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ABSTRACT

The assembly of centromeric nucleosomes is medi-
ated by histone variant-specific chaperones. In bud-
ding yeast, the centromere-specific histone H3 vari-
ant is Cse4, and the histone chaperone Scm3 func-
tions as a Cse4-specific nucleosome assembly fac-
tor. Here, we show that Scm3 exhibits specificity for
Csed4-H4, but also interacts with major-type H3-H4
and H2A-H2B. Previously published structures of the
Scm3 histone complex demonstrate that Scm3 binds
only one copy of Csed4-H4. Consistent with this, we
show that Scm3 deposits Cse4-H4 through a dimer
intermediate onto deoxyribonucleic acid (DNA) to
form a (Cse4-H4),—DNA complex (tetrasome). Scm3-
bound Cse4-H4 does not form a tetramer in the ab-
sence of DNA. Moreover, we demonstrate that Cse4
and H3 are structurally compatible to be incorporated
in the same nucleosome to form heterotypic parti-
cles. Our data shed light on the mechanism of Scm3-
mediated nucleosome assembly at the centromere.

INTRODUCTION

The centromere is a defined region on each eukaryotic chro-
mosome that provides a platform for kinetochore assembly
and plays a critical role in proper chromosome segregation
during cell division. The deoxyribonucleic acid (DNA) se-
quence at the centromere is not conserved between species,
and ranges in size from kilobases to megabases. It is for the
most part dispensable for centromere function and identity
(1). The exception is Saccharomyces cerevisiae, where the
centromere is defined by a single 125 bp stretch of DNA that
accommodates a single nucleosome (2-6). Despite these dif-
ferences, the common mark of centromeres in all eukary-
otic organisms is the centromere-specific histone H3 variant
(generically referred to as CENP-A, after its first discovery
in humans (7), and Cse4 in S. cerevisiae (8,9)). Centromere-
specific H3 variants are essential in all eukaryotes. They
substitute for H3 in centromeric nucleosomes, are required

for kinetochore formation (9,10), and are thought to be the
epigenetic mark for centromere identity (1,11,12).

The CENP-A /Cse4-containing nucleosome provides the
structural basis for centromere identity and function. Sev-
eral studies demonstrate that octameric CENP-A/Cse4-
containing nucleosomes with stoichiometric amounts of the
four histones, are assembled in vitro (13-19). Moreover, in
vitro reconstituted octameric CENP-A-containing nucleo-
somal arrays support the binding of centromeric and kine-
tochore proteins (20), suggesting that the octameric CENP-
A nucleosome indeed supports centromere function. How-
ever, several different models have been proposed based
on in vivo data generated from various organisms and cell
types, using a variety of experimental approaches (21-26).
These include an octameric nucleosome (as also demon-
strated in vitro), a ‘tetrasome’ (two copies of CENP-A-H4,
no H2A-H2B), a ‘hemisome’ (one copy each of H2A, H2B,
CENP-A and H4), and in yeast, a ‘hexasome’ (two copies
of CENP-A—H4, and two copies of the non-histone protein
Scm3 replacing the H2A-H2B dimers). In budding yeast, it
has also been suggested that both H3 and Cse4 histones co-
exist in a single nucleosome on CEN DNA, forming an oc-
tameric hybrid (heterotypic) nucleosome together with two
copies each of H4, H2A and H2B (27). Recent work at-
tempted to reconcile these conflicting results by suggesting
that CENP-A nucleosomes undergoes structural transitions
in a cell-cycle-specific manner (28,29); however, this was dis-
puted by subsequent reports (25,26,30). As such, the struc-
ture of centromeric nucleosomes in vivo throughout various
stages of the cell cycle remains controversial.

The targeting of CENP-A/Cse4 and its deposition at
the centromere is mediated by the CENP-A-specific histone
chaperone HIURP in mammals, and by its functional ho-
molog Scm3 in fungi (22,23,31-35). In vitro data shows that
HJURP/Scm3 binds CENP-A/Cse4 and exhibits CENP-
A-/Cse4-specific nucleosome assembly activity (16,36-38).
This is in contrast with many general histone chaperones,
which often lack specificity for histones and assemble the
different histone variants into nucleosomes with equal effi-
ciency. For example, the histone chaperone Nucleosome As-
sembly Protein 1 (Napl) binds two copies of either H3-H4
or H2A-H2B with similarly high affinity (low nanomolar
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Ky4; (39-41)), and assembles both CENP-A and H3 nucleo-
somes in vitro (13,16,29,37).

The structures of HIURP-CENP-A-H4 and Scm3-
Cse4-H4 complexes show that both chaperones inter-
act with one copy of CENP-A/Cse4-H4 to form a het-
erotrimeric complex. This mode of interaction is clearly in-
compatible with (CENP-A /Cse4-H4), heterotetramer for-
mation and with the subsequent interaction of the heterote-
tramer with DNA (42-45). However, Cse4 nucleosomes as-
sembled by Scm3 in vitro contain stoichiometric amounts of
all four histones (Cse4, H4, H2A and H2B) (16,29), raising
the question where and how the Cse4—H4 tetramer is assem-
bled. Additionally, we wanted to follow up on the observa-
tion that H3 and Cse4 co-localize in a single nucleosome at
least under certain conditions (27).

