connecting centromeres to microtu-
bules of the spindle apparatus for chromosome segrega-
tion (Moroi et al. 1980; Earnshaw and Rothfield 1985;
Saitoh et al. 1992; Sullivan et al. 2001; Biggins 2013; Fuka-
gawa and Earnshaw 2014). CENP-C is a key component of
a multisubunit CCAN (constitutive centromere-associat-
ed network) complex establishing the inner kinetochore
(Weir et al. 2016 and references 3-6 therein). Hence, the
molecular basis of mutual recognition between CENP-C
and the CENP-A nucleosome is central to understanding
how the inner kinetochore engages with centromeric
chromatin.
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The core of the CENP-C polypeptide harbors three con-
served domains important for centromere targeting: a
highly conserved “CENP-C signature motif” that contacts
the hydrophobic C terminus of CENP-A (Carroll et al.
2010; Kato et al. 2013), a central DNA-binding region
that contains a CENP-C-like motif, and a homodimeriza-
tion domain whose crystal structure displays a “cupin”
or jelly roll structural motif (Fig. 1A; Supplemental Fig.
S3A; Brown 1995; Lanini and McKeon 1995; Yang et al.
1996; Sugimoto et al. 1997; Politi et al. 2002; Cohen
et al. 2008; Milks et al. 2009; Trazzi et al. 2009; Kato
et al. 2013). The budding yeast CENP-C homolog Mif2
(Meeks-Wagner et al. 1986) lacks the vertebrate-specific
DNA-binding region but contains one CENP-C motif
and one “AT hook” (see Fig. 1A; Brown 1995; Huth et al.
1997; Reeves 2000; Cohen et al. 2008). Early studies have
shown that the AT hook of Mif2 contributes to centromere
targeting and chromosome segregation in vivo (Brown
1995; Lanini and McKeon 1995; Meluh and Koshland
1995; Cohen et al. 2008). Furthermore, an N-terminal
domain in Mif2 associates with two kinetochore proteins
(Amel-Okpl) to facilitate outer kinetochore assembly
(Hornung et al. 2014).
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AT-rich DNA targets CENP-C to CENP-A nucleosomes

Genetic epistasis experiments indicated that the yeast
CENP-A histone variant (named Cse4) is required for re-
cruitment of Mif2 to the centromere (Collins et al. 2005),
and biochemical studies revealed close association be-
tween the two proteins in native chromatin (Biggins
2013; Westermann and Schleiffer 2013; G Mizuguchi and
C Wu, unpubl.). Moreover, high-resolution ChIP-qPCR
(chromatin immunoprecipitation [ChIP] combined with
quantitative PCR [qPCR]) located both Mif2 and Cse4 to
the genetically defined 125-base-pair (bp) yeast centro-
mere (Cohen et al. 2008). These findings imply that for
each of the 16 budding yeast chromosomes, Mif2 is specif-
ically targeted to a single Cse4 nucleosome over thousands
of conventional nucleosomes (Biggins 2013). How this
enormous selectivity of Mif2 for the Cse4 nucleosome is
achieved is an important question in centromere biology.

Results

Reconstitution of a budding yeast centromeric
nucleosome

Previous studies demonstrated that the conserved CENP-
C motif makes direct contact with hydrophobic C-

Figure 1. The Mif2 core (Mif2c)dimer binds stoichio-
metrically to a Cse4-containing nucleosome. (A) Dia-
gram of Mif2¢, the conserved core region of fungal
Mif2 and the defined DNA- and histone-binding
domain (DHBD) (see also Supplemental Fig. S7; Brown
1995; Cohen et al. 2008). (B) Native agarose gel electro-
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mass 230 kDa). (D) SDS-PAGE of sucrose gradient peak fractions of the Cse4/CEN3 nucleosome and its complex with the Mif2c dimer.
Quantification showed molar ratios of Cse4/H2B:H2A:H4 of 1:1:0.97 and of the DNA:histone octamer of 1:0.98 for free nucleosomes
and of Cse4/H2B:H2A:H4:Mif2c dimer of 1:1.03:0.98:1 and of the DNA:histone octamer of 1:0.94 for Mif2¢ dimer-bound nucleosomes.
(E) Differential interference contrast and fluorescence microscopy of Mif2-tdEos fociin G1, S, G2, and mitosis. (M) Metaphase; (A) anaphase;
(T) telophase. Photoconverted (red-emitting) tdEos is shown in a negative format. (F) The persistence of Mif2-tdEos and turnover of Cse4-
tdEos through S phase. Cells were imaged immediately after photoconversion (pulse) and after cell cycle progression (40- to 90-min chase).
Representative cells are shown. (Red) G1-to-G2 progression through S phase; (green) G2 to anaphase of mitosis. (G) Fluorescence of Mif2-
tdEos or Cse4-tdEos clusters in telophase after photoconversion (minimum, first quartile, median, third quartile, and maximum values are
plotted). Parenthetically, an earlier report (Lawrimore et al. 2011) likely underestimated the Mif2:Cse4 ratio due to reliance on a malfunc-
tioning version of Cse4 carrying a GFP tag immediately following critical QFI residues at the C terminus (Wisniewski et al. 2014).
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Figure 2. Both Cse4 histone and CEN DNA contribute to Mif2¢ dimer binding. (A) CEN3 and pericentric (periCEN) DNA coordinates
from in vivo nucleosome positions (Cole et al. 2011). (B-E) Representative gel scans and accompanying data graphs of electrophoretic mo-
bility shift assays (EMSAs). Reaction mixtures containing equal amounts of two differently colored nucleosomes (labeled with Alexa fluor
555 or Alexa fuor 647) bearing Cse4 or H3 on CEN3 or periCEN DNAs (see Supplemental Fig. S4B) were incubated for 40 min at room
temperature and then resolved on 1.3% native agarose gels. Gels were scanned for two-color fluorescence (GE Typhoon) and analyzed
by ImageQuant, values were imported to Prism, and the percentage of Mif2c dimer-bound nucleosome was graphed. (Top gel scans) Alexa
fluor 555, with closed circles indicating Mif2¢ dimer-bound nucleosomes. (Bottom gel scans) Alexa fluor 647, with open circles indicating
Mif2c dimer-bound nucleosomes. B and F represent Mif2c dimer-bound and free nucleosomes, respectively. The equation for calculating
relative affinities/binding constant (relative K,) is from Liu-Johnson et al. (1986) (see the Materials and Methods). The average relative K,
values and standard deviation/error bars were calculated using Microsoft Excel with four to 10 concentration points from two or more
independent EMSAs. For E, higher Mif2¢ dimer concentrations generated a second bandshift of the H3/CEN3 nucleosome, suggesting

binding of two Mif2¢ dimers.

