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The epigenetic mark of the centromere is thought to be a

unique centromeric nucleosome that contains the histone

H3 variant, centromere protein-A (CENP-A). The deposi-

tion of new centromeric nucleosomes requires the CENP-

A-specific chromatin assembly factor HJURP (Holliday

junction recognition protein). Crystallographic and

biochemical data demonstrate that the Scm3-like domain

of HJURP binds a single CENP-A–histone H4 heterodimer.

However, several lines of evidence suggest that HJURP

forms an octameric CENP-A nucleosome. How an octa-

meric CENP-A nucleosome forms from individual CENP-A/

histone H4 heterodimers is unknown. Here, we show that

HJURP forms a homodimer through its C-terminal domain

that includes the second HJURP_C domain. HJURP exists

as a dimer in the soluble preassembly complex and at

chromatin when new CENP-A is deposited. Dimerization

of HJURP is essential for the deposition of new CENP-A

nucleosomes. The recruitment of HJURP to centromeres

occurs independent of dimerization and CENP-A binding.

These data provide a mechanism whereby the CENP-A

pre-nucleosomal complex achieves assembly of the

octameric CENP-A nucleosome through the dimerization

of the CENP-A chaperone HJURP.
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Introduction

The equal distribution of chromosomes into daughter cells

during mitosis depends on the proper assembly of a centro-

mere on each chromosome. Centromere assembly occurs

independently of DNA sequence, with the exception of bud-

ding yeast point centromeres (Cleveland et al, 2003; Allshire

and Karpen, 2008; Stellfox et al, 2012). All eukaryotes use a

conserved, CenH3 containing, centromere-specific nucleo-

some to determine (or mark) the site of the centromere.

Human centromere-specific nucleosomes contain centro-

mere protein-A (CENP-A) in place of histone H3. CENP-A

containing nucleosomes are found interspersed with

canonical histone H3 nucleosomes within human centro-

meres (Blower et al, 2002). CENP-A nucleosomes direct the

recruitment of a constitutive centromere-associated network

(CCAN) and the kinetochore proteins that together

orchestrate the attachment of chromosomes to the mitotic

spindle and regulate cycle progression through the mitotic

checkpoint.

Existing CENP-A is quantitatively retained at centromeres

following DNA replication and redistributed to sister centro-

meres (Jansen et al, 2007). Thus, continuous inheritance of

centromere position requires new CENP-A deposition that

occurs in every cell cycle in order to maintain a sufficient

number of CENP-A nucleosomes to specify the centromeric

locus. The assembly of new centromeric nucleosomes

depends on the CENP-A-specific chromatin assembly factor,

HJURP (Holliday junction recognition protein) (Dunleavy

et al, 2009; Foltz et al, 2009; Bernad et al, 2011). CENP-A

interacts with HJURP as a soluble pre-nucleosomal complex.

The deposition of centromeric nucleosomes in yeast requires

the HJURP homologue, Scm3 (Camahort et al, 2007;

Mizuguchi et al, 2007; Stoler et al, 2007; Sanchez-Pulido

et al, 2009; Williams et al, 2009; Dechassa et al, 2011).

HJURP and Scm3 share close to 69% homology within a

small 52 amino-acid region in the amino terminus of HJURP,

which is required for CENP-A binding (Sanchez-Pulido et al,

2009; Shuaib et al, 2010). The Scm3 domain of HJURP is

sufficient to facilitate the formation of CENP-A nucleosomes

in vitro and in vivo (Barnhart et al, 2011). The recruitment of

HJURP and the deposition of CENP-A occur during early G1

(Jansen et al, 2007; Schuh et al, 2007; Dunleavy et al, 2009;

Foltz et al, 2009). HJURP recruitment to centromeres depends

on the activity of the Mis18 complex (Barnhart et al, 2011;

Moree et al, 2011), which influences the histone modification

and DNA methylation status of centromeres (Fujita et al,

2007; Kim et al, 2012). However, the mechanism by which

Mis18 directs HJURP to centromeres remains unclear.