Here, we have applied quantitative assays to show that
Scm3 binds Cse4—H4 with high affinity and with a more
than 10-fold preference over H3-H4. Scm3 assembles a
(Csed—-H4), tetramer from two Cse4—H4 dimers on DNA,
but not in the absence of DNA. This stepwise assembly of
two Cse4-H4 dimers to form a DNA-bound (Cse4-H4),
tetrasome is likely relevant to the assembly and mainte-
nance of the centromere in higher organisms, and to the as-
sembly of other H3 histone variants. Moreover, we present
evidence that Cse4 and H3 are structurally compatible to
form a heterotypic nucleosome consisting of a single copy
of H3 and Cse4 and two copies of H4, H2A and H2B.

MATERIALS AND METHODS
DNA preparation

The 147 bp ‘601" DNA (46) and 207 bp CEN3 DNA frag-
ments were prepared by restriction enzyme digestion of
the appropriate plasmids. The 79 bp DNA fragment cor-
responding to the (H3-H4), tetramer binding region of the
‘601” DNA sequence was prepared by annealing two com-
plementary oligonucleotides.

Protein purification and refolding

Histones Cse4, Cse4 AN, H3, Hisq-H3, H4, H2A and H2B,
and the histone chaperone Scm3 (wild-type and Scm3¢3 159
mutant) were purified as described previously (16,47). Scm3
mutants I111D I117N and V158G L159G 161G were gen-
erated by site-directed mutagenesis, and purified and re-
folded as described for wild-type Scm3 (16). Mutant his-
tones H4 E63C, H2A T118C, and the endogenous cysteine
at position 41 of Scm3 were used for labeling the proteins
with fluorescent dye. A yeast Napl labeling mutant that
contains a single endogenous cysteine at position 414 (all
other cysteine residues were mutated to alanine) was ex-
pressed and purified as previously described (39).

Fluorescent labeling

Histone labeling mutants (H4 E63C or H2A T118C) in
7 M guanidinium-HCI, 20 mM Tris-HCI pH 7.5 and
1 mM Tris(2-carboxyethyl)phosphine (TCEP) were incu-
bated with a 2-fold molar excess of Alexa-488 or Atto-
647N maleimide dye on ice for 3 h. Excess dye was removed
by gel filtration (PD-10 desalting column, GE Healthcare).
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Labeled H4 E63C was refolded into tetramer with Cse4,
Csed4 AN or H3, and labeled H2A T118C was refolded with
H2B into dimer, and purified by gel filtration (48). Similarly,
labeled H4 E63C was refolded with Cse4AN and Scm3 to
form the Scm3-Cse4 AN-H4 complex, as described (16,23).
Refolded Scm3 was labeled with Atto-647N at the endoge-
nous cysteine at position 41 (C41) and the free dye was re-
moved by gel filtration.

High-throughput interactions by fluorescence intensity (HI-
FI)

Scm3 and Napl interactions with the various histone com-
plexes was measured by HI-FI Fluorescence Resonance
Energy Transfer (FRET) as described (49,50). Refolded
Csed (Cse4dAN)-H4, H3-H4 or H2A-H2B labeled with
Alexa-488 (donor) was kept constant at 1-4 nM, and
Atto-647N (acceptor) labeled Scm3 or Napl was titrated
from 0 to 1000 nM in buffer containing 10 mM Tris—
HCI (pH 7.5), 5% glycerol, 300 mM NacCl, 0.01% NP40
and 0.01% 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS), and incubated at room tem-
perature for 30 min. Binding affinities from the FRET signal
were derived as described (50). A FRET competition assay
was used to measure the relative affinity of wild-type and
Scm3 mutants. To this end, a 5-fold molar excess of Scm3
(50 wM) labeled with Atto-647N (acceptor) was added to
Csed AN-H4 (10 pM) labeled with Alexa-488 (donor). Un-
labeled wild-type or mutant Scm3 was titrated and the re-
duction in FRET signal was measured as a function of un-
labeled Scm3 concentration using the equation described in
(50).

To measure (Cse4 AN-H4), tetramer and tetrasome for-
mation from preformed Scm3-Cse4AN-H4 complex we
used a variation of the HI-FI assay. Alexa-488 labeled
Scm3-Cse4AN-H4 (10 nM) was held constant and Atto-
647N labeled Scm3-Cse4 AN-H4 was titrated (0—1000 nM)
with or without equimolar amounts of DNA (147 bp ‘601’
or 207 CEN3 DNA). The FRET signal was quantified us-
ing equations described previously (50), and the data was fit
using a homodimerization equation (51).

Cse4-H4 deposition by Scm3

Deposition of Sem3-bound Cse4d AN-H4 onto DNA was
examined using an in-gel FRET assay. 0.33-1.0 pM pre-
formed Scm3-Cse4dAN-H4 (or Scm3g3_139-Cse4d AN-H4)
complex labeled at H4 E63C with either Alexa-488, or
with Atto-647N was combined with 1.7-5 pM of ‘601
DNA (either 79 or 147 bp, as indicated) and incubated at
room temperature for an hour in 20 mM Tris—-HCI (pH
7.5), 300 mM NacCl, 100 ng/ml BSA and 1 mM ethylene-
diaminetetraacetic acid (EDTA). For most experiments,
Scm3-Cse4AN-H4 labeled with Atto-647N or Alexa-488
at H4 E63C. For some lanes in Supplementary Figure S1B,
Scm3 C41 was labeled with Atto-647N. Similarly, 1 pM
donor labeled (H3-H4), tetramer was mixed with equimo-
lar amounts of acceptor labeled (H3-H4), tetramer in the
presence of a 4-fold molar excess of Napl (as a monomer),
and incubated with 5 uM of 79 bp DNA as described above.
To adjust for the variability in the degree of modification
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by fluorescent dyes, and to ensure equal level of fluorescent
signal, the labeled Scm3-Cse4dAN-H4 and H3-H4 were
adjusted to the same degree of fluorescence substitution
with unlabeled corresponding complexes. Samples were an-
alyzed by 5-6% native polyacrylamide gel electrophoresis
(PAGE) and scanned for donor, acceptor and FRET signal.

