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TheCse4 nucleosome at each budding yeast centromeremust
be faithfully assembled each cell cycle to specify the site of
kinetochore assembly andmicrotubule attachment for chromo-
some segregation. Although Scm3 is required for the localiza-
tion of the centromericH3 histone variant Cse4 to centromeres,
its role in nucleosome assembly has not been tested. We dem-
onstrate that Scm3 is able to mediate the assembly of Cse4
nucleosomes in vitro, but notH3 nucleosomes, asmeasured by a
supercoiling assay. Localization of Cse4 to centromeres and the
assembly activity depend on an evolutionarily conserved core
motif in Scm3, but localization of the CBF3 subunit Ndc10 to
centromeres does not depend on this motif. The centromere
targeting domain of Cse4 is sufficient for Scm3 nucleosome
assembly activity. Assembly does not depend on centromeric
sequence. We propose that Scm3 plays an active role in centro-
meric nucleosome assembly.

The centromere is a cis-acting chromosomal region that pro-
vides all living cells with the ability to transfer their genetic
material faithfully during mitotic and meiotic cell divisions.
The centromere is the location for the assembly of the kineto-
chore, a multiprotein complex that enables the attachment of
chromosomes to the spindlemicrotubule and ensures the equal
segregation of chromosomes to the daughter cells. The budding
yeast kinetochore is composed of more than 65 proteins, many
of which are evolutionarily conserved from yeast to man (1, 2).
The inner kinetochore or DNA-binding layer is comprised of
several proteins, including Mif2, the CBF3 complex (Ndc10,
Cep3, Skp1, and Ctf13), a centromeric histoneH3 variant Cse4,
and Scm3, all of which are essential for kinetochore function
(3–8). The CBF3 complex binds specifically to the budding
yeast centromere sequence. Budding yeast centromeres consist
of �125 bp divided into three DNA elements: CDE I (14 bp),
CDE II (87–88 bp), and CDE III (11 bp) (9, 10). The Ndc10
subunit of CBF3 is critical to nucleate kinetochores (11, 12).
Cse4, Ndc10, and Scm3 are dependent on each other for effi-
cient localization to centromeres (6).
Although the sequence composition of centromeres is highly

variable among organisms, centromeres in all eukaryotes are

universally marked by the presence of a centromere-specific
histone H3 variant, termed CENP-A in humans, Cse4 in bud-
ding yeast, and CID in Drosophila melanogaster (13). The cen-
tromere targeting domain (CATD), consisting of loop 1 and
helix 2 of the histone fold domain, is required for centromere
loading of centromeric histone variants (14, 15). Canonical
nucleosomes, the basic module of chromatin, consist of 146 bp
ofDNAwrapped around anoctamer of four core (H3/H4/H2A/
H2B) histones (16). At the centromeric nucleosome, Cse4
replaces canonical H3 (4). Although the Saccharomyces cerevi-
siae genome contains �70,000 nucleosomes (17), a single Cse4
nucleosome defines the centromere on each chromosome (18,
19). The histone fold domain of Cse4 is �60% identical to H3
(20), raising the question of how Cse4 is specifically targeted to
the centromere sequence.
Histones are often associated with specific chaperones/

nucleosome assembly factors that assist their interaction with
DNA, both deposition and removal. Nucleosome assembly fac-
tors can be defined as factors that associate with histones and
stimulate a reaction involving histone transfer. Some histone
variants have specific chaperones that play an important func-
tion in their deposition (21). For instance, Chz1 is a histone
chaperone that has preference for H2AZ and can deliver H2AZ
for SWR1-dependent histone replacement (22). Nucleosome
assembly factors also play an important role in assembly of
histone H3.1 and H3.3, in a replication-dependent and -inde-
pendent manner, respectively, thereby differentially marking
the active and inactive regions of the genome (23, 24). It is
unknownwhether there is a specific assembly factor involved in
Cse4 deposition at centromeres. One candidate for a Cse4-spe-
cific assembly factor is Scm3 (Suppressor of ChromosomeMis-
segregation 3). Scm3 and its orthologs in Schizosaccharomyces
pombe (Scm3sp) and humans (HJURP) are required for localiza-
tion of the centromeric histone variant at centromeres (6, 25,
26). In addition to its role at the centromere sequence, Scm3 is
required to deposit Cse4 at the stable partitioning locus within
the 2-� plasmid (27). HJURP has been shown to facilitate the
association of CENP-A/H4 tetramers with DNA in vitro (28).