The crystal structures of the CENP-A–histone H4 hetero-

tetramer, containing two copies each of CENP-A and H4,

as well as the CENP-A octameric nucleosome have been

solved (Sekulic et al, 2010; Tachiwana et al, 2011). Addi-

tional evidence suggests that the CENP-A nucleosome may

transition from an octameric nucleosome to hemisome,

containing a single copy of CENP-A and H4, as a cell

progresses through the cell cycle (Bui et al, 2012; Shivaraju

et al, 2012). Similarly to the H3–H3 interface in the canonical

nucleosome, dimerization of CENP-A is required for stable

CENP-A deposition. Mutants of human CENP-A or the
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Drosophila homologue, CID, in which the CENP-A–CENP-A

dimerization interface is disrupted, are unable to form stable

nucleosomes in vivo (Bassett et al, 2012; Zhang et al, 2012),

suggesting that formation of a CENP-A octamer is required for

stable nucleosome formation. Human HJURP and yeast Scm3

mediate the formation of octameric nucleosomes in vitro

(Barnhart et al, 2011; Dechassa et al, 2011; Kingston et al,

2011; Shivaraju et al, 2011). Interestingly, several recent

biochemical studies of HJURP/Scm3 in complex with

CENP-A have demonstrated that CENP-A interacts with

HJURP as a heterodimer containing a single copy of CENP-

A and histone H4 (Cho and Harrison, 2011; Feng et al, 2011;

Zhou et al, 2011; Bassett et al, 2012). These observations raise

the question of how an octameric CENP-A nucleosome may

be assembled from a heterodimeric intermediate.

Vertebrate HJURP proteins are significantly larger than

their yeast orthologues and contain additional conserved

domains (CDs) (Sanchez-Pulido et al, 2009). Human HJURP

contains two HJURP_C-terminal domains (HCTD) within the

carboxyl terminal half of the protein. HJURP_C domains are

also found in the myocyte enhancer factor 2 (MEF2) trans-

cription factors (Potthoff and Olson, 2007), but a functional

role for this domain in MEF2 has not been determined. Only

the Scm3 domain has been implicated in CENP-A deposition.

Here, we demonstrate that HJURP, in the pre-nucleosomal

complex, self-associates through its carboxyl terminus. The

C-terminal portion of HJURP required for self-association

in vivo forms a dimer when expressed and purified in vitro.

We show that the targeting of HJURP to centromeres occurs

independently of HJURP dimerization and requires a region

of HJURP between the CD and the second HCTD (HCTD2)

(Sanchez-Pulido et al, 2009). Importantly, we also find that

self-association of HJURP is essential for the assembly

of CENP-A nucleosomes at centromeres. These data identify

the region of HJURP sufficient for centromere targeting

and provide a potential mechanism by which octameric

CENP-A nucleosomes are assembled from a heterodimeric

intermediate.

Results

Centromeric localization of HJURP through the

carboxyl terminus

A set of non-overlapping HJURP truncation proteins were

examined to determine which domains of HJURP mediate its

specific recruitment to centromeres. Centromeric localization

was assessed in early G1 cells (midbody positive) at 24 h post

transfection. Full-length HJURP localized to centromeres

in B82% (±5) of G1 cells (n460 cells, two independent

experiments) (Figure 1A and B). The Scm3 domain alone was

not recruited to centromeres, as shown previously (Barnhart

et al, 2011). The HJURP CD is a distinguishing feature of

vertebrate HJURP orthologues (Sanchez-Pulido et al, 2009),

but is absent from HJURP/Scm3 orthologues in fungi. The

HJURP1–348 deletion mutant, which contains the Scm3 and

CD domains of HJURP, did not localize to centromeres;

however, the complementary deletion mutant, containing

the remaining carboxyl half (HJURP352-end), was recruited

to centromeres (Figure 1A and B). The HJURP352-end mutant

was as efficient at centromere recruitment in

G1 cells as the full-length protein (91±1%). When the

recruitment was compared between all cells (asynchronously

dividing) and just those in G1 (based on the presence of

a mid-body), HJURP352-end was enriched at centromeres

three-fold during G1 similar to full-length HJURP. These

data demonstrate that centromere targeting is controlled by

the carboxyl half of HJURP and that this protein truncation is

under the same cell-cycle control as endogenous HJURP. The

carboxyl half of HJURP contains the HCTD and based on

these results also contains the specific centromere-targeting

domain. We conclude that centromere targeting does not

require the CD or CENP-A binding through the Scm3 domain.