terminal amino acids of CENP-A (Carroll et al. 2010; Kato
et al. 2013) and, furthermore, that CENP-C binding gener-
ally stabilizes and reshapes the CENP-A nucleosome (Falk
etal. 2015, 2016). To further elucidate the selectivity of the
budding yeast Mif2 for the Cse4 nucleosome, we examined
biochemical interactions between a reconstituted centro-
meric nucleosome and a budding yeast Mif2 derivative
harboring the major conserved motifs of CENP-C (Mif2
core [Mif2c]) (see Fig. 1A). To this end, we reconstituted a
yeast centromeric nucleosome. The nucleosome reconsti-
tution used the natural centromere 3 (CEN3) DNA se-
quence (Fig. 2A) and bacterially expressed yeast histones
H2A, H2B, H4, and the entire Cse4 histone fold to the C
terminus (but not the divergent N-terminal tail) (Fig. 1B;
Supplemental Fig. S1). We first showed by analytical ultra-
centrifugation (AUC) that the reconstituted Cse4/CEN3
nucleosome has a molecular mass consistent with an
“octasome,” comprising two each of the histones H2A,
H2B, Cse4, and H4 (Fig. 1C; Supplemental Fig. S1A).
Also, consistent with previous reports (Tachiwana et al.
2011; Xiao et al. 2011), the nucleosome protects ~120-
130 bp of DNA (Supplemental Fig. S1B,C). Furthermore,
hydroxyl radical footprinting showed a cleavage pattern
typical of a nucleosome for the reconstituted Cse4/CEN3
nucleosome, with the nucleosome dyad closely coinciding
with the in vivo nucleosome center (Supplemental Fig.
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S2A-C). We refer to this nucleosome as the “Cse4” nucle-
osome, as it had the same affinity for the Mif2c dimer as
one containing full-length Cse4 (data not shown).

The Mif2 homodimer forms a 1:1 complex with the Cse4
nucleosome

We first performed AUC to show that Mif2c is a dimer in
solution and binds as a dimer to DNA (Supplemental Fig.
S3C) or to the nucleosome (Fig. 1C). The Mif2¢ dimer
binds with high affinity (K;=0.1 nM) to the Cse4/CEN3
nucleosome, as shown by an electrophoretic mobility
shift assay (EMSA) (Supplemental Fig. S3D). Thus, at
nanomolar concentrations, the Mif2¢c dimer and the
Cse4/CEN3 nucleosome form a stable complex with 1:1
stoichiometry, as measured by EMSA and AUC (Fig. 1B,
C) and further confirmed by sucrose gradient centrifuga-
tion and SDS-PAGE (Fig. 1D).

To examine the in vivo stoichiometry of Mif2 and Cse4
at centromeres, we tagged the endogenous proteins
with photoconvertible fluorescent protein tdEos for ex-
pression under native promoter control. In live cells,
Mif2 was localized to the cluster of 16 yeast centromeres
linked to a spindle pole body, in a manner identical to
Cse4 at every stage of the cell cycle (Fig. 1E; e.g., see Wis-
niewski et al. 2014). Strikingly, photoconverted Mif2
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persists into the following cell cycle (Fig. 1F), a high level
of stability distinct from the complete turnover and re-
placement of Cse4 with newly synthesized molecules at
the start of S phase (Fig. 1F; Wisniewski et al. 2014).
Because of slow fluorophore maturation (t;/, ~45 min)
(Wisniewski et al. 2014) and the longevity of Mif2, Mif2-
tdEos harbors more mature fluorophores than does
Cse4-tdEos, accounting for ~30% higher fluorescence in-
tensity when measured at telophase (Fig. 1G). Hence, the
observed intensities are consistent with a 1:1 stoichiome-
try of Mif2 and Cse4 at the centromeres as measured in
vitro.

The Mif2c dimer binds with a more than 1000-fold
selectivity for centromeric over pericentric nucleosomes

To investigate how Mif2 discriminates between centro-
meric and canonical nucleosomes, we first reconstituted
centromeric (CEN) and pericentric (periCEN) nucleo-
somes on DNA fragments with different fluorescent la-
bels (Fig. 2A). DNA sequences for reconstitution
followed the in vivo map of the nucleosome positioned
at CEN3 and the pericentric nucleosome to its left (Cole
et al. 2011). We then performed competitive binding ex-
periments comparing the association of the Mif2c dimer
with the in vitro reconstituted Cse4/CEN3 and H3/peri-
CEN nucleosomes by determining their relative affinities
or relative binding constant (relative K;) using gel mobil-
ity shift analysis of bound and free fractions (see the Mate-
rials and Methods; Liu-Johnson et al. 1986). Strikingly, the
Mif2c¢ dimer bound with a more than 1000-fold preference
for the Cse4/CEN3 nucleosome over the H3/periCEN nu-
cleosome (Fig. 2B). The affinity of the Mif2c dimer for the
Cse4 nucleosome reconstituted on the CEN4 sequence
was the same as for CEN3 (Supplemental Fig. S4C). The
three orders of magnitude preference for centromeric
over pericentric nucleosomes is consistent with Mif2’s
function in vivo, where it must target a single Cse4 nucle-
osome among thousands of canonical nucleosomes along
a chromosome.

Both the Cse4 histone and centromere DNA contribute to
Mif2 targeting

The basis for selective targeting of Mif2 could be due to
unique features of the Cse4 histone and/or centromeric
DNA. Accordingly, we performed competitive binding
on reconstituted nucleosomes in which the Cse4 histone
or CEN3 DNA component was individually replaced. Sub-
stitution of Cse4 for H3 resulted in a substantially lower
preference for the Mif2¢ dimer, from >2000-fold to ~100-
fold (Fig. 2C), confirming that the Mif2.c dimer specifically
recognizes Cse4. Remarkably, substitution of CEN3 DNA
for periCEN or the Widom 601 nucleosome positioning
sequence also resulted in a substantially lower preference
for the Mif2c dimer, from >2000-fold to ~40-fold to 90-fold
(Fig. 2D; Supplemental Fig. S4D). Corresponding replace-
ment of periCEN with CEN3 DNA on the H3 nucleosome
increased its affinity ~60-fold for the Mif2c dimer (Fig. 2E).
These results demonstrate that both the Cse4 histone and

AT-rich DNA targets CENP-C to CENP-A nucleosomes

centromere DNA are important for, and act synergisti-
cally on, the selective binding of the Mif2¢ dimer.