Tetrasome and nucleosome reconstitution by salt dilution

A 10 pl solution of 147 bp ‘601 DNA (12 wM) and
24 uM tetramer ((Cse4AN-H4),, (H3-H4),, or Cse4 AN-
Hisg-H3-H4,, or (Hisg-H3-H4),), with or without 35 pM
H2A-H2B dimer was made in buffer consisting of 25 mM
Tris=HCI pH 7.5, 1 mM EDTA, I mM B-mercaptoethanol
and 2 M NaCl, and reconstituted into tetrasome or nucleo-
some at 37°C using the rapid salt dilution method (52). The
reaction was diluted with buffer (25 mM Tris—HCI, pH 7.5,
1 mM EDTA, 1 mM B-mercaptoethanol) to 1.3, 0.95, 0.57
and 0.3 M NaCl, with a 30-min incubation at 37°C for each
step, and the samples were analyzed by native PAGE and
ethidium bromide staining.

Refolding and purification of heterotypic tetramer

All histones were refolded using the histone octamer refold-
ing protocol (53). The refolded Cse4, His¢-H3 (H3) and H4
samples were bound to Ni-NTA resin equilibrated with 20
mM buffer Tris—-HCI pH 7.5, 1 M NaCl and 10 mM imida-
zole. After washing with buffer containing 20 mM imida-
zole, the samples were eluted by increasing imidazole con-
centration to 250 mM, and analyzed by sodium dodecyl-
sulphate (SDS)-PAGE and Coomassie staining. In a sepa-
rate experiment, refolded Cse4 AN, Hisg-H3 and H4 com-
plex was purified by gel filtration and the fractions contain-
ing Cse4 AN, Hisg-H3 and H4 were used for tetrasome and
nucleosome assembly. Tetrasomes or nucleosomes assem-
bled with refolded Cse4 AN, Hisg-H3 (or untagged H3) and
H4 on 147 bp DNA were purified by Ni-NTA similarly ex-
cept the salt concentration used here was 150 mM NaCl.
In some cases (as indicated), the nucleosomes were purified
by 5-25% sucrose gradient before purifying by Ni-NTA to
remove the unbound (free) histone proteins.

RESULTS
Scm3 binds Cse4—H4 with high affinity

To understand how Scm3 acts as an assembly factor specific
to centromeric nucleosomes, we first quantified the affinity
of Sem3 for Cse4-H4 and H3-H4 using the HI-FI FRET
assay (49). Full length Scm3 was labeled with Atto-647N
(acceptor, A) at its endogenous cysteine 41, and titrated
into a constant amount of refolded Cse4-H4 or H3-H4,
where H4 was labeled with Alexa-488 (donor, D) at cys-
teine 63. Cysteine 41 of Scm3 is outside the critical region
for Cse4—H4 interaction (43), and labeling this residue with
a fluorophore is unlikely to affect Scm3 interactions with
Cse4-H4. The binding curves shown in Figure 1A (result-
ing affinity data summarized in Table 1) demonstrate that
Scm3 interacts with refolded Cse4—H4 (which had been pu-
rified at high concentration as a (Cse4—H4), tetramer) with
nanomolar affinity (Kg ~ 18 nM). This is within the range of
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Figure 1. Scm3 binds to Cse4-H4 with nanomolar affinity. (A) Affinities
of Scm3 for various histone complexes were measured using the HI-FI as-
say (50). ‘Histone complexes, as indicated, were labeled with Alexa-488
(donor, held constant at 1-4 nM), and incubated with increasing amounts
of Atto-647N labeled Scm3 or Napl (acceptor) and scanned for donor,
acceptor and FRET fluorescent signal. Representative binding curves are
shown; all data are summarized in Table 1. (B) Competition assay to mea-
sure the relative affinity of wild-type and Scm3 mutants. Acceptor labeled
Sem3 and donor labeled Cse4AN-H4 were kept constant at 50 and 10
nM, respectively. Unlabeled wild-type or mutant Scm3 was titrated and the
FRET signal was monitored. Wild-type Scm3: solid squares (scm3 WT);
double Sem3 mutations [111D I117N (Sem3 I1): open squares; triple Scm3
mutations V158G L159G 1161G (Scm3 VL-G): open triangles. The inset
lists the derived ICsg values with standard deviations; derived from at least
three independent experiments.

affinities exhibited by other, generic histone chaperones for
various histone complexes (39,54-57). The long N-terminal
tail of Cse4 does not contribute to the interaction with
Scem3, since a version of Cse4 in which the first N-terminal
127 amino acids have been deleted (Cse4 AN) binds with the
same affinity (Table 1); thus, in the majority of subsequent
experiments Cse4 AN was used unless specified as full length
Cse4.

Scm3 exhibits measurable affinity for H3-H4 and H2A-
H2B; however, these affinities are at least one order of mag-
nitude weaker than that for Cse4—H4 (Figure 1A and Table
1). The quantitative binding data presented here is in agree-
ment with previous qualitative data demonstrating Scm3
specificity for Cse4-H4 over H3-H4 (23). The unexpected,
significant interaction of Scm3 with histones H2A-H2B
demonstrates a generic histone binding property of this
Cse4-specific histone chaperone even at 300 mM NacCl.