Recruitment of HJURP to centromeres through direct

recruitment and self-association

To further refine the centromere-targeting domain, a pair of

HJURP truncation mutants (HJURP1–482 and HJURP482-end)

was expressed, which divided HJURP into the carboxyl

terminus (Figure 1C and D). By separating the two

C-terminal repeats (HCTD’s) into two fragments, we pre-

dicted only one of these two truncation mutants would

localize to centromeres. However, we observed that both

HJURP1–482 and HJURP482-end could localize to centromeres

(Figure 1E).

We hypothesized that the recruitment of both non-over-

lapping HJURP carboxyl-terminal fragments to centromeres

may occur directly through the centromere-targeting domain

and indirectly through dimerization with endogenous HJURP.

The recruitment of an HJURP fragment via dimerization

should be dependent on endogenous HJURP for centromere

localization. Conversely, the recruitment of a fragment

containing the direct centromere-targeting domain should

localize to centromeres independently of endogenous

HJURP. Therefore, we tested the recruitment of a series of

HJURP truncation mutants in cells where endogenous HJURP

was depleted by siRNA.

Endogenous HJURP was depleted for 24 h using an

siRNA directed against the 30UTR of HJURP and followed by

expression of HJURP truncation mutants (Figure 1D–F).

Endogenous HJURP expression was decreased by siRNA

treatment to B20% of GAPD-treated levels (Figure 1D).

Centromeric localization of the exogenously expressed

HJURP fragments was analysed in early G1-phase

cells (Figure 1E and F). Exogenous full-length HJURP

efficiently associated with the centromeric chromatin in con-

trol (GAPD) and HJURP siRNA-treated cells. HJURP352-end

was recruited to centromeres in control and HJURP siRNA-

treated cells (Figure 1E and F). The number of cells that

recruited HJURP352-end under control and HJURP siRNA

conditions recapitulated the same degree of recruitment as

the exogenously expressed full-length HJURP under similar

conditions (Figure 1G).

Centromeric recruitment of the complementary pair of

HJURP deletion mutants, HJURP1–482 and the reciprocal

fragment, HJURP482-end, was tested following siRNA treat-

ment. HJURP1–482 was recruited to centromeres with similar

efficiency in control and HJURP siRNA-treated cells. It was

also recruited to centromeres in a similar fraction of cells

as exogenous full-length HJURP in the HJURP depletion

condition (Figure 1G). In contrast, HJURP depletion

abolished centromeric recruitment of HJURP482-end despite

its recruitment to centromeres in the control GAPD depletion

(Figure 1E–G). The dependence of HJURP482-end on endogen-

ous HJURP for its recruitment is consistent with dimerization
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Figure 1 Identification of CIS-acting elements within HJURP required for centromere recruitment. (A) Schematic representations of transfected
HJURP fragments (left panel) and corresponding representative images of cells transfected with GFP-tagged HJURP fragments (right panel).
DNA was visualized by DAPI staining; anti-CENP-T is shown in red, the GFP-tagged fragments are in green. Merge includes CENP-T and GFP
signals. Scale bar is 2 mm in all panels. Boxed regions are magnified to the right of merged images. (B) Anti-GFP western blot shows the
expression of GFP-HJURP fusion proteins expressed in (A). (C) Schematic representations of transfected GFP-HJURP fragments used in (D–F).
(D) Western blot showing the efficiency of HJURP depletion (left blot) and expression of transfected constructs (right blot) used in (E) and (F).
Efficiency of HJURP siRNA treatment was assessed by anti-HJURP antibody, the expression efficiency was assessed by anti-GFP antibody,
Ponceau staining serves as a loading control. (E, F) Representative images of cells expressing GFP-HJURP fragments and treated with either
GAPD (E) or HJURP (F) siRNA. DNA was visualized by DAPI; CENP-T is shown in red, the GFP-tagged fragments are in green. (G)
Quantification of the percentage of G1 cells in which GFP-HJURP was recruited to centromeres. Data are from at least two independent
experiments, 460 cells per condition. Error bars represent the standard deviation. *Indicates Po0.01. (H) Relative centromeric intensity of
HJURP fragments. n4180 centromeres per condition. *Indicates Po0.05.
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of HJURP at centromeres. Together, these data suggest that

dimerization and recognition of the centromere are mediated

by distinct domains within HJURP.