In budding yeast, Scm3 has been shown to bind to both Cse4
and Ndc10 and is required for their efficient localization to
centromeres, leading to the hypothesis that Scm3 serves as a
molecular link between a centromere-specific DNA binding
complex (CBF3) and the centromeric histone variant (6).
Herein, we provide evidence that Scm3 is more than a simple
adapter and possesses unique nucleosome assembly activity.
The assembly activity depends on an evolutionarily conserved
coremotif sharedwith Scm3sp andHJURP. The assembly activ-
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ity is specific for Cse4 but independent of DNA sequence. Fur-
thermore, assembly activity depends on the CATD of Cse4.We
conclude Scm3 plays an active role in the assembly of centro-
meric nucleosomes.

EXPERIMENTAL PROCEDURES

Yeast Strains—The S. cerevisiae strains used in this study are
listed in supplemental Table 1 and were constructed in the
W303 background.
Co-immunoprecipitation—Whole cell extracts were ob-

tained by beadbeating in the presence of lysis buffer (100 mM

Tris (pH 7.5), 150 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 0.1%
Nonidet P-40, 10% glycerol, and protease inhibitors). Co-im-
munoprecipitations were performed with anti-FLAGM2 affin-
ity gel (Sigma-Aldrich). Beads were washed several times with
lysis buffer and proteinswere elutedwith 10mMTris (pH 8.0)/1
mM EDTA/1% SDS.
ChIP and Quantitative (q)PCR—ChIPs were performed with

biological replicates as described previously (6). ChIP lysates
were sonicated to obtain sheared DNA fragments �300 bp in
length. �-Myc (9E10; Santa Cruz Biotechnology) was used at
1:2500. ChIPs were harvested by incubation with protein
G-Sepharose (Amersham Biosciences). qPCR2 was performed
for eluted ChIP samples on an iCycler real-time PCR machine
with IQ SYBR Green Supermix (Bio-Rad). Specific primer sets
used were centromere 1 (forward, 5�-TGACATTGAACTTC-
AAAACCTTT-3� and reverse, 5�-GGCGCTTGAAATGAAA-
GCTC-3�) and centromere 3 (forward, 5�-GATCAGCGCCA-
AACAATATGG-3� and reverse, 5�-AACTTCCACCAGTAA-
ACGTTTC-3�) as described previously (6, 29). PCR of ChIP
DNA was quantified for biological replicates by comparing
immunoprecipitates and total chromatin.
FACS—FACS analysis was performed to confirm cell cycle

arrest on cells fixed in 70% ethanol. Cells were washed with
FACS buffer (50 mM sodium citrate), treated with RNase,
stained with Sytox Green (1 mM final), and analyzed by using a
Cyan cytometer (Dako Cytomation).
Purification of Recombinant Proteins, Octamers, and Scm3/

Cse4/H4Complex—Yeast recombinant histones (H3, H4, H2A,
H2B, and Cse4) were individually expressed in Escherichia coli
and purified from inclusion bodies as described previously (30).
His6-Scm3 and its lethal mutants were purified using nickel-
nitrilotriacetic acid metal-affinity agarose and standard His tag
protein purification protocols (31). Assembly of histone octam-
erswas carried out as inRef. 32.Assembly of the Scm3/Cse4/H4
complex was performed as described previously (33). For con-
structing the H3/Cse4 hybrid, the region from Ala76 through
Ile113 of H3 was replaced by the corresponding region contain-
ing the loop 1 and �2 helix of Cse4 (Thr166 through Leu206)
based on previous studies (15).
In Vitro Chromatin Assembly—The assembly of nucleo-