To further define Cse4 residues important for recogni-
tion by Mif2, we examined the Mif2¢ dimer binding to nu-
cleosomes containing histone H3-Cse4 chimeras
reconstituted on CEN3 DNA (Fig. 3A,B). Replacement of
the H3 C-terminal segment from loop L2 to the C-terminal
end with corresponding Cse4 sequences substantially en-
hanced Mif2c¢ dimer binding to the hybrid nucleosome,
from a difference of ~100-fold to ~14-fold (cf. Figs. 3C [chi-
mera 1] and Fig. 2C). This is consistent with the impor-
tance of Cse4 C-terminal residues QFI (Kato et al. 2013).
However, loop L1 and the a2 helix of the Cse4 histone
fold were additionally required to restore full binding by
the Mif2c dimer (Fig. 3D, chimera 2). A highly conserved
feature of loop L1 among all CENP-A homologs is an exten-
sion of the loop by two or more amino acids (Cooper and
Henikoff 2004; Baker and Rogers 2006). The three extra
Cse4 L1 residues KDQ (Fig. 3A) form a distinct patch on
the globular histone surface, lying orthogonal to the
DNA superhelix on a surface model based on the crystal
structures of the human CENP-A histone core and nucleo-
some (Figs. 3E, 4D, 6D [below]; Sekulic et al. 2010; Tachi-
wana et al. 2011). The extra loop L1 residues R80 and
G81 of human CENP-A are solvent-accessible in the nucle-
osome structure and have been proposed for interaction
with trans-acting factors (Tachiwana and Kurumizaka
2011). Thus, the extended L1 loop residues may present
an additional cue for recognition by yeast Mif2 and human
CENP-C. Interestingly, the L1-a2 region is required for the
centromeric targeting of CENP-A (Black et al. 2004) by vir-
tue of its association with the CENP-A chaperone HJTURP/
Scm3(Zhouetal.2011; Hongetal.2013). Thus, loop L1 and
the a2 helix of the histone fold serve two distinct functions
for Cse4/CENP-A before and after histone deposition.

Site-specific binding of the Mif2c dimer on the
centromeric nucleosome

The 125-bp yeast centromere DNA consists of three con-
tiguous genetic elements: CDEI, CDEII, and CDEIII
(Hegemann and Fleig 1993). We used DNase I footprint-
ing to map the site for Mif2c dimer binding on the
Cse4/CEN3 nucleosome to an ~30-bp stretch within
the ~85-bp AT-rich CDEII element on one side of the nu-
cleosome dyad toward CDEIII (Fig. 4). To further map
precise Mif2-DNA contacts, we performed hydroxyl rad-
ical footprinting of the Mif2c dimer on the Cse4/CEN3
nucleosome. Since the hydroxyl radical is a small mole-
cule, only sites of close contacts are protected from its at-
tack. As shown in Figure 5, the Mif2¢c dimer protected
~30 bp of DNA from hydroxyl radical cleavage, highly co-
incident with DNase I protection. Given the minimal
binding site of 16-18 bp for the monomeric DNA- and
histone-binding domain (DHBD) (Supplemental Fig.
S7C), the 30-bp protection by the Mif2c dimer suggests
that both of the DNA-binding domains from dimeric
Mif2 engage on one side of the nucleosome. This raises
the question of why a Mif2 dimer should bind to only
one side of the nucleosome dyad when both sides consist
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Figure 3. Cse4 histone-fold loop 1-helix 2 are required for optimal binding by the Mif2¢ dimer. (A) Secondary structure elements and
sequence comparison of the Cse4 and H3 histone-fold domains; divergent residues are highlighted in gray or colored. (B) Diagram of
the H3 and Cse4 histone fold chimeras used for nucleosome reconstitution on CEN3 DNA. (C,D) EMSA showing the Mif2c dimer binding
to mixtures of nucleosomes bearing Cse4 reconstituted on CEN3 DNA-Alexa fluor 555 (top gel scans; closed circles indicate Mif2¢-bound)
or H3-Cse4 chimeras reconstituted on CEN3 DNA-Alexa fluor 647 (bottom gel scans; open circles indicate Mif2¢-bound). Binding reac-
tions, gel electrophoresis, data collection, and quantification were performed as in Figure 2. (E) Surface model of the Cse4 core histone
octamer (see the Materials and Methods; Sekulic et al. 2010; Tachiwana et al. 2011). Colors highlight the Cse4 surface residues diverged
from H3 and in regions required for Mif2 binding. (Pink) Cse4 C-terminal 227F and 2281 (Kato et al. 2013); (deep teal) L1 residue 171K; (red)

L1 residue 172D; (orange) L1 residue 173E.

of roughly equivalent AT percentage. We examined this
issue and discovered a second, slower mobility shift com-
plex upon a twofold to threefold increase of Mif2¢ dimer
concentration in the binding reaction (Supplemental Fig.
S5A). Hydroxyl radical footprinting shows that both sides
of the nucleosome dyad of this complex are now protect-
ed from hydroxyl radical cleavage (Supplemental Fig.
S5B-E). Thus, one Cse4/CEN3 nucleosome is capable of
binding to two Mif2 dimers occupying each side of the
nucleosome dyad. AT-rich DNA binding is still domi-
nant, but the rules for the preferred binding to a specific
AT-rich sequence remain unclear. We envision that the
exact AT base pair arrangement could confer subtle dif-
ferences in DNA bendability and/or conformation, mak-
ing one AT-rich side of the dyad more attractive than the
other.

To determine whether a site between the nucleosome
dyad and CDEIII is generally preferred for Mif2 interac-
tions on other centromeric nucleosomes, we performed
footprinting experiments on nucleosomes reconstituted
on CENI0. Interestingly, the Mif2c dimer footprint
mapped to AT-rich sequences on the opposite side of the
nucleosome dyad for CEN10, toward CDEI (Fig. 6).
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Thus, Mif2 interacts with the Cse4 nucleosome at a
dyad-adjacent site within CDEII, but its binding orienta-
tion relative to the dyad axis appears to be centromere-
specific. This implies that certain sequence arrangements
of the underlying AT-rich DNA are preferable to Mif2. To
examine whether the protected regions observed in nucle-
osomes reflect the sequence-specific binding of the Mif2¢
dimer to naked DNA, we performed DNase I footprinting
reactions with naked CEN3 DNA. As shown in Supple-
mental Figure S6, we observed no specific footprints for
the Mif2¢c dimer on naked CEN3 DNA despite assembly
of a discrete Mif2c dimer-DNA complex as shown by
EMSA. This indicates that site-specific localization of
Mif2 on the nucleosome requires engagement by both
DNA and the Cse4 histone cues described above.