We compared the centromeric intensities between

HJURP352-end (HCTD1 and HCTD2) with HJURP348-555

(HCTD1) and HJURP482-end (HCTD2), each of which contains

only a single HCTD. HJURP352-end contains both repeats and

should therefore be recruited by both direct targeting to the

centromere and through dimerization. Consistent with this,

HJURP352-end GFP signal was 1.5� more intense at centro-

meres than either HJURP348-555 or HJURP482-end, which con-

tain the individual HCTD1 and HCTD2 regions, respectively

(Figure 1E and H). Therefore, the HCTD2 domain mediates a

multimerization of HJURP, and amino acids 348–482 directly

recruit HJURP to centromeres.

Dimerization of HJURP through the carboxyl terminus

The ability of HJURP to self-associate was examined using

a LacI/LacO-based in vivo interaction assay to directly

assess if HJURP multimerizes in vivo (Figure 2A). Full length

or HJURP352-end was fused to the lac repressor (LacI) and

expressed as bait in cells that have a stably integrated LacO

array (Janicki et al, 2004; Barnhart et al, 2011). The inter-

action between HJURP proteins was tested by expressing

GFP-HJURP fragments as prey. Tethering HJURP to the

LacO array resulted in GFP-HJURP recruitment (Figure 2B

and C). Furthermore, LacI-HJURP was able to recruit

carboxyl-terminal fragments of HJURP (Figure 2B and C).

This interaction only required the HJURP carboxyl terminus

because tethering the LacI-HJURP352-end fragment to the array

was sufficient to recruit GFP-carboxyl fragments, containing

amino acids 352-end and 482-end (Figure 2D and E). Full

length and HJURP352-end showed minimal recruitment of an

HJURP fragment containing amino acids 1–482 to the array,

showing that HCTD2 in the carboxyl terminus is the primary

site of HJURP self-association. The HCTD1 domain present in

HJURP348–555 was unable to be efficiently recruited by either

the full-length or HJURP352-end bait protein. We conclude that

the C-terminal region of HJURP containing the second HCTD2

domain of HJURP is sufficient to mediate self-interaction

in vivo.

In order to elucidate whether HJURP self-association

through its carboxyl terminus is a direct interaction that

occurs without any additional factors, the putative dimeriza-

tion domain (HJURP482-end) was expressed and purified from

bacteria (Figure 3A; Supplementary Figure S1A). His-tagged

HJURP482-end protein migrates on a denaturing SDS–PAGE gel

as a 36-kDa protein, which is consistent with its calculated

molecular weight of 30 kDa. Based on size-exclusion

chromatography, the Stokes radius of His-HJURP482-end

was calculated as 5.46 nm (Figure 3B and C; Supplementary

Figure S1B), which is twice as large as the expected 2.48 nm

Stokes radius of a 30-kDa globular protein. This larger than

expected Stokes radius may indicate either that HJURP482-end

is an elongated protein or that it exists as a multimer. For

comparison, MBP-tagged HJURP352–482, which should not

dimerize, and is a larger protein than HJURP482-end (58kDa

versus 30 kDa), elutes from the size-exclusion column with

a smaller Stokes radius of 4.46 nm (Figure 3B and C;

Supplementary Figure S1B). The sedimentation coefficient

for HJURP482-end was determined by sucrose gradient

(Figure 3D; Supplementary Figure S1C and D). Based on

these analyses, the molecular weight of HJURP482-end was

calculated as 59 kDa, consistent with the formation of a dimer

(Siegel and Monty, 1966) (Supplementary Figure S1D). An

MBP pull-down assay using two differently tagged recombi-

nant proteins, MBP-HJURP482-end and His-HJURP482-end, de-

monstrates that the carboxyl terminus of HJURP self

associates (Figure 3E). The in vivo data lead us to conclude

that HJURP forms a dimer through a direct self-interaction

mediated by a region that includes the HCTD2 domain. In vitro

data are consistent with the same region of HJURP forming a

multimer in vivo.