somes was performed as described previously (19, 34). Briefly,
0.2 �g of plasmid was relaxed with topoisomerase I. Purified
canonical or Cse4 containing octamers (H3 orCse4/H2A/H2B/
H4) or Scm3/Cse4/H4 complex and His6-Scm3 or lethal

mutants were added and incubated for 2 h at room temperature
in the presence of topoisomerase Iwith 8.3mMHEPES (pH7.4),
0.5 mM EGTA, 0.65 mM MgCl2, 1.7% glycerol, 0.005% Nonidet
P-40, 33 mM KCl, 0.33 mM DTT, and 0.02 mg/ml BSA. Plasmid
DNAwas deproteinized and purified by standardmethods, and
then topoisomers were resolved in agarose gels. Recombinant
topoisomerase I was a kind gift from S. Venkatesh, Stowers
Institute. Two plasmid were used: (i) pG5E4-5S containing five
repeats of 5S flanking each side of an E4 core promoter down-
stream of five Gal4-binding sites (gift from the Workman lab-
oratory, Stowers Institute) and (ii) pCEN1-10X containing 10
tandem repeats of the centromere 1 sequence.

RESULTS

Scm3 Contains Two Essential Motifs—Scm3 is a relatively
small protein (�25 kDa) containing several motifs (Fig. 1A). At
the N terminus from amino acids 13–24, there is a putative
leucine nuclear export sequence (NES) (7). There are two short
patches of basic residues, similar to bipartite nuclear localiza-
tion sequences (NLSs) found at positions 54–59 and 148–153
(35, 36). At its center, Scm3 has an evolutionarily conserved
core motif. This motif resembles a coiled-coil domain in that it
has repeating heptad units with hydrophobic residues occupy-
ing the fourth position and polar residues in the first position
(37, 38). The C-terminal 58 amino acids are acid-rich (40% Asp
� Glu).
To identify essential motifs, we carried out site-directed

mutagenesis for each of these motifs and tested the mutant
proteins for function using a plasmid shuffle assay (Fig. 1B).
Deletion of either the C-terminal 25 amino acids (Scm3-�25C)
or the bipartite NLS (Scm3-�NLS) did not result in a loss of
growth. In contrast, mutations in evolutionarily conserved res-

2 The abbreviations used are: qPCR, quantitative PCR; NES, nuclear export
sequence; NLS, nuclear localization sequence.

FIGURE 1. Mutational analysis of Scm3. A, schematic diagrams of wild-type
Scm3 and site-directed Scm3 mutants. The NES, conserved motif (CD), poten-
tial NLS and C-terminal acidic (D/E) regions are boxed. B, plasmid shuffle com-
plementation tests of mutants shown in A. Growth on 5-fluroorotic acid (FOA)
medium indicates the respective mutant allele provides Scm3 function.
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idues in the central motif or deletion of the N-terminal 25
amino acids (Scm3-�25N) were lethal. To define further the
essential portion of the N-terminal region, we deleted resi-
dues 2–12, 13–24 (which contains the NES motif), or
mutated the leucines in the NES motif. All of these muta-
tions were lethal, suggesting that the NES as well as the
amino acids upstream are essential, consistent with previous
mutational analysis of Scm3 (7). We conclude that Scm3 has
two essential motifs, the N-terminal 25 amino acids and the
conserved core motif.
ConservedMotif of Scm3 Is Essential for Interactionwith Cse4