Preference of the Mif2 DHBD for AT-rich
centromere DNA

The CDEII elements are highly AT-rich (~90%) and fur-
ther distinguished by statistical overrepresentation of
short A, ®T, or T,®A, tracts (Baker and Rogers 2005) and
ApT or TpA steps between tracts. Since AT-rich DNA is
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Bottom strand Figure 4. Mif2¢ dimer footprints on one
side of the Cse4 nucleosome on CENS. (A)
Nucleosomes reconstituted on **P-labeled
CEN3 DNA were incubated with purified
Mif2c dimer and partially digested with
DNase I, free and Mif2¢ dimer-bound nu-
cleosomes were resolved on an agarose
gel, bands were excised, and purified DNA
was analyzed on a sequencing gel. (B) Auto-
radiograms and densitometry scans of top
and bottom DNA strands of the Cse4/
CENS nucleosome (see Fig. 6 for the Csed/
CEN10 nucleosome). Red lines represent
free nucleosomes, and cyan lines represent
Mif2c¢ dimer-bound nucleosomes. (C) The
CDEII sequence, with blue bars above and
below indicating the span protected from
DNase I cleavage. The triangle indicates
the nucleosome dyad (see also Fig. 5; Shay-
tan et al. 2017). (D) Surface model of the
Cse4 nucleosome (following Fig. 3F), with
the DNase I footprint in blue.
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a known target for the AT-hook peptide motif (Reeves
2000), we tested binding of a Mif2c*™ mutant dimer in
which the AT-hook residues GRPRGRPK were changed
to AAADADAA (Fig. 7A). Despite complete mutation of
the AT hook, the Mif2c*™ dimer still retained some selec-
tivity for CEN3 over periCEN DNA as compared with the
wild-type Mif2c dimer (~11-fold vs. 110-fold) (see Fig. 7B,
C), implicating the presence of additional motifs that bind
selectively to AT-rich DNA. By analysis of deletion deriv-
atives, we defined a Mif2 DNA-binding region to residues
256-356 that immediately precede the AT hook and
contain the conserved CENP-A-binding CENP-C motif
(Supplemental Figs. S3A,B, S7A,B; Kato et al. 2013). Ac-
cordingly, we refer to the Mif2 DNA- and CENP-A his-
tone-binding domain plus the AT hook (residues 256-
365) as the DHBD. AUC showed that the bacterially ex-
pressed DHBD is a monomer in solution and when bound
to a 20-bp DNA (Supplemental Fig. S7C). EMSAs using
dsDNA oligonucleotides showed that the minimal site
for stable binding of the monomeric DHBD is 16-18 bp
(Supplemental Fig. S7C). For longer DNA fragments
used in EMSA, the ladder of shifted protein-DNA com-

plexes represents multiple bindings of Mif2¢ dimers or
DHBD monomers.

The DHBD binds preferentially to CEN3 over 601 DNA
(98-fold) or periCEN DNA (32-fold) in competitive binding
experiments (Fig. 7D; Supplemental Fig. S7E). Important-
ly, DHBD®A™ with truncation of the AT hook (Sup-
plemental Fig. S7E) and DHBD*" with amino acid
substitutions of the AT hook (Fig. 7E) still retained sub-
stantial levels of binding preference for CEN3 DNA.
These results suggest the presence of additional DHBD el-
ements that also contribute to selective binding to CEN3
DNA. Inspection of the Mif2 DHBD peptide sequence re-
vealed three clusters enriched for arginine-lysine residues
(referred to as RK clusters) that could be responsible for
AT-rich DNA binding. RK1 and RK2 overlap the CENP-
C motif, while RK3 is located near the AT hook (Fig.
7A). As shown in Figure 7, F-H, amino acid substitutions
in these RK clusters resulted in significant reduction in
both affinity and binding preference for CEN3 DNA. In
particular, substitutions in RK3 drastically reduced
DNA binding (Fig. 7H), while substitutions in RK1 and
RK2 had lesser effects on DNA binding (Fig. 7F,G). Hence,
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among all DNA-binding elements in the DHBD, RK3 is
the dominant CEN3 DNA-binding motif, with contribu-
tions from the AT hook and the other RK clusters to the
overall affinity and binding preference for centromere
DNA. The smearing of electrophoretic mobility shift pat-
terns suggests lower stability for DHBD mutant-DNA
complexes during native gel electrophoresis (Fig. 7E-H).

Preference of human CENP-C for a-satellite DNA

RK clusters overlapping and adjacent to the CENP-C mo-
tif are conserved in many phyla (Supplemental Fig. S8),
suggesting that metazoan CENP-C proteins may use sim-
ilar features for preferential binding to centromere DNA,
such as a-satellite repeats. For human CENP-C, there

0.00-

-65 -60 -55 -50 -45 -40 -35 -30 -25 -20 -15-10 -5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

bottom strand 3’->5’ (one Mif2 dimer bound)

1.00-

0.75-

0.50-

—e—| free Nuc.
A ) —e—| (Mif2c), bound

A /
L\ P A\ »

AN M A A
\/ \..'N“ ‘.\..4 h;,/ ‘.\/ ‘,\::‘,;

-65 -60 -55 -50 -45 -40 -35 -30 -25-20 1510 5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Position (bp) with respect to dyad

Figure 5. Hydroxyl radical footprinting of
the Mif2.c dimer on the Cse4/CEN3 nucleo-
some. (A) Nucleosomes reconstituted on
33p.labeled CEN3 DNA were incubated
with purified Mif2¢ dimer and partially di-
gested with iron(II)-EDTA, free and Mif2c-
bound nucleosomes were resolved on an
agarose gel, bands were excised, and puri-
fied DNA was analyzed on a sequencing
gel. (B) Autoradiograms and densitometry
scans of top and bottom DNA strands of
the Cse4/CEN3 nucleosome. Red lines rep-
resent free nucleosomes, and cyan lines rep-
resent Mif2¢ dimer-bound nucleosomes.
(C) Position of the dyad symmetry axis on
the CEN3 DNA on Cse4/CEN3 nucleo-
some as identified by symmetry of hydroxyl
radical footprinting patterns (see Shaytan
et al. 2017). Top and bottom strands are
shown in base-paired representation. The
red arrowhead indicates the dyad at posi-
tion 61.5, an ~2-bp shift from the in vivo
nucleosome center (see Fig. 4C; Supple-
mental Fig. $2A-C; Cole et al. 2011). (D,E)
Hydroxyl radical cleavage intensity profiles
of DNA strands at specific nucleotides in
free Cse4/CEN3 nucleosomes and Mif2c
dimer-bound nucleosomes. Intensity val-
ues of every profile were normalized from
0 to 1. The top strand plots are shown in a
5'-t0-3' direction, while the bottom strand
plots are shown in a 3'-to-5 direction.
Blue bars indicate the span protected from
hydroxyl radical cleavage conferred by
binding of the Mif2c dimer to the nucleo-
some (see Supplemental Fig. S5 for foot-
printing of two Mif2c dimers on the Cse4/
CENS3 nucleosome).