Using a competition FRET assay (50), we examined the
effect of mutations in the Scm3 core motif previously shown
to affect Scm3 binding to Cse4-H4 (43). Scm3 residues
1110, I111, Y114 and 1117 are all part of the aN helix that
forms a hydrophobic cluster with Cse4-specific residues in
the Scm3-Cse4-H4 complex (43). The mutation of Scm3
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Table 1. Binding affinity of Scm3 to histone complexes, and equilibrium constants for (Cse4—H4), tetramer formation

Scm3 K4?PP (nM) Hill coefficient Overall fit (R?)
Cse4-H4 17.5+52 1.1 +045 0.98
Csed AN-H4 178 +24 1.4+0.23 0.98
H3-H4 195.8 £ 7.7 1.8 +0.18 0.94
H2A-H2B 305.0 +40.9 1.7+ 0.47 0.96
Napl

Csed-H4 2.4+0.33 1.3+0.08 0.99
H3-H4 0.7 +0.04 1.7£0.15 0.99
(Cse4 AN-H4), tetramer formation on DNA from Scm3-Cse4 AN-H4

‘601" DNA (147 bp) 44.1+11.0 1.1+0.3 0.98
CEN3 DNA (207 bp) 34.6 +£10.2 1.5+ 0.6 0.96

The calculated dissociation constants (K4*PP), Hill coefficients and overall non-linear fit of the data (R?) were calculated from experiments as shown in
Figure 1A. Experiments to measure (Cse4 AN-H4), tetramer formation on DNA from a Sem3-Cse4 AN-H4 trimeric complex are shown in Figure 2C. The
apparent Ky for (Cse4 AN-H4), tetramer formation on DNA from a Scm3-Cse4 AN-H4 trimeric complex was measured using HI-FI. Standard deviations

were calculated from at least three replicate experiments.

residues I111D/I117N in this hydrophobic cluster increased
the IC50, and hence reduced its affinity for Cse4 AN-H4 by
a factor of 35 (Figure 1B). Previous isothermal calorime-
try (ITC) binding measurements demonstrate that the re-
placement of 110D and I117N reduced the affinity of Scm3
for Csed—H4 §85-fold (43). According to published work, the
aC helix of Sem3 (residues 155-161) interacts with H4, and
substitution of amino acids V158G, L159G and 1161G in-
creased the IC50 (i.e. reduced the affinity) by a factor of 10
(Figure 1B). The relative affinity difference between wild-
type Scm3 and mutant V158G, L159G and 1161G is con-
sistent with previously reported ITC data (43) and confirm
that residues in the hydrophobic cluster at N and the aC
helix of Scm3 (residues 155-161) are required for Scm3 in-
teraction with Cse4—H4. The values reported here are much
more in keeping with the histone chaperone function of
Scm3 than the previously published affinity estimates which
were in the micromolar range (see ‘Discussion’ section).

In contrast to the high degree of specificity of Scm3 for
Cse4—H4 over H3-H4, the general histone chaperone Napl
from yeast binds both Cse4-H4 and H3-H4 with com-
parably high affinity (K4 ~ 2.4 and 0.7 nM, respectively;
Figure 1A and Table 1). This is consistent with the re-
ported ability of Napl to facilitate the assembly of both
canonical and CENP-A/Cse4-containing nucleosomes in
vitro (13,16,29,37). Our data suggest that Nap1 and perhaps
other general histone chaperones may function in chro-
matin assembly both at the centromere and at chromo-
some arms, while the centromere-targeted histone chaper-
one Scm3 functions specifically in assembling centromeric
chromatin.

Scm3 promotes the formation of a Cse4d—H4 tetramer on
DNA

The structure of the histone-binding region of Scm3 in
complex with Cse4-H4 shows that a single Cse4—H4 dimer
binds a monomer of Scm3. The interaction of Scm3 with
Cse4—H4 prevents the formation of a (Cse4-H4), tetramer,
and blocks Cse4-H4 DNA binding regions (42,43). How
then does Scm3 assemble an octameric nucleosome? More

specifically, does Scm3 promote or preclude the forma-
tion of a (Csed4-H4), tetramer on DNA in vitro? To an-
swer this question, we used an in-gel FRET assay. A pre-
formed Scm3-Cse4 AN-H4 complex, labeled with Alexa-
488 on H4 E63C (D), was incubated with equal amounts
of the same complex labeled with Atto-647N on H4 E63C
(A), in the presence of a 147 bp ‘601 DNA fragment. Com-
plex formation was analyzed on a native gel, at wave lengths
appropriate to visualize donor and acceptor fluorescence
as well as FRET between the two fluorophores (Figure
2A). FRET is observed upon mixing donor and acceptor-
labeled Scm3-Cse4AN-H4 complex with DNA (bottom
panel, lanes 7-9). The complex for which FRET is observed
migrates at the same position as a salt-reconstituted Cse4—
H4 tetrasome (not shown). Mixing pre-assembled donor-
and acceptor-labeled Cse4 AN-H4-DNA complexes under
the same conditions does not result in FRET, indicating
that simple exchange of Cse4AN-H4 units bound to DNA
does not account for our observation (Figure 2A, lane 10).
To exclude the possibility that two neighboring tetramers
undergo FRET, we repeated the experiment with a 79 bp
DNA fragment encompassing the central tetramer-binding
region of the ‘601° DNA sequence, with similar results (Fig-
ure 2B, lanes 4-6). This is the minimal length of DNA re-
quired for tetramer binding (58). Since FRET is strongly
distance-dependent, we conclude that Scm3 indeed assem-
bles a (Cse4AN-H4), tetramer onto both DNA fragments.