and Its Localization to Centromeres—Scm3 physically associ-
ateswithCse4 andNdc10 (6, 7, 33).We tested the proficiency of
the lethalmutants for interactionswithCse4 andNdc10 in vivo.
For this study we have used a Gal-SCM3 conditional allele
(pGal1–10-3HA-SCM3) so that we can shut off the wild-type
chromosomal copy of Scm3 by switching to glucose medium
for 2 h. This switch eliminates Scm3 as measured by Western
blotting (6). Mutant versions of Scm3 are FLAG-tagged on a
plasmid under the control of the endogenous promoter. Results
shown in Fig. 2 reveal that point mutations (I110H, I111H) in
the conserved motif of Scm3 disrupt the interaction with Cse4
whereas deletion of theN terminus of Scm3 (Scm3-�25N) does
not disrupt this interaction (Fig. 2A). However, all of the lethal
mutants interact with Ndc10 (Fig. 2B). These results demon-
strate that the conservedmotif is important for interactionwith
Cse4.
By using a similar strategy as above, we tested whether Cse4

is present at the centromere in these lethal mutants by ChIP/
qPCR (Fig. 3). Interestingly Cse4 is present at CEN1 with the
Scm3-�25Nprotein, but in the case of Scm3-I110H, Cse4 is not
localized to the centromere (Fig. 3, A and B). Although Scm3-
�25N can interact with Ndc10 and Cse4 and can apparently
localize Cse4, this mutation is still lethal. Although the con-
served motif appears to be essential for localization of Cse4 at
centromeres, the essential function of the N terminus is not
clear at present.
TheTwoEssentialMotifs of Scm3Cannot BeDifferentiated by

Point of Execution in the Cell Cycle—Cse4 appears to load at
centromeres during S phase (39, 40). Without Cse4, the kine-
tochore will be defective, leading to a spindle checkpoint arrest

(6, 41). In previous work we showed that when Scm3 was
depleted in the G1 phase of the cell cycle, the spindle check
point was not activated. In contrast, if Scm3 was depleted in S
phase or G2/M, the spindle checkpoint is activated (6). Because
Scm3 cannot be depleted inG2/Mwithout activating the check-
point, Scm3 function appears to be required even after centro-
meric chromatin is formed. We performed the same type of
point-of-execution experiments with the Scm3 lethal mutants,
to determine whether one motif was more critical for check-
point signaling.
We conducted arrest-deplete-release experiments. Cells

were grown in galactosemedium and synchronized in theG1, S,
and G2/M phase of the cell cycle with � factor, hydroxyurea,
and nocodazole, respectively. At this point, wild-type Scm3
either continued to be expressed (galactose) or was depleted by
transfer of cells to glucose-containing medium (glucose). Then
cells were released into the cell cycle. Cultures were monitored
by flow cytometry. When we deplete wild-type Scm3 and
express the mutant proteins at G1 phase, there is a decrease in
cells with 4 N DNA content compared with the total absence of
Scm3 (supplemental Fig. 1A). In the Scm3-null background we
could visualize a population of cells containing 4 N DNA con-
tent compared with the two lethal mutants. We have also visu-
alized DNA by DAPI staining to verify the presence of multiple
DNA masses in a single cell (data not shown). Taken together,
these results suggest that the spindle checkpoint is activated
more efficiently in the scm3 lethal mutants compared with the
null background.When wild-type Scm3 was depleted in early S
or G2/M phase, there were no significant differences between
the null case and the two lethal mutants in terms of DNA con-
tent (supplemental Fig. 1, B andC). In all cases, cells arrest with
2 NDNA content and are large budded with a single DAPImass
(data not shown), suggesting that the spindle checkpoint is effi-
ciently activated.
Next, we tested whether Cse4 and Ndc10 were present at

centromeres in G2/M by ChIP/qPCR when Scm3 was depleted
in a G1 arrest. Cse4 was not detected at the centromere in the
Scm3-I110H background but was present at the centromere in
the Scm3-�25N background (Fig. 3,C andD). However, Ndc10
was present at centromeres in both the Scm3-I110H and Scm3-
�25N backgrounds (Fig. 3, E and F), consistent with the result

A) B)