CENP-C (Supplemental Fig. S3A; Yang et al. 1996). To
examine their DNA-binding preferences, we bacterially
expressed and purified HsDHBD-1 and HsDHBD-2 (Sup-
plemental Fig. S9A). As shown in Supplemental Figures
S9, B-G, and S10, A and B, both human domains bind pref-
erentially (threefold to fivefold) to sequences of higher AT
content, such as human centromeric a-satellite DNA or

yeast centromere DNA, compared with human DNA se-
quences of lower AT content. The levels of binding prefer-

are two DHBDs, HsDHBD-1 and HsDHBD-2, each harbor-

ing a CENP-A-binding CENP-C motif with overlapping

Discussion

and adjacent RK clusters but no AT hook (Supplemental

Fig. S8; Supplemental Table S1). HsDHBD-2 overlaps a
previously defined central DNA-binding domain of
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ence by the human DHBDs are similar to those by the
budding yeast ScDHBD (Supplemental Fig. S10C-H).
These results suggest that sequences of the yeast and hu-
man centromere may possess related compositional fea-
tures important for CENP-C recognition despite gross
differences in DNA sequence.

Metazoan centromeres present a paradox in that their se-
quences are highly divergent even between related
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species despite functional conservation (Henikoff et al.
2001). Indeed, the elusive nature of a universal sequence
identifier in the repetitive DNAs of active metazoan cen-
tromeres has led to broad acceptance that centromere
identity is directed by epigenetic mechanisms; i.e.,
through the assembly and properties of the inherited
CENP-A histone rather than the underlying centromere
DNA sequence (Sullivan et al. 2001; Allshire and Karpen
2008; Black and Cleveland 2011). A conspicuous excep-
tion is the strictly genetic specification of budding yeast
centromeres, where the nucleosomal Cse4/CENP-A his-
tone is degraded at the G1-S transition of every cell cy-
cle, precluding epigenetic transmission (Biggins 2013;
Wisniewski et al. 2014). Instead, centromeric chromatin
is re-established de novo by instructions from three spe-
cific sequence elements of the 120-bp yeast centromere
and their multiple cognate factors (Westermann et al.
2007). Interestingly, pre-existing Mif2 at the budding
yeast centromere is transmitted to daughter cells (Fig.
1F); the significance of this transmission remains to be
explored.

Here we highlighted distinctive roles for the AT-rich
yeast centromere DNA as well as Cse4-specific amino
acid residues. Both DNA and histone variants contribute
to the several thousand-fold preference of Mif2 for centro-
meric over pericentric nucleosomes. This vast preference
likely underpins site specificity for kinetochore nucle-
ation, although other mechanisms may contribute; e.g.,
interactions involving the N-terminal tail of Cse4 (Chen
et al. 2000; Samel et al. 2012) and those between the
Mif2 N terminus and kinetochore components CENP-
UA™elL_CENP-QO*P! (Hornung et al. 2014). Further con-
tributions to selectivity for CENP-A nucleosomes over
H3 nucleosomes may also come from components of
CCAN (Weir et al. 2016).

We confirmed the importance of the Cse4 hydrophobic
C terminus for Mif2 interactions, concurring with previ-
ous findings (Carroll et al. 2010; Guse et al. 2011; Kato
et al. 2013). However, while contributions from CENP-A
histone-fold elements were previously excluded (Guse
et al. 2011}, we discovered a clear requirement for the L1
loop harboring three extra charged and polar residues
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Figure 7. Both the Mif2¢ dimer and the Mif2 DHBD monomer bind preferentially to CEN3 DNA. (A) The sequence of the Mif2 DHBD,

with highlights for amino acid substitutions in the AT hook and RK ¢
of binding of the Mif2¢ dimer and its AT-hook mutant to CEN3 and p

lusters (clusters enriched for arginine-lysine residues). (B,C) EMSA
eriCEN DNA mixtures. The stepwise mobility shifts on the 150-bp

DNA with increasing protein concentrations apparently reflect the association of multiple Mif2¢ dimers. (D-H) EMSA of binding of the
Mif2 DHBD monomer and its AT-hook and RK cluster mutants to CEN3 and periCEN DNA mixtures. Data collection and quantification

were performed as in Figure 2.

(KDQ) and the a-2 helix of Cse4. The earlier use of a Xen-
opus egg extract and CENP-A nucleosomes reconstituted
on noncentromeric DNA could have masked a subset of
interactions. Consistent with our new findings, muta-
tions of the extra L1 loop residues of Cse4 cause chromo-
some instability in budding yeast (Keith and Fitzgerald-
Hayes 2000). Moreover, the CENP-A centromere target-
ing domain harboring the extended L1 loop is required
for CENP-C recruitment in human cells (Logsdon et al.
2015). The distinct hydrophobic and electrostatic surfaces
on the Cse4 nucleosome provide topographical coordi-
nates for docking the Mif2 DHBD on either face of the
Cse4 nucleosome. The proximity of the Cse4-binding
CENP-C motif could align DNA-binding motifs (AT
hook and RK clusters) toward DNA preferentially on
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one or the other side of the nucleosome dyad, as observed
for CEN3 (Figs. 4C,D, 5B-E) and CEN10 (Fig. 6C,D). The
function of AT-rich DNA on the unoccupied side of the
dyad is unclear, but it could be a target for the DNA-bind-
ing domain of the Cse4-specific chaperone Scm3, which
also associates with the Cse4 nucleosome in vivo and ex-
hibits an AT-rich preference in vitro (Xiao et al. 2011).
What special features of the 85-bp AT-rich CDEII favor
Mif2 binding? The ~30-bp footprint of the Mif2c dimer
covers a large portion of one AT-rich side of the nucleo-
some dyad. CDEIIs for all 16 yeast centromeres contain
multiple short A,®T, or T,®A, tracts plus ApT or TpA
dinucleotide steps between tracts. The tract length and ar-
rangement differ between centromeres (Baker and Rogers
2005). A *T, and T,®A, tracts display a narrow minor



groove and large propeller twist as well as cross-strand and
bifurcated hydrogen bonds that improve base-stacking
and helix rigidity (Coll et al. 1987; Nelson et al. 1987).
On the other hand, TpA dinucleotide steps (but not ApT
steps) show a widened minor groove at tract junctions
(Stefl et al. 2004). Either one or both geometric features
of AT-rich DNA may alter conventional helical parame-
ters of nucleosomal DNA wound over the histone core
(Bishop et al. 2011). For example, the crystal structure of
one long A 4T tract on a canonical nucleosome has re-
vealed local distortion of the nucleosomal DNA helix (Bao
et al. 2006).

Given the correlation between Mif2 DHBD-binding
preference and AT-rich DNA composition, we suggest
that the conformations of AT-rich CDEII are recognized
by the AT hook and RK clusters of the Mif2 DHBD. Mif2
carries one classic AT hook (GRPRGRPK) at the C-termi-
nal end of its DHBD. Structural studies have revealed how
individual AT-hook residues interact with narrow minor
grooves of cognate AAAT and AATT elements (Reeves
and Nissen 1990; Huth et al. 1997; Reeves 2000). Arginine
and, to alesser extent, lysine of RK clusters are widely used
for protein—-DNA recognition for not only the well-docu-
mented histone core of the nucleosome (Luger et al.
1997) but also metazoan sequence-specific transcription
factors such as UBX, OCT]1, the bacterial MogR repressor
(Shen et al. 2009), and others (Rohs et al. 2009, 2010; Kong
et al. 2015). We envision that the RK clusters, particularly
RK3 of the Mif2 DHBD, exploit this mode of DNA interac-
tion as part of its selective binding strategy. Accordingly,
the physical structure of the Mif2 DHBD in complex
with the Cse4 nucleosome should be an outstanding
problem for future investigations.