Dimerization of HJURP forms a high molecular weight

pre-nucleosomal complex

To determine whether HJURP is present as a self-associate in

the prenucleosomal CENP-A complex, we determined the

native molecular weight of the HJURP complex from cells

transiently expressing GFP-tagged full-length and truncated

HJURP. The prenucleosomal complex containing full-length

GFP-tagged HJURP protein migrates on a sucrose gradient as

a large complex with a sedimentation coefficient of 10.3S.

This is slightly higher than the 10S reported previously for the

endogenous CENP-A prenucleosomal complex, possibly due

to the addition of the 30-kDa GFP tag (Foltz et al, 2009). The

calculated molecular weight of the pre-nucleosomal complex

based on sedimentation and size-exclusion chromatography

was B347 kDa (Figure 4A and B), 2.5 times larger than the

expected size of a heterotrimer containing a single copy of

CENP-A, histone H4, and GFP-HJURP (B138 kDa).

Amino acids 482–748 were sufficient to interact with full-

length HJURP in the LacO/LacI interaction assay and formed

a dimer in vitro, making this region a prime candidate to

mediate multimerization of the complex in vivo. To determine

if this domain is responsible for forming the high molecular

weight HJURP pre-nucleosomal complex, we examined the

size of the soluble HJURP complex formed by HJURP1–482,

which lacks the putative dimerization domain. As we

expected, HJURP1–482 formed a significantly smaller complex

with a molecular weight of B130 kDa (Figure 4A and B;

Supplementary Figure S2A and B). This value is consistent

with a complex that contains only a single HJURP, along with

the CENP-A, histone H4 heterodimer, calculated to be

109 kDa. We found that HJURP482-end alone was sufficient to

form a multimer in vivo. We calculated the native molecular

weight of HJURP482-end as 155 kDa (Figure 4A and B). The

theoretical molecular mass for this fragment is expected

to be 56 kDa.

To determine if the HJURP pre-nucleosomal complex con-

tains more than one HJURP molecule, we co-transfected cells

with constructs expressing GFP-tagged full-length HJURP and

HA-tagged full-length HJURP and immunoprecipitated using

anti-GFP antibodies. Under these conditions, GFP-HJURP

associated with HA-HJURP (Figure 4C). The immuno-

precipitations did not contain histone H2B and were therefore

not chromatin-associated complexes but represent soluble

HJURP multimers (Supplementary Figure S2C). We

observed an interaction between full-length HJURP and the

HJURP482-end fragment in co-immunoprecipitations from cells

transiently transfected with GFP-HJURP482-end and HA-tagged

HJURP protein, but not in control immunoprecipitations

(Figure 4C; Supplementary Figure S2D). Together, these

data demonstrate the HJURP carboxyl terminal tail (amino
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Figure 2 In vivo recruitment of HJURP through the carboxyl terminus. (A) Schematic of LacO-LacI interaction assay and the bait and prey
constructs used in the study. (B) U2OS-LacO cells were co-transfected with mCherry-LacI-HJURPFullLength and indicated GFP-tagged
prey fragments. DNA is stained with DAPI. Centromere staining and endogenous CENP-A recruitment to the arrays are shown using anti-
CENP-A antibody. Scale bar represents 5 mM. All images are scaled equally. Boxed regions are magnified to the right of merged images.
(C) Quantitation of prey protein recruitment to the array when HJURPFullLength (grey) or control mCherry-LacI alone (black) is targeted.
Recruitment is expressed as the ratio of GFP to mCherry integrated intensity at the array. (D) Cells co-transfected with mCherry-LacI-HJURP352-

end or mCherry-LacI alone as bait with the indicated GFP-tagged prey fragments. Cells were stained with DAPI to visualize DNA and anti-CENP-
A as in (B). Scale bar represents 5mM. (E) Prey protein recruitment to the array in response to mCherry-LacI-HJURP352-end or control mCherry-
LacI targeting is quantified as in (C). The GFP:mCherry ratios for LacI-HJURP are plotted as the mean of n¼ 3 experiments at X30 arrays per
condition. Error bars represent standard deviation.
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acids 482–748) is required for the formation of the multimeric

HJURP pre-nucleosomal complex.