S
cm

3-
∆2

5N

N
o 

Ta
g

 Cse4-Myc

S
cm

3-
I1

10
H

S
cm

3-
I1

11
H

S
cm

3 
W

T

Scm3-Flag

Cse4-Myc

C
el

l l
ys

at
e

   
(In

pu
t)

N
o 

Ta
g

 Ndc10-Myc

S
cm

3-
I1

10
H

S
cm

3-
I1

11
H

S
cm

3 
W

T

Scm3-Flag

Ndc10-Myc

C
el

l l
ys

at
e

   
(In

pu
t)

S
cm

3-
∆2

5N

IP: Scm3-Flag IP: Scm3-Flag

FIGURE 2. Co-immunoprecipitation of Scm3 mutants with Cse4 and Ndc10. Immunoprecipitations of Scm3-FLAG mutants were performed in a background
containing Cse4-Myc or Ndc10-Myc. No Tag indicates that Scm3 does not have the FLAG tag. Western blotting was carried out with anti-Myc antibody.
Full-length Scm3-FLAG often runs as a doublet for reasons that are currently unclear. A, evolutionarily conserved motif is required for Cse4 interaction. Point
mutants in this motif no longer interact with Cse4. When the 25 N-terminal amino acids of Scm3 are deleted, this protein still pulls down Cse4. B, both point
mutants in the conserved motif and a mutant with a deletion of 25 amino acids from N terminus still co-immunoprecipitate with Ndc10.
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that both of these mutants can interact with Ndc10 (Fig. 2B).
Ndc10 is necessary for activation of the spindle checkpoint (42).
The efficient localization of Ndc10 in the mutants compared
with the null is the most likely explanation for the difference in
checkpoint activation. Taken together, these results suggest
that Scm3 has two distinct functions: (i) Cse4 deposition, which
requires the evolutionarily conserved motif, and (ii) recruit-

ment of Ndc10 to activate the spindle assembly checkpoint.
The point of execution for each of the two essential motifs can-
not be differentiatedwith respect toNdc10 recruitment/check-
point function.
Both Scm3 Lethal Mutants Can Separate H2A/H2B Dimers

from Cse4 Octamer—It was reported previously that when
Scm3 was added to Cse4-containing octamers, H2A/H2B
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FIGURE 3. Evolutionarily conserved core motif of Scm3 is required to load Cse4 at the centromere but not Ndc10. Strains were constructed in which the
endogenous copy of Scm3 was under control of the Gal promoter, a plasmid contained another source of Scm3, and Cse4 was tagged with 12myc epitopes. In
galactose-containing medium, Scm3 is expressed (A, C, and E) but in glucose (B, D, and F) the only source of Scm3 is the plasmid. The ChIP/qPCR from the
galactose cultures serves as a control. ChIP/qPCR shows that Cse4 is not present at CEN1 in the Scm3-I110H mutant background in glucose in either asynchro-
nous cultures (B) or at CEN3 in G1-arrested and released (4 h) cultures (D). Error bars represent � the average deviation of biological replicates. A control ChIP
omitting antibody was performed for each sample; all values were below 0.01 (ratio of no antibody/total chromatin). E and F, ChIP/qPCR for Ndc10 in
G1-arrested and released (4 h) cultures shows that Ndc10 is present at CEN3 in both the lethal mutant backgrounds. See also supplemental Fig. 1 for cytometry
profiles.
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dimerswere evicted, and a Scm3/Cse4/H4 complexwas formed
(33). We analyzed how recombinant Scm3 lethal mutant pro-
teins behaved with respect to octamer splitting. Interestingly,
when each lethal mutant was incubated with Cse4 octamers,
the octamers were split into two distinct populations, one that
contained Scm3/Cse4/H4 and one that contained Scm3/H2A/
H2B as measured by gel filtration chromatography (supple-
mental Fig. 2,C andD).We did not find any difference between
Scm3 lethal mutants with respect to H2A/H2B eviction since
bothmutants were able to split the octamers.We further tested
whether Scm3 is present in a complex with Cse4/H4 or H2A/
H2B by pulldowns from the fractions containing the split spe-
cies. As shown previously (33), Scm3 interacts with Cse4/H4,
but not H2A/H2B (supplemental Fig. 2F).
ConservedCoreMotif IsNecessary for deNovo Scm3/Cse4/H4

Complex Formation—It was shown previously that recombi-
nant Scm3, Cse4, and histone H4 form a stoichiometric com-
plex with a molecular weight consistent with a hexamer (33).