We analyzed the phylogenetic conservation of RK clus-
ters in the CENP-C family and showed that RK clusters
are present in all CENP-C proteins in the tree of life. More-
over, by the number of RK clusters, CENP-C proteins rank
within the top several percent across proteomes of eukary-
otes (Supplemental Table S1). These RK cluster-rich pro-
teins are prevalent among chromatin proteins, especially
in heterochromatin and various chromatin remodeling
complexes (see the gene ontology [GO] analysis in Supple-
mental Table S2). Strikingly, CENP-C proteins possess yet
another type of DNA minor groove-binding motif—the
SPKK/SPRR motifs (Churchill and Suzuki 1989)—found
throughout metazoan and fungal lineages (but not in
plants), which further supports the preference of CENP-
C binding to narrow DNA minor grooves (Supplemental
Fig. S8B). N-terminal histone tails in nucleosomes also
harbor one or two RK clusters that were shown previously
to interact dynamically with DNA minor grooves (Shay-
tan et al. 2016). The engagement of CENP-C RK clusters
to bind nucleosomal DNA may displace histone tails
and further promote their interactions with the negatively
charged regions of CENP-C.

The human centromere a-satellite sequence (~60% A
+T)is not as AT-rich as yeast centromeres, but its AT con-
tent is still greater than the human promoter and intron
sequences (Supplemental Fig. S11A). Early studies with
bacterially expressed human CENP-C defined a central
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DNA-binding domain (residues 422-537) (Yang et al.
1996), which was subsequently also shown to exhibit
CENP-A histone binding (Kato et al. 2013). ChIP-DNA
blot analysis of CENP-C chromatin has demonstrated spe-
cific association of the domain with a-satellite DNA in
vivo (Politi et al. 2002). However, it has been unclear
whether CENP-C has a direct sequence preference for a-
satellite DNA in addition to its preference for the variant
CENP-A histone (Kato et al. 2013). We characterized
DNA binding for the two CENP-C domains HsDHBD-1
and HsDHBD-2, the latter overlapping the previously de-
fined central DNA-binding domain. By competitive
EMSA studies of purified soluble HsDHBD-1 and
HsDHBD-2 domains of CENP-C, we provide new evi-
dence for direct preferential binding of both domains to
the a satellite over sequences with lower AT content, im-
plicating compositional features of human centromere
DNA for CENP-C recognition. Supplemental Figure
S11B shows the frequency distribution of AT tract scores
(fraction of bases occurring in an AeT tract 2-5 bases in
length over a 150-bp window| for the entire human ge-
nome. This analysis shows that 63% of the genome has
an AeT tract score less than that of the a satellite. These
compositional differences may be exploited by human
CENP-C, which does not possess either AT-hook or
SPKK motifs but is enriched solely for RK residues (Fig.
7A; Supplemental Figs. S8, S9A; Supplemental Table
S1). Despite a modest approximately threefold to fivefold
preference shown by a single HsDHBD for a-satellite
DNA, the compositional preference should be amplified
by the presence of a total of four HsDHBDs on each
CENP-C dimer, reinforced by the hundreds of CENP-A
nucleosomes populating human centromeres. From this
perspective, DNA composition could provide a comple-
mentary mechanism to the CENP-A histone-centric epi-
genetic process of centromere specification in humans.

Materials and methods

Plasmids for the expression of core histones and Mif2 proteins in
Escherichia coli

Expression of core histones was described previously (Mizuguchi
et al. 2007; Xiao et al. 2011). Plasmids expressing full-length Mif2
and truncated forms, residues 256-530 of the Mif2¢ dimer, resi-
dues 345-549, and residues 365-530, were a generous gift from
S.C. Harrison (Cohen et al. 2008). Plasmids expressing Mif2
256-365 and 256-356 and the Mif2¢*™ dimer with the AT-hook
motif (residues 357-364) GRPRGRPK changed to AAADADAA
were synthesized and cloned into the expression vector pET28a
(Celtek Genes). Additional DHBD and human CENP-C motif
constructs were also synthesized and cloned into pET28a (Gen-
Script USA, Inc.). For more efficient removal of the His tag, the
thrombin cleavage site of the original Mif2(256-530) plasmid
was replaced with a precision proteinase cleavage site. Details
are available on request.

Expression and purification of recombinant core histones and Mif2
proteins

Recombinant histone H3, histone H4, and histone variant Cse4
were expressed individually in E. coli and purified using
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established protocols (Dyer et al. 2004). Recombinant H2A-H2B
dimers were expressed and purified as described previously (Miz-
uguchi et al. 2007; Xiao et al. 2011). His6-tagged Mif2c dimer and
its derivatives were purified by Talon bead affinity chromatogra-
phy followed by size fractionation on a Superdex 200 gel filtration
column. To remove the His6 tag, affinity-purified proteins were
incubated with Precision or thrombin proteinase followed by Tal-
on bead affinity chromatography and size fractionation on a
Superdex 200 gel filtration column.

Reconstitution of histone octamers

Core histone octamers were reconstituted using established pro-
tocols (Dyer et al. 2004). Equimolar amounts of purified recombi-
nant histones (H2A, H2B, H3, and H4 or H2A, H2B, Cse4, and H4)
were dissolved in unfolding buffer (7 M guanidine-HCI, 20 mM
Tris-Cl at pH 7.5, 10 mM DTT) at 2 mg/mL. The mixtures were
dialyzed against four changes of two liters each of refolding buffer
(10 mM Tris-Cl at pH 7.5, 1 mM EDTA, 5 mM B-mercaptoetha-
nol, 0.1 mM PMSF) containing 2 M NaCl for 2 d at 4°C. The mix-
ture was then centrifuged at 15,000 rpm in a Tomy MX-300
microcentrifuge to remove any insoluble material. Soluble
octamers were purified by size fractionation on a Superdex 200
gel filtration column.