Dimerization of HJURP is required for CENP-A

deposition

Since HJURP self-association occurs on centromeric chroma-

tin, we hypothesized that new CENP-A deposition

requires HJURP dimerization. A CENP-A SNAP tag assay

was used to determine if new CENP-A was recruited to

centromeres when endogenous HJURP was depleted by

siRNA and replaced with exogenous HJURP that lacked the

proposed dimerization domain (HJURP1–482). The SNAP tag

assay specifically follows the incorporation of new SNAP-

tagged CENP-A nucleosomes by blocking detection of exist-

ing CENP-A with a non-fluorescent SNAP substrate and

labelling new CENP-A with an SNAP substrate that is fluor-

escent (Jansen et al, 2007; Foltz et al, 2009). SNAP-tagged

CENP-A cells were treated with HJURP 3’UTR siRNA for

24 h to deplete endogenous HJURP followed by expression

of either full-length or truncated HJURP replacement

fragments (Figure 5A). Cells were given 24 h to express

the HJURP replacement fragments, and then new CENP-A

assembly was assayed over the following 24 h during

which time CENP-A deposition was dependent on the

replacement construct. As expected, HJURP siRNA treatment

of CENP-A SNAP cells significantly decreased the percentage

of cells with new SNAP labelled CENP-A at centromeres and

reduced the amount of new SNAP-labelled CENP-A at

centromeres (Figure 5B–D; Supplementary Figure S3A). The

expression of full-length HJURP restored new CENP-A

assembly in HJURP siRNA-treated cells (Figure 5C and D).

As a negative control, we expressed the HJURP202-end

fragment, which lacks the CENP-A binding domain and

therefore should not rescue CENP-A deposition. New

CENP-A recruitment to centromeres in cells transfected

with the HJURP202-end was significantly impaired relative to

the GAPD siRNA control (Figure 5C and D; Supplementary

Figure S3A).

If dimerization is required for deposition, then we expect

expression of HJURP1–482, lacking the dimerization

domain, to reduce new CENP-A deposition, similarly to

the CENP-A binding domain mutant (HJURP202-end). New

CENP-A deposition was not affected in GAPD siRNA-treated

cells co-transfected with HJURP1–482; however, new CENP-A

deposition was significantly decreased when HJURP

was depleted (Figure 5C and D; Supplementary Figure

S3A). The reduction in new CENP-A assembly was similar to

that observed in the control and the CENP-A

binding mutant HJURP202-end. These results demonstrate that

the dimerization domain of HJURP is required for

CENP-A deposition.

Using an independent assay, a similar dependence of

CENP-A deposition on the carboxyl terminus of HJURP was

observed. New CENP-A deposition was assessed in HeLa cells

Figure 3 Dimerization of HJURP in vitro. (A) Schematic of recombinant carboxyl terminal HJURP fragments expressed in bacteria.
(B) Recombinant MBP-HJURP352–482 and His-HJURP482-end were analysed by size-exclusion chromatography. The arrows indicate the elution
of protein standards. His-HJURP482-end has a predicted molecular weight of 30 kDa and was detected by Coomassie stain. MBP-tagged
HJURP352–482 has a predicted molecular weight of 58 kDa and was detected by immunoblot using anti-MBP antibody. (C) The elution of the
standards and HJURP fragments are plotted relative to their Stokes radius (Rs). (D) Coomassie stained SDS–PAGE gel of fractions collected after
sucrose gradient ultracentrifugation of His-HJURP482-end fragment. (E) Schematic of recombinant carboxyl terminal HJURP fragments
expressed in bacteria (top panel). MBP pull-down experiment demonstrating direct interaction between differently tagged HJURP 482-end
fragments (bottom panel). His and MBP-tagged proteins were visualized by antibody staining. Asterisk indicates MBP-HJURP breakdown
product.
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treated with siRNA against endogenous HJURP for 24 h and

subsequently co-transfected mCherry-CENP-A together with

either full-length or the HJURP1–482 dimerization deficient

fragment. Under these conditions, only full-length HJURP

rescues mCherry-CENP-A incorporation, while removing the

amino acids 482–748(end) almost completely eliminates the

localization of mCherry-CENP-A to centromeres (Supplemen-

tary Figure S4A–E).