We tested whether the lethal Scm3 mutants could make a de
novo Scm3/Cse4/H4 complex when mixed with recombinant
Cse4 and H4. To address this question, wild-type or mutant
Scm3 was mixed with Cse4 and H4 in 2 MNaCl. Scm3-WT and
Scm3-�N25 were able to form a Scm3/Cse4/H4 complex with
Cse4 and H4; Scm3-I110H could not (supplemental Fig. 3A).
This result is consistent with the inability of the Scm3-I110H
protein to co-immunoprecipitatewithCse4. Previously, a Scm3
mutant protein consisting of amino acids 93–143 was shown to
be sufficient for Scm3/Cse4/H4 complex formation (33).
Together these results suggest the conserved motif is essential
to interact with Cse4.
Scm3AssemblesNucleosomes inVitro—Scm3 is necessary for

the localization of Cse4 to centromeres in vivo. We tested
whether Scm3 could facilitate the assembly of nucleosomes in
vitro. To measure the chromatin assembly activity of Scm3 in
vitro, we used a plasmid supercoiling assay in which the wrap-
ping of DNA around the histone core particle induces super-
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FIGURE 4. Scm3 can assemble Cse4-containing nucleosomes in vitro. Nucleosome assembly activity of Scm3 was studied with a plasmid supercoiling assay.
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Scm3 Is a Centromeric Nucleosome Assembly Factor

12020 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 14 • APRIL 8, 2011

http://www.jbc.org/cgi/content/full/M110.183640/DC1
http://www.jbc.org/cgi/content/full/M110.183640/DC1
http://www.jbc.org/cgi/content/full/M110.183640/DC1
http://www.jbc.org/cgi/content/full/M110.183640/DC1


coiling in relaxed, closed, circular DNA. We tested two plas-
mids (Fig. 4A), one containing 10 copies of a 5 S nucleosome
positioning sequence (pG5E4-5S, a gift from theWorkman lab-
oratory) and one containing 10 tandem copies of a yeast cen-
tromere 1 (CEN1) repeat unit. Following the assembly reaction,
DNA was deproteinized, and plasmid topoisomers were
resolved by agarose gel electrophoresis. Incubation of purified
His6-Scm3 and Cse4 octamers with either pG5E4-5S or
pCEN1-10X resulted in the induction of several supercoils
comparedwith controls (Fig. 4B), demonstrating that Scm3 can
assemble Cse4 containing chromatin on both plasmids. With
both plasmids we observed an increase of supercoils in a dose
dependentmanner to a certain level, followed by a decrease that
may be related to the precipitation of Scm3 at higher concen-
trations. Nap1, a well studied histone chaperone (43), was also
able to induce supercoils with Cse4 octamers on both plasmids
(Fig. 4C). These experiments demonstrate that Scm3 can
induce supercoils with Cse4 chromatin irrespective of DNA
sequence. Scm3 alone does not mediate the supercoiling reac-
tion (Fig. 4D).
ConservedCore of Scm3 IsNecessary for ChromatinAssembly—

Because the conserved motif, but not the N-terminal motif of
Scm3, is necessary for localization of Cse4 in vivo, we wanted to
address whether these motifs are required for chromatin
assembly in vitro. To address this we used purified recombinant
Scm3 lethal mutant proteins (Scm3-�25N and Scm3-I110H) in
chromatin assembly assays. Scm3-�25N was able to induce
supercoils on both the pG5E4-5S andpCEN1-10Xplasmid (Fig.
4E), but Scm3-I110H could not (Fig. 4F). Therefore, the con-
served motif is essential for nucleosome assembly.
Scm3 Is a Cse4-specific Nucleosome Assembly Factor and