Preparation of DNA fragments

The 201-bp 601 DNA fragment was prepared by PCR amplifica-
tion followed by gel purification on a Bio-Rad model 491 Prep
Cell and ethanol precipitation. The 150-bp 601 DNA and peri-
CEN DNA were first PCR-amplified with an asymmetric Aval
site at both ends and cloned into a modified pUCI19 vector that
contained an asymmetric Aval site. All other DNA fragments
were synthesized with an asymmetric Aval site and cloned into
the pUC57 vector (GenScript USA, Inc.). The cloned DNA frag-
ments were isolated and ligated into arrays of six to 10 tandem
copies through the asymmetric Aval site and then cloned in the
modified pUC19 vector containing an asymmetric Aval site. Af-
ter restriction digestion, fragments were gel-purified as above.
Thus, the purified DNA fragments had a 4-nucleotide overhang
at both ends, and, for some applications, the sticky ends were
filled in with Biotin-dNTPs (Roche), Alexa fluor dNTPs (Invitro-
gen), or **P-dN'TPs (Perkin Elmer) using Klenow polymerase.
Alexa fluor-labeled DNA fragments were also prepared by PCR
amplification with Alexa fluor-labeled primers and then gel-puri-
fied. Details of plasmid constructs and DNA fragment prepara-
tion are available on request.

Reconstitution of nucleosomes

Purified core histone octamers and DNA were mixed in 50 pL of
high-salt buffer (2 M NaCl, 10 mM Tris-Cl at pH 7.5, | mM
EDTA, 0.02% NP-40, 5 mM B-mercaptoethanol) supplemented
with BSA at 400 g/mL. The mixture was transferred to a Slide-
A-Lyzer minidialysis unit (Thermo Scientific). The dialysis unit
was placed in a container with 600 mL of high-salt buffer and di-
alyzed for 30-60 min followed by salt gradient dialysis, during
which a low-salt buffer (100 mM NaCl, 10 mM Tris-Cl at pH
7.5,1 mM EDTA, 0.02% NP-40, 2 mM f-mercaptoethanol) was
pumped into the container at 3.5 mL/min for 16 h. The dialysis
unit was then transferred to low-salt buffer and dialyzed for 60
min. The dialysis was done at room temperature unless noted
otherwise. Reconstituted nucleosomes were analyzed on native
agarose gels to determine their quality and reconstitution effi-
ciency (see Supplemental Fig. S4A,B).
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EMSAs

Reconstituted nucleosomes and protein/DNA complexes were
analyzed by electrophoresis at 120 V for 70-90 min on native aga-
rose gels (Seakem ME and Lonza LE) in a buffer containing 25 mM
Tris and 25 mM boric acid (Zimarino and Wu 1987; Huynh et al.
2005). After electrophoresis, gels were stained with SYBR Green I
(Invitrogen) and visualized with a Fujifilm LAS-3000 camera. Im-
ages were exported into TIFF files for quantification using Image-
Quant software (Amersham Biosciences). Gels of Alexa fluor-
labeled samples were scanned on a Typhoon 9410 (Amersham
Biosciences)/Typhoon FLA9500 (GE Biosciences) and quantified
using ImageQuant software. Intensity data were imported into
Prism and plotted. Relative affinities were calculated according
to Liu-Johnson et al. (1986) (see below).

Determination of Kq and relative Kq

The gel shift assay (Fried and Crothers 1981) was used to deter-
mine the K; of Mif2 bound to the Cse4/CEN3 nucleosome. The
equation used to calculate the K, of nucleosome A relative to nu-
cleosome B [relative K= (Ba/Fa)/(Bg/Fs)] was adopted from Liu-
Johnson et al. (1986). Nucleosomes were reconstituted on DNA
fragments labeled with either Alexa fluor 555 or Alexa fluor
647. To calculate a relative K, two different color-labeled nucle-
osomes or free DNA fragments (A and B) were mixed in the same
binding reaction with increasing concentrations of purified Mif2c
dimer or its derivatives. The reaction mixtures were analyzed by
EMSA, and bands representing Mif2-bound (B) and free (F) species
were scanned and quantified for fluorescence intensity.

Sedimentation velocity

Sedimentation velocity experiments were carried out at 50,000
rpm at 20°C on a Beckman Coulter ProteomeLab XL-I analytical
ultracentrifuge following standard protocols (Zhao et al. 2013a).
Samples were loaded into 12-mm or 3-mm two-channel Epon
centerpiece cells, depending on their concentration. Absorbance
(230, 260, or 280 nm) and Rayleigh interference (655 nm) scans
were collected at ~7-min intervals, and data were analyzed in
SEDFIT 14.1 (Schuck 2000) in terms of a continuous c(s) distribu-
tion with a resolution of 0.1 S and a confidence level 0.68. Scan
file time stamps were corrected (Zhao et al. 2013b), and good
fits were obtained with root-mean-square deviation correspond-
ing to typical instrumental noise values. The solution density
and viscosity were determined based on the solvent composition
using Sednterp (http://sednterp.unh.edu) (Cole et al. 2008) or
measured experimentally at 20°C on an Anton-Paar DMA 5000
density meter and an Anton Paar AMVn rolling ball viscometer.
Protein partial specific volumes were calculated in Sednterp, a
partial specific volume of 0.55 cm®g~! was assumed for dsDNA,
and the partial specific volumes for their complexes were calcu-
lated based on the expected composition. Mif2(256-365) at 14
and 60 pM and Mif2¢(256-530) at 7 and 30 pM were analyzed
in 1 M NaCl, 20 mM Tris-HCI (pH 7.5), and 2 mM p-mercaptoe-
thanol. Twenty-base-pair dsDNA (AAAGTAAAAAATAAAA
AGTA) and its complex with Mif2(256-365) were analyzed at
nominal loading concentrations of 2.2 and 9.2 uM, respectively,
in 0.2 M NaCl, 20 mM Tris-HCI (pH 7.5), and 2 mM -mercaptoe-
thanol. Forty-base-pair dsDNA (AAAGTAAAAAATAAAAAG
TAGTTTATTTTTAAAAAATAAA) and its complex with the
Mif2¢ dimer were analyzed at 1.9 and 2.0 uM, respectively, in
0.1 MNaCl, 10 mM Tris-HCI (pH 7.5), 1 mM EDTA, 1 mM p-mer-
captoethanol, and 0.02% (v/v) NP-40. Samples of the Cse4 octa-
some and its complex with the Mif2¢ dimer, each at a loading
concentration of 340 nM, were studied in a buffer containing 54
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mM NaCl, 10 mM Tris-HCI (pH 7.5), l mM EDTA, 2 mM p-mer-
captoethanol, and 0.02% (v/v) NP-40. Sedimentation experi-
ments on the Cse4 octasome and its complex utsed water as a
reference. In this case, to obtain better estimates of the sedimen-
tation coefficient and molar mass, absorbance data were analyzed
in Sedphat 10.55b (Schuck 2003) in terms of a hybrid model com-
bining continuous c(s) distributions flanking the discrete species
of interest. Furthermore, in cases where NP-40 was used, the
analysis assumed that no detergent binding occurred to the sam-
ples of interest.