In order to determine if HJURP dimerization is the primary

function of the HJURP carboxyl terminus, amino acids

483–748 were replaced with an exogenous dimerization

domain (HJURP1–482þDD). We used the Lac repressor,

which has been previously engineered to form a dimer

(Chen and Matthews, 1992). The HJURP1–482þDD fusion

protein was recruited to centromeres as expected (Supple-

mentary Figure S3B). We determined the native molecular

weight of the HJURP1–482þDD protein expressed in cells based

on hydrodynamic analysis to be 402 kDa, more than twice its

predicted size (148 kDa when complexed with CENP-A and

histone H4) and consistent with formation of a multimer

(Supplementary Figure S3C and D).

We tested if the addition of the dimerization domain

was sufficient to rescue the CENP-A deposition defect of

HJURP1–482. HJURP1–482þDD rescued new CENP-A depo-

sition in HJURP siRNA-treated cells when compared to

HJURP that lacked amino acids 482–748(end) (Figure 5C

and D; Supplementary Figure S3A). The percentage of

cells with new CENP-A deposited at centromeres in HJURP

siRNA-treated cells was similar to GAPD siRNA controls

when HJURP1–482þDD was expressed (Figure 5C and D;

Supplementary Figure S3A). Importantly, HJURP1–482þDD

was able to rescue the degree of new CENP-A deposition

per centromere to the same level as full-length HJURP

(Figure 5D). These data demonstrate that the primary func-

tion of the carboxyl terminus of HJURP is to form an HJURP

dimer and that dimerization is required for the stable assem-

bly of new CENP-A nucleosomes.

Discussion

Crystal structures of the CENP-A/HJURP pre-nucleosomal

complex demonstrate that HJURP precludes the formation

of a pre-nucleosomal CENP-A/histone H4 heterotetramer by

blocking the CENP-A self-dimerization domain (Hu et al,

2011). Yet, the HJURP-mediated deposition of stable centro-

meric nucleosomes requires an intact dimerization surface

within CENP-A (Bassett et al, 2012; Zhang et al, 2012).