In a control experiment, H3-H4 labeled with Alexa-488
(D), or H3-H4 labeled with Atto-647N (A) was combined
with Napl, and 79 bp DNA was then added, resulting
in efficient tetrasome formation (Figure 2B, top and mid-
dle panels, lanes 1-3). When the two differently labeled
tetramer—Napl complexes were mixed and incubated with
DNA, tetrasomes were formed, but only background levels
of FRET signal were observed (Figure 2B). This is in agree-
ment with the finding that Nap1 deposits a preformed (H3-
H4), tetramer onto DNA (59). We conclude that the mech-
anism of Cse4-nucleosome assembly involves the sequential
deposition of two Cse4—H4 dimers by Scm3 to form a Cse4—
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Figure 2. Scm3 promotes (Cse4—-H4), tetramer formation on DNA. (A) A preformed complex of Scm3-Cse4 AN-H4 (0.33 pM), labeled at H4 E63C with
either Alexa-488 (D), or Atto-647N (A); or a mixture of the differently labeled complexes (DA) as indicated, was incubated with a five molar excess of 147
bp DNA. Protein—-DNA complexes were analyzed by 5% native PAGE followed by fluorescence scanning. The reactions were done in triplicates: lanes 1-3,
Sem3-Cse4 AN-H4 (donor labeled) + DNA; lanes 4-6, Scm3-Cse4 AN-H4 (acceptor labeled) + DNA; lanes 7-9: Scm3-Cse4 AN-H4 (donor labeled) +
Scm3-Cse4d AN-H4 (acceptor labeled) + DNA. In lane 10, tetrasomes, previously assembled separately under the same conditions with either donor- or
acceptor-labeled Cse4—H4 were mixed as a control for spontaneous exchange. Cse4 AN-H4 Tet and H3-H4 Tet refer to the corrosponding tetrasomes. (B)
Different mechanisms for Napl and Scm3 tetrasome formation. 1 pM refolded H3-H4 tetramer or Scm3-Cse4 AN-H4 labeled with Alexa-488 (D) was
mixed with an equimolar concentration of Atto-647N labeled tetramer in the presence of Napl (4 wM, calculated as a monomer) or Scm3-Cse4AN-H4
(A) and incubated with 5 uM 79 bp DNA. The samples were analyzed on a 6% native gel and scanned for fluorescent signal as in (A). Lanes 1-3: H3-H4
(labeled as indicated) with Napl and 79 bp DNA. Lanes 4-6: Scm3-Cse4 AN-H4 (labeled as indicated) and 79 bp DNA. Top, middle and bottom gel scans
are for donor, acceptor and FRET, respectively. (C) Cse4-H4 tetramer formation from a Sem3-Cse4-H4 complex is DNA dependent. Scm3-Cse4AN
H4-H4 (donor labeled, and at a constant concentration of 10 nM) was incubated with 0—1000 nM acceptor labeled Scm3-Cse4d AN-H4 with or without
DNA. The FRET signal was measured as a function of fluorescence acceptor and the data was fit using homodimerization equation. The apparent Ky
values for (Cse4AN-H4), tetramer formation on DNA are presented in Table 1. Curve with open circles represents data with 147 bp ‘601’ DNA, black
triangles with 207 bp CEN DNA and open squares without DNA.



H4 tetrasome, while the generic histone chaperone Napl1 as-
sembles preformed (H3-H4), tetramers on DNA.

To quantify tetrasome formation and to examine the
role of DNA in this process, we monitored FRET between
differently labeled Cse4 AN-H4 molecules in solution, in
the presence and absence of DNA. Donor labeled Scm3-
Cse4 AN-H4 complex was held at a constant low concen-
tration (10 nM), and acceptor labeled Scm3-Cse4 AN-H4
was titrated either with or without an equimolar amount
of 147 bp ‘601" DNA. An increase in FRET signal was de-
tected only in the presence of DNA, while the signal re-
mained nearly constant throughout the titration range in
the absence of DNA (Figure 2C). This demonstrates that
Cse4—H4 tetramers are formed only on DNA, but are un-
able to form in their chaperone-bound form in the absence
of DNA. The apparent K4 for Cse4 AN—H4 tetramer forma-
tion on 147 bp ‘601 DNA, obtained by fitting the data to
a homodimerization model, is 44 nM (Figure 2C and Table
1).

The budding yeast centromere is characterized by a
unique CEN DNA sequence, which harbors a highly AT-
rich stretch in its center. This further destabilizes Cse4-
or H3-containing nucleosomes (14,16,60). To test whether
the unusual properties of CEN DNA affect Scm3-mediated
tetrasome formation either positively or negatively, we re-
peated the above experiment with a 207 bp CEN3 DNA
fragment. The apparent Ky for tetrasome formation on this
DNA of 34 nM is within error of the value obtained for
147mer ‘601 DNA (Figure 2C and Table 1). These data
indicate that Scm3 promotes the deposition of Csed4—H4
dimers onto DNA to form a Cse4-H4 tetrasome, and that
this process is not influenced by the sequence properties of
CEN3.

In addition to its Cse4—H4 binding domain, Scm3 has
a distinct DNA binding domain that has been mapped to
amino acids 1-103 (60). We examined whether (Cse4—H4),
tetramer formation on DNA is mediated through this DNA
binding domain. We have previously shown that Scm3 in
which the first 62 amino acids of DNA binding domain have
been deleted (Sem3g3_1389), exhibits Cse4-nucleosome assem-
bly activity comparable to wild-type Scm3 (16). Gel shift
experiments clearly show that Scm3g3 139 lacks DNA bind-
ing activity (Supplementary Figure S1A). Our data show
that tetrasomes carrying two different labels are formed
with equal efficiency by full length Sem3 and by the DNA-
binding deficient version (Supplementary Figure S1B, com-
pare lanes 3 and 6). We conclude that the assembly of Cse4—
H4 to form a (Cse4-H4), tetramer on DNA from a Scm3-
Cse4—H4 complex is independent of Scm3 DNA binding ac-
tivity.