Requires theCse4CATD forNucleosomeAssemblyActivity—To
test the specificity of Scm3 for Cse4, assembly reactions were
carried out with H3 octamers. Strikingly, there was no addition
of topoisomers when we use canonical octamers on either the
CEN plasmid or the 5S plasmid (Fig. 5A). These H3 octamers
could be assembled into chromatin using the chaperone Nap1
(Fig. 5B).
We next aimed to identify the motif/sequence in Cse4 that is

required for Scm3 nucleosome assembly activity. Cse4 has two
domains: (i) a divergent N-terminal essential domain and (ii) a
highly conserved histone fold domain (44). The centromere
targeting domain (CATD), consisting of loop 1 and helix 2 of
the histone fold domain, is required for centromeric loading of
centromeric histone variants (14). The CATD is a key regulator
of Cse4 protein stability (45). HJURP, the human ortholog of
Scm3, binds to CENP-A through its CATD domain, and this
interaction occurs via the TLTY box of HJURP (28). Scm3 lacks
a TLTY motif, which is conserved only in vertebrates (28). To
test whether Scm3 nucleosome assembly activity requires the
CATD domain of Cse4, we made octamers containing a
H3/Cse4 chimeric protein in which H3 contains the Cse4
CATD domain (15). Although H3 octamers are not assembled
into nucleosomes by Scm3, octamers containing this chimeric
H3/Cse4 protein were assembled into nucleosomes (Fig. 5C),
suggesting that the CATD domain is sufficient for Scm3
nucleosome assembly activity.

H2A/H2B Dimers Are Critical for Scm3 to Induce
Supercoiling—The composition of centromeric nucleosomes
has been hotly debated (19, 46, 47). At present there are three
models for the composition of the budding yeast centromeric
nucleosome. One model suggests that Cse4 replaces H3 in an
octameric nucleosome that contains Cse4, H2A, H2B, and H4
(19). Octameric nucleosomes containing human CENP-A can
be reconstituted in vitro (48, 49). A secondmodel proposes that

FIGURE 5. Scm3 is a Cse4-specific nucleosome assembly factor. A, Scm3-
mediated chromatin assembly reaction was performed by incubating the
relaxed plasmids and yeast canonical octamers at a ratio of 1:1 with increasing
amounts of Scm3 (ratio of 1.0, 1.2). Higher amounts also had no effect.
B, chromatin assembly was performed on relaxed plasmids with Nap1 and
yeast canonical octamers as in A (ratio of 1.0, 1.2). C, diagram of the H3/Cse4
chimeric protein is shown. Chromatin assembly reactions were performed on
the relaxed pCEN1-10X plasmid with increasing amounts of reconstituted
octamers containing H3/Cse4 chimeric protein and Scm3 or Nap1. D and
E, H2A/H2B are critical for Scm3 to induce supercoiling. Chromatin assembly
reactions were performed under the conditions in Fig. 4B by incubating the
relaxed pG5E4-5S and pCEN1-10X plasmid with (D) increasing amounts of
reconstituted Scm3/Cse4/H4 complex alone (His6-Scm3/Cse4/H4) or (E)
Scm3/Cse4/H4 complex with an equivalent molar ratio of H2A/H2B dimers. In
the lane labeled dimer, H2A/H2B dimers were added at a ratio of 0.8 to the
DNA. See also supplemental Figs. 2 and 3.
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centromeric nucleosomes contain a single molecule each of
CenH3, H2A, H2B, andH4, which forms a tetrameric structure
called a “hemisome” (47). This hemisomal complex was puri-
fied from interphase Drosophila S2 cells by cross-linking and
immunoprecipitation of CID. Hemisomes appear half as tall as
canonical nucleosomes when analyzed by atomic force micros-
copy and are predicted to contain�120 bp ofDNA (47). A third
model is a “hexameric nucleosome,” composed of two copies
each of Scm3, Cse4 and H4 (33). Given these models, we
decided to testwhether addition of the Scm3/Cse4/H4 complex
(supplemental Fig. 3A) would induce supercoiling in our
assembly assay. We did not observe supercoiling on either type
of plasmid (Fig. 5D). Recently, Vishnapuu and Greene reported
that they reconstituted nucleosomes using the Scm3/Cse4/H4
complex and linear �DNA (50), but we were not able to repli-
cate this outcome on a circular plasmid. Interestingly, addition
of H2A/H2B dimers results in some supercoiling (Fig. 5E) on
both plasmids, suggesting H2A/H2B are necessary for the
assembly reaction.