DNase I footprinting

To determine the site of Mif2 binding on Cse4 nucleosomal
DNA, nucleosomes were reconstituted with DNA fragments
end-labeled at 3’ with 3*P-dTTP for the top strand and 3*P-dATP
for the bottom strand using Klenow polymerase. Purified Mif2c
dimer (3 pM) was added to 6 pmol of end-labeled nucleosomes
in the nucleosome reconstitution buffer (see above), and the vol-
ume was adjusted to 40-60 pL and incubated for 40 min at room
temperature. Under these conditions, ~50% of the nucleosomes
are bound by the Mif2c dimer. The nucleosomes were then di-
gested with 1 U of DNase I (Thermo Scientific, catalog no.
89835) for 80 sec at 23°C. The reaction products were resolved
on a 1.3% native agarose gel, bands containing the free and
Mif2¢ dimer-bound nucleosomes were visualized by SYBR Green
staining and excised from the gel, and DNA was recovered from
the gel slices and resolved on an 8 % DNA sequencing gel (Nation-
al Diagnostics, catalog no. EC-833). DNA mobility markers were
G+A and C+T sequencing reactions of the same **P-labeled DNA
fragments performed as described (Molecular Cloning, Cold
Spring Harbor Laboratory). Gels were transferred to a DEAE filter
paper and dried under vacuum, and radioactive signals were cap-
tured using a PhosphorImager (Fuji Photo Film Co., Ltd.) and a Ty-
phoon scanner (Typhoon 9410, Amersham Biosciences).
Intensity data were imported into Prism, normalized, and plotted
as percentage of relative cleavage. The data were also imported to
Excel (Microsoft), and the relative mobility of the bands was
transformed into base pair positions using the mobility standards.

Hydroxyl radical footprinting

Hydroxyl radical footprinting with iron(II)-EDTA was performed
as described (Schwanbeck et al. 2004) under the same conditions
as for DNase I footprinting (see above). PAGE images resulting
from hydroxyl radical footprinting were analyzed using the
Hydroid framework (available at https://github.com/ncbi/
HYDROID) as described elsewhere (Shaytan et al. 2017).

Molecular modeling of Cse4/CEN nucleosomes

To generate a surface model of the Cse4/CEN3 nucleosome (Figs.
3-5), budding yeast Cse4 protein and CEN3 DNA sequences were
substituted for the CENP-A and a-satellite DNA of the crystal
structure of the CENP-A nucleosome (Tachiwana et al. 2011) us-
ing a protein model portal (http://www.proteinmodelportal.org/?
pid=modelling_interactive).

Computational analysis of CENP-C motifs and RK clusters

The initial set of CENP-C sequences for selected species was
handpicked from public databases and studies; these sequences
were then used in BLAST searches against the NCBI nonredun-
dant database to obtain a broader set of sequences that spanned
127 species from different taxonomic groups. For pan-proteome

AT-rich DNA targets CENP-C to CENP-A nucleosomes

analysis, all protein records for a selected number of species
were obtained from the NCBI RefSeq database (Pruitt et al.
2014). A motif search was done on the sequences with the in-
house software using the following regular expression definitions
extracted from reports: CENP-C motif, “R....P..[YFW|W” (Kato
et al. 2013); AT hook, “.[RPKST|GRP[RPKS]” (Aravind and
Landsman 1998); and SPKK motif, “SP[RK]|RK]” (Churchill
and Suzuki 1989), where “.” refers to any symbol, and square
brackets denote that any of the amino acids listed within the
brackets are allowed in this position. RK clusters were defined
as nonoverlapping stretches of at least seven amino acid residues
with a total formal charge of no less than +4, counted as the
number of arginines and lysines minus the number of glutamates
and aspirates in the stretch. Phyletic trees were visualized using
ETE toolkit (Huerta-Cepas et al. 2016). Sequence alignments
were visualized with TexShade (Beitz 2000). Enrichment of a giv-
en motif type in the CENP-C protein of a given species was cal-
culated as the fraction of all known proteins for that species that
had fewer occurrences of said motif than CENP-C. GO enrich-
ment analysis was accomplished through PANTHER (Thomas
et al. 2003).

Yeast strains

All strains were derived by homologous recombination from Sac-
charomyces cerevisiae W1588-4C and had the following geno-
types: JBY 119 (MATa ADE2 dynLC::hphMX4 Csed::natMX4
canl1-100 hiS2-11,15 leu2-3,112::LEU2-Cse4-tdEOS-Cse4, trpl-1,
ura3-1 RAD5) (Wisniewski et al. 2014) and JBY 123 (MATa
ADE2 dynLC:hphMX4 MIF2-tdEOS-kanMX4 canl-100 hiS2-
11,15 leu2-3,112 trpl-1 ura3-1 RAD5).

Microscopy

A Hamamatsu C9100-13 camera (-94°C, 0.63 MHz, 16-bit ADC)
was used typically with EM gain of 50 (conversion factor 0.044 e~/
ADU, readout noise 0.470 e~ RMS, thermal current 0.014 e /sec,
established experimentally) (see Berry and Burnell 2005). IR was
blocked with a FF01-750/SP filter (Semrock). A Zeiss AxioOb-
server Z1 microscope (Carl Zeiss Microscopy) was equipped
with a Zeiss plan-apochromat 150x NA1.35 glycerin immersion
objective, P-737 piezoelectric stage (Physik Instrumente), Zeiss
Colibri LED illuminator, and custom fluorescence cubes (see Sup-
plemental Table S3 for light sources and filters used for wide-field
fluorescence imaging). Yeast cells were grown in complete dark-
ness in the CSM + adenine medium (250 rpm at 25°C, final ODygo.
<0.3), manipulated only under dim red light (660 nm), and
imaged in CellAsic YO4C microfluidic chambers (CellAsic). Nar-
rowband illumination (671 nm; Edmund Optics, no. 65-233) was
used for differential interference contrast. To minimize phototox-
icity, low-level excitation (~7 W/cm?, 1- to 5-sec exposure) was
used for fluorescence imaging, and 405-nm light (~0.7 W/cm?,
7-10 sec) was used for tdEos photoconversion. Typically, Z-stacks
consisted of 13 steps, 333-nm apart.

Image calibration and display

Raw 16-bit images were converted into FITS format and calibrat-
ed in 32-bit floating-point space using bias, thermal, and flat-field
frames (AIP4AWIN) (Berry and Burnell 2005). Z-stacks were re-
duced to the composite image only for presentation purposes by
projecting individual layers (with centromeres in focus) onto a
common plane.
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Photometry

All intensity measurements were carried on calibrated unre-
duced Z-stacks with aperture photometry in AIPAWIN software
using the typical FWHM of the centromere cluster (4 pixels =
428 nm) as a radius of measurement aperture and an outer back-
ground annulus (five pixels = 535 nm wide, area four times larger
than measurement aperture) (see Berry and Burnell 2005 for dis-
cussion of photometry techniques). The background-corrected
signal was converted into photoelectrons (equivalent of detected
photons) using experimentally established camera parameters
(see Berry and Burnell 2005 for details). Light sources and filters
used for wide-field fluorescence imaging are listed in Supplemen-
tal Table S3.
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