To examine whether Scm3 associates with the Csed—
H4/DNA complex (i.e. the tetrasome), two Scm3—
Cse4AN-H4 complexes (one with Scm3 labeled with
Atto-647N at C41 and the other with H4 E63C labeled
with Alexa-488) were combined with 79 bp DNA. Tetra-
some assembly was monitored by the appearance of
H4 fluorescence. No Scm3 fluorescence was observed to
co-migrate with the tetrasome complex thus assembled
(Supplementary Figure SIB, compare lanes 7 and §),
consistent with our previous findings (16). We found no ev-
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idence for a ‘hexasome’ with two copies of Scm3-Cse4-H4
bound to DNA, as suggested earlier (23).

Cse4 and H3 can both be incorporated into one ‘heterotypic’
nucleosome in vitro

In principle, the Scm3-mediated deposition of two individ-
ual Cse4—H4 heterodimers onto DNA could allow the for-
mation of a heterotypic tetramer consisting of one Cse4—
H4 dimer and one H3-H4 dimer (deposited by one of the
many histone chaperones that bind to a H3-H4 dimer)
each in vivo. Such a heterotypic tetrasome could be a key
intermediate in centromeric nucleosome assembly. Alter-
natively, it might confer specific properties to centromeric
chromatin, as proposed recently (27). A structural superpo-
sition of the four-helix bundle region from the closely re-
lated Kluyveromyces lactis Csed—H4 tetramer structure (42)
onto the corresponding region of the H3-containing yeast
nucleosome structure (61) shows that Cse4 is compatible
with H3 to form a heterotypic four-helical bundle (Sup-
plementary Figure S2A). The amino acid residues in H3
that are critical for four-helical bundle formation (H3 H113,
D/E123, L126 and I/L 130) (58,61) are conserved between
H3 and Cse4/CENP-A from yeast to humans (Supplemen-
tary Figure S2B).

We therefore asked whether a heterotypic tetramer con-
taining a single molecule each of Cse4 and H3, and two
molecules of H4 could be assembled by refolding the three
proteins together in the absence of DNA. N-terminally
Hisg-tagged H3 (Hisg-H3) was refolded with Cse4 and H4
using our standard refolding protocol (53). After refold-
ing, the samples were purified by Ni-NTA instead of size-
exclusion. Cse4 co-elutes with Hisg-H3 and H4 from a Ni-
NTA affinity column (Figure 3A), suggesting heterotypic
tetramer formation. To test whether a heterotypic tetrasome
can be assembled on DNA, we refolded Cse4AN, Hisg-H3
and H4, and purified the tetramer by gel filtration with-
out affinity purification. The peak fraction that contains
Hisg-H3, H4 and Cse4 AN (likely in the form of a stochastic
mixture of (Hisg-H3-H4),, (Cse4AN-H4), and (Hisg-H3-
Csed AN-H4,) tetramers; Supplementary Figure S3A, frac-
tion 3), was reconstituted into tetrasomes on 147 bp ‘601
DNA by salt dilution (Supplementary Figure S3B, lanes 2,
5, 8 and 11). Ni-NTA purification of these tetrasomes re-
vealed that untagged Cse4 AN co-purifies with Hisg-H3 and
H4 (Supplementary Figure S3C, lane 5). This demonstrates
that Cse4 and H3 are structurally compatible to form a het-
erotypic tetrasome (Cse4d—H3-H4,-DNA), consistent with
in silico predictions of a hybrid structure (Supplementary
Figure S2).

We next examined whether these heterotypic tetramers
can form nucleosomes, by including H2A-H2B dimers in
the reconstitution reactions (Figure 3B, also Supplementary
Figure S3B, lanes 3 and 4). The nucleosome bands from Fig-
ure 3B (lanes 2 and 5) were excised from the gel and their
histone content was analyzed by SDS-PAGE (Figure 3C).
Nucleosomes reconstituted with heterotypic tetramers and
H2A-H2B clearly contain Cse4AN in addition to Hisg-H3,
H2A and H2B. As an independent proof for heterotypic
nucleosome formation, we removed traces of free histones
from the nucleosome preparations by sucrose gradient prior
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Figure 3. Heterotypic nucleosomes that contain both Cse4 and H3 can be reconstituted in vitro. (A) Cse4 forms a complex with H3 and H4. Full length
Cse4, Hisg-H3 and H4 were refolded to a tetramer complex. The sample was purified by Ni-NTA and analyzed by 4-12% Bis—Tris SDS-PAGE gel and
Coomassie staining. Lane 1, refolded Cse4-H3-Hisg—H4 input (IN); lane 2, unbound Ni-NTA fraction (UB); lane 3, 250 mM imidazole elution (E). Lanes
4, 5 and 6 are samples from refolded untagged Cse4-H3-H4 IN, UB and E, respectively. (B) Refolded H3-H4, Cse4d AN-H4 or heterotypic tetramers
(purified by gel filtration as shown in Supplementary Figure S3A) and H2A-H2B dimers were reconstituted into nucleosomes on 147 bp ‘601° DNA using
salt dilution, and analyzed by 6% native PAGE and ethidium bromide staining. Lane 1, 147 bp ‘601" DNA; lane 2, Cse4 AN-Hisg-H3-H4, tetramers and
H2A-H2B; lane 3, Hisg-H3-H4 tetramer and H2A-H2B; lane 4, canonical (H3-H4), tetramer and H2A-H2B dimer; lane 5: (Cse4AN-H4), tetramer
and H2A-H2B dimer. The tetramer used in lane 2 is likely a mixture of Hisg-H3-H4, Cse4 AN-H4 and heterotypic Cse4 AN-Hisq-H3-H4, tetramer
(Supplementary Figure S3A). (C) Heterotypic nucleosomes contain Cse4 AN, Hisg-H3, H4, H2A and H2B. The nucleosome bands from (B) were excised
from the gel, eluted and analyzed by 4-12% Bis—Tris SDS-PAGE and Coomassie staining. Lanes 1 and 2: samples from the nucleosome bands of lanes 2
and 5 of the gel in (B), respectively. (D) Cse4AN and Hisg-H3 are incorporated into the same nucleosome. Nucleosome samples from (B) were purified
from free histones by sucrose-gradient, and the nucleosome fractions were purified by Ni-NTA and analyzed on Bis—Tris 4-12% SDS-PAGE. IN, Ni-NTA
input nucleosomes; UB, unbound; W, wash; E, elution fraction. Lanes 1-4: Nuc Hisg-H3-Cse4 AN; nucleosomes assembled from Cse4 AN-Hisg-H3-H4,
tetramers and H2A-H2B dimers. Lanes 5-8: Nuc Cse4 AN; nucleosome samples reconstituted from (Cse4 AN-H4), tetramer and H2A-H2B dimer.