DISCUSSION

Although Scm3 is an essential inner kinetochore protein, its
precise molecular function has remained poorly understood.
Herein, we have shown that Scm3 appears to be a bona fide
Cse4-specific chaperone. We further show that the chaperone
activity depends on the evolutionarily conservedmotif of Scm3
and the CATD of Cse4, but not centromeric DNA sequence.
The conserved motif of Scm3 is required for interaction with
and deposition of Cse4, but not Ndc10, at centromeres, arguing
for two separable functions for Scm3. The deposition of Ndc10,
and therefore the ability to activate the spindle assembly check-
point, depends on Scm3, but not its chaperone function. Fur-
thermore, this result suggests thatNdc10 recruitment and spin-
dle checkpoint activation do not depend on Cse4 deposition at
the centromere.
The chaperone activity of Scm3 requires the CATD domain

of Cse4 and the evolutionarily conserved motif of Scm3.
Recently, it has been shown that Psh1 is an E3 ubiquitin ligase
that targets Cse4 (45, 51), and Scm3 appears to protect Cse4
fromPsh1 (51). Consistentwith this proposal, Psh1 requires the
CATD domain of Cse4 to target Cse4 (45). Thus, it seems likely
that Scm3 has an active function in Cse4 protein maintenance
and nucleosome assembly that depends on the CATD domain.
HJURP, a putative human ortholog of Scm3, also possesses
assembly activity forCENP-A/H4 complexeswithDNA in vitro
(28). HJURP interacts with CENP-A through its TLTY box, a
highly conserved motif across vertebrates (28). However, Scm3
lacks a TLTY motif. Instead, Cse4 interaction and assembly
activity depend on the evolutionarily conserved core motif of
Scm3.
One of the proposed structures for centromeric nucleosomes

is a hexasome, which does not contain H2A/H2B (33, 50). We
have used a supercoiling assay to test whether the Scm3/
Cse4/H4 complex would induce topoisomers. Although the
Scm3/Cse4/H4 complex fails to induce supercoiling, addition
of H2A/H2B dimers along with Scm3/Cse4/H4 complex did
result in supercoiling, suggesting that H2A andH2B are critical
for nucleosome formation. The requirement for H2A in vitro is

consistent with previous data suggesting that H2A is present in
Cse4 nucleosomes (19) and is required for proper centromere
function (52). Thus, our results are most consistent with mod-
els for the centromeric nucleosome that containH2A andH2B.
The assembly of nucleosomes by Scm3 can occur on either

centromeric DNA sequences or a canonical nucleosome posi-
tioning sequence. Thus, the reactions we have conducted in
vitro lack sequence specificity. This result is consistent with a
recent report in which it was shown that Scm3 is required to
load Cse4 at a noncentromeric sequence, the stable parti-
tioning locus within the 2-� plasmid (45). We speculate that
sequence specificity in vivo is achieved by the CBF3 protein
complex,which is a sequence specific binding complex found in
point centromere-containing organisms. In future studies it
will be interesting to determine whether the addition of CBF3
or other components will increase the specificity for the cen-
tromere sequence. However, our observations suggest that
Scm3 alone cannot provide sufficientDNA sequence specificity
to restrict Cse4 nucleosomes to centromeres.
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