to Ni-NTA purification. As is the case for reconstituted
tetrasomes, untagged Cse4AN co-purifies with tagged H3
after sucrose gradient and Ni-NTA purification (Figure 3D,
compare lanes 4 and 8). Note that the Cse4 band is less
intense than the other bands, as expected from the enrich-
ment of homotypic Hiss—H3 containing nucleosomes dur-
ing Ni-NTA purification. Together, this demonstrates that
Cse4 and H3 can combine in a heterotypic nucleosome after
in vitro assembly, and in the absence of histone chaperones.
Similar to our previous observations (16), incorporation of
Cse4 into nucleosomes alters its migration on a native gel,
consistent with a more open structure. The nucleosome con-
taining both Cse4AN and Hisg-H3 migrates slower on the

gel than nucleosome containing two copies Hisg-H3 or H3
(Figure 3B).

Having established that Cse4 and H3 are structurally
compatible to be refolded into a heterotypic H3-Cse4-H4,
tetramer that can be assembled into nucleosomes by salt
deposition, we wanted to test whether chaperone-mediated
assembly has a similar outcome. Equal concentrations of
donor labeled Scm3-Cse4AN-H4 and acceptor labeled
H3-H4 (pre-incubated with Napl) were mixed in the pres-
ence of a 5-fold molar excess of 79 bp DNA at physiologi-
cally relevant ionic strength and incubated for an hour. The
samples were analyzed on a native gel and in-gel FRET
was visualized (Figure 4A). In the absence of Napl, lit-
tle (H3-H4), tetrasome is formed on DNA (lane 4), while
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Figure 4. The deposition H3-H4 on DNA as a tetramer reduces the
propensity of heterotypic Cse4—H3-H4, tetrasome formation. (A) 1 uM
refolded (H3-H4), tetramer labeled with Alexa-488 was mixed with an
equimolar concentration of Atto-647N labeled (H3-H4), tetramer (in
presence or absence of 4 wM Napl, calculated as a monomer) or Scm3—
Cse4 AN-H4 and incubated with 5 pM 79 bp DNA. Samples were incu-
bated for 1 h at 25°C, then analyzed on a 6% native gel and scanned for
fluorescence as in Figure 2A. (B) Tetrasomes assembled on 79 bp DNA as
in (A), were analyzed on 6% native gel and stained with ethidium bromide.
The band indicated by (¥) is a heterotypic tetramer.
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Napl facilitates the formation of donor-only and acceptor-
only tetrasomes with little FRET (lane 3). Scm3-Cse4 AN
H4 incubation with DNA (lane 7) results in FRET within
a tetrasome, as also shown in Figure 2 and Supplemen-
tary Figure S1B. When combining Scm3-Cse4 AN-H4 and
Napl-H3-H4, heterotypic tetrasomes are formed but less
efficiently than homotypic tetrasomes, as the FRET signal
from combining Scm3-Cse4d AN-H4 (donor) and Napl-
H3-H4 (acceptor) in the presence of DNA is lower than
the FRET signal obtained from incubating donor- and
acceptor-labeled Scm3-Csed AN-H4 with DNA (Figure
4A, compare lanes 7 and 9). (Cse4-H4), tetrasomes assem-
bled on 79 bp DNA migrate faster than (H3-H4), tetra-
somes (Figure 4A). This is more obvious in a gel stained
with ethidium bromide (Figure 4B, lane §; the heterotypic
tetrasome is indicated by an asterisk). Together, the data
presented in Figure 4 show that in the presence of Napl,
H3-H4 is deposited mainly as a tetramer and this likely re-
duces its propensity to form a heterotypic tetrasome with
Cse4-H4. Because of the low affinity of Scm3 for H3-
H4, Scm3 is unlikely to play a role in its deposition onto
DNA. Overall, our data show that Scm3 deposits Cse4-H4
through a dimer intermediate while Napl mainly deposits
H3-H4 as a tetramer.

DISCUSSION

Scm3 is a histone chaperone that assembles Cse4-
containing nucleosomes at the centromere in budding
yeasts. Here, we have quantified the preferential interaction
of Scm3 with the histone variant Cse4—H4 over H3—-H4 and
H2A-H2B, and have investigated the mechanism by which
Scm3 assembles Cse4—H4 on DNA during the first step of
centromeric nucleosome assembly. Scm3 binds Cse4-H4
with low nanomolar affinity, and with a 10-15-fold pref-
erence over canonical histones H3-H4 and H2A-H2B.
In agreement with previous reports (43), mutations in
Scm3 residues that are critical for the interaction with
Cse4-H4 reduced the affinity significantly. The affinity of
wild-type Scm3 for Cse4—H4 reported here is about 30-fold
higher than previously published values measured by ITC
(43). This difference is likely due to a markedly different
experimental setup, as well as differences in conditions and
proteins constructs used. Notably, the previous study was
done at a pH 5.4, and a single-chain comprising partial
sequences of Csed—H4 was used, whereas our study used
more physiological conditions and substrates. As such, the
affinities reported here are within range reported for other
histone chaperones under similar conditions (39,55-57,62).

The affinity of Scm3 for Cse4—H4 reported here is ther-
modynamically consistent with a role of Scm3 in ‘de-
positing’ histones onto DNA. We find that a (Cse4-H4),
tetramer is assembled on DNA from two Scm3-bound
Cse4-H4 dimers. The tetramerization of Cse4—H4 under
physiological conditions happens only in the presence of
DNA, and is not dependent on the DNA binding activity
of Sem3. Two mutually non-exclusive mechanisms are pos-
sible. First, free Cse4-H4 (in equilibrium with Sem3-bound
Cse4-H4) could form a transient (Cse4-H4), tetramer
which is then stabilized in the form of a tetrasome upon
DNA binding (Figure 5A). Second, it is also possible that
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the free Cse4—H4 dimer binds to DNA and the binding of
a second Cse4—H4 dimer to form a tetrasome in turn stabi-
lizes the complex (Figure 5B). In both cases, the association
H2A/H2B dimers to (Cse3—-H4), tetrasomes complete the
assembly of the Cse4 nucleosome. Our data argues against a
mechanism in which two Scm3 molecules dimerize to bring
together two copies of Csed—H4 before delivering them to
DNA. Recent data demonstrate that dimerization of the hu-
man homolog HIURP through its C-terminal region is re-
quired for CENP-A deposition at the centromeres (63), sug-
gesting that this mechanism may not be conserved between
budding yeast and human centromeric histone chaperones.

The equilibrium constant of Scm3-mediated tetrasome
formation is not affected by DNA sequence; in particular,
we did not observe a difference between the centromeric
CEN DNA and the strong ‘601 positioning sequence. This
indicates that the unusual sequence composition of CEN
DNA does not contribute to the targeting of Cse4 to the
yeast centromere. Rather, the DNA binding activity of the
Scm3 N-terminal domain (60), and the ability of Scm3 to
interact with other centromeric proteins such as the CBF3
subunit Ndc10 (22,64) might help target Scm3 (and with it,
Cse4-H4) to the centromere. Previous results suggest that
the N-terminal DNA binding domain of Scm3 is not re-
quired for the interaction with Cse4—H4, but is critical for
Cse4 deposition at the centromere (60).

Our finding that the general histone chaperone Napl
binds Cse4—H4, H3-H4 and H2A-H2B with equally high
affinity suggests that Nap1l and other general histone chap-
erones might participate in the assembly/disassembly of
centromeric nucleosomes in vivo. Previous reports showed
that Napl has the ability to assemble both regular and
centromeric nucleosomes in vitro (13,16,29,37). The lethal
phenotype resulting from a scm3 deletion in yeast can
be rescued by the overexpression of Cse4 (14), suggesting

that other general histone chaperones may function in cen-
tromeric nucleosomes assembly. In other organisms, several
general histone chaperones have been proposed to double as
CENP-A histone chaperones. For example, RbAp48 forms
a complex with Drosophila CENP-A-H4 in vivo and func-
tions as CENP-A nucleosome assembly factor in vitro (65).
FACT and nucleoplasmin-1 (Npm1) co-purify with CENP-
A nucleosomes in human cells (66). In vitro, Npm1 assem-
bles both CENP-A and H3 nucleosomes (37). Sim3 (a hu-
man NASP homolog) deposits CENP-A in Schizosaccha-
romyces pombe (67), and human NASP exhibits CENP-A
nucleosome assembly activity in vitro (68).

The deposition of newly synthesized CENP-A at cen-
tromeres is restricted to a discrete time that varies among
different organisms from metaphase to early G1 (69-74).
In contrast, replication-coupled assembly of bulk chro-
matin occurs during S phase. It has been suggested that
the gaps left after the segregation of parental CENP-A
molecules are temporarily filled by the histone variant H3.3,
to be replaced later with CENP-A (75). It is not clear
at this point whether the newly synthesized CENP-A-H4
loaded by Scm3/HJURP combines with existing DNA-
bound CENP-A-H4 during replication-independent cen-
tromeric nucleosome assembly, or whether new CENP-A—
H4 replaces the H3.3 nucleosomes that fill the gaps after
DNA duplication. Our data show that Cse4 and H3 are
structurally compatible to form heterotypic nucleosomes,
and these possibly exist in vivo (27). However, the tempo-
ral separation of bulk chromatin assembly during S phases,
and CENP-A nucleosome assembly that occurs outside S
phase likely limits the formation of heterotypic nucleosomes
at the centromeres. Reports have shown that CENP-A is de-
posited in non-centromeric regions (14,76,77). Further in-
vestigation will determine whether heterotypic nucleosomes



assemble in centromere or other regions of the chromosome
and have any functional roles in vivo.
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