Additionally, in vitro chromatin assembly assays show that

human HJURP and yeast Scm3 mediate the assembly of

octameric nucleosomes onto DNA templates (Barnhart et al,

2011; Dechassa et al, 2011; Shivaraju et al, 2011). Together,

these observations suggest that the in vivo deposition of

CENP-A nucleosomes by HJURP results in a CENP-A

nucleosome that contains two copies of CENP-A, which

is consistent with an octameric nucleosome. Therefore,

the formation of a CENP-A nucleosome requires two

Figure 4 In vivo dimerization of HJURP in the pre-nucleosomal complex. (A) Anti-GFP immunoblots of fractions collected after sucrose
gradient ultracentrifugation (left) or size-exclusion chromatography (SEC) (right) of chromatin-free extracts from GFP-HJURP full-length,
GFP-HJURP1–482 and GFP-HJURP482-end expressing HEK293 cells. The arrows indicate the migration of protein standards. (B) Table showing the
measured Rs, sedimentation coefficient (S), and expected molecular weights of the HJURP proteins analysed by SEC and sucrose gradient
sedimentation. Expected molecular weights include CENP-A and histone H4 (28 kDa) for proteins that contain the CENP-A binding domain.
(C) Cell extracts co-expressing full-length GFP-HJURP or GFP-HJURP482-end with HA-tagged full-length HJURP were subjected to anti-GFP
immunoprecipitation followed by immunoblot using antibodies against HA and GFP.
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Figure 5 CENP-A assembly requires HJURP dimerization. (A) Schematic showing the GFP-HJURP constructs used and the design of the SNAP-
tag experiment testing new CENP-A recruitment. The 1–482þDD (dimerization domain) mutant contains the Lac repressor fused the carboxyl
terminus of HJURP1–482. (B) Western blot showing the efficiency of HJURP depletion and expression of transfected constructs used in (C) and
(D). HJURP siRNA treatment efficiency was assessed using an anti-HJURP antibody (left). Ponceau staining is a loading control. Expression
efficiency of HJURP truncation mutants was assessed by anti-GFP antibody (right). (C) Representative images of new CENP-A loading in the
SNAP-tagging experiment. Cells were treated with either GAPD (left panel) or HJURP siRNA (right panel). New CENP-A (TMR-star labelled
SNAP-CENP-A, green in merge) is recruited to centromeres in control and HJURP rescue conditions. Immunostaining for CENP-T (red)
identifies centromeres. Scale bar is 5mm in all panels. Boxed regions are magnified to the right of merged images. Two boxed regions (1, 2) are
shown for HJURP siRNA-treated HJURP1–482þDD. (D) Fluorescence intensity of centromeric TMR-star labelled SNAP-CENP-A was measured
relative to GAPD siRNA-treated control. n4180 centromeres per condition from two independent experiments. *Indicates Po0.05.
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HJURP proteins to be recruited to each site of new CENP-A

deposition. Here, we show that HJURP forms a self-associate

through its c-terminus, which contains the second HCTD

repeat (Figure 6A). The same HCTD2 containing domain

forms a dimer in vitro. HJURP self associates in the pre-

nucleosomal and chromatin-associated complexes. HJURP

dimerization is required for new CENP-A deposition, provid-

ing a mechanism by which an octameric nucleosome is

assembled at the centromere from two new CENP-A–histone

H4 heterodimers (Figure 6B, nucleosome model).

Recent work in both human and budding yeast suggests

that CENP-A nucleosomes occupy two distinct states during

the cell cycle, an octameric and hemisome (tetrameric) form

(Bui et al, 2012; Shivaraju et al, 2012). The hemisome form

contains a single copy of each histone: CENP-A, H4, H2A and

H2B. Based on these observations, an alternative model

exists whereby HJURP dimerization links the existing

CENP-A hemisome to the incoming new CENP-A–histone

H4 heterodimer (Figure 6B, hemisome model). In this

model, the Scm3 domain of one HJURP dimer subunit inter-

acts with the existing centromeric hemisome. The Scm3

domain of the second HJURP dimer subunit binds a new

CENP-A/H4 heterodimer. In this way, octameric CENP-A

nucleosome formation can be coupled to the pre-existing

CENP-A hemisome. Cell-cycle analysis suggests that the

CENP-A hemisome may be present at centromeres at the

time when HJURP is recruited (Bui et al, 2012). However,

CENP-A deposition does not absolutely require an existing

hemisome as a substrate for new CENP-A deposition as

CENP-A nucleosomes can be deposited at initially

non-centromeric loci (Barnhart et al, 2011). These two

models are not mutually exclusive, and it is possible that

both modes of CENP-A deposition occur at centromeres.

Human HJURP contains two HCTD repeat domains within

its carboxyl terminus. Duplication of the repeat domain is an

evolutionarily recent event, which is restricted to mammals

(excluding the egg laying monotremes) (Sanchez-Pulido et al,

2009). The two HCTD repeats are more similar between

species than between the two repeats present within a

species (Supplementary Figure S5A). HCTD are also found

in the MEF2 transcription factor family (Potthoff and Olson,

2007). HCTD2 of HJURP is more similar to the HCTD of the

MEF2 transcription factors (Supplementary Figure S5). Our

data suggest that a domain of HJURP that includes HCTD2 is

sufficient to mediate self-association and without this domain

HJURP does not form a multimeric pre-nucleosomal complex

or efficiently deposit new CENP-A.

Previous experiments demonstrated that the Scm3 domain

was sufficient to deposit CENP-A nucleosomes in vivo at

non-centromeric loci (Barnhart et al, 2011). These in vivo

experiments were conducted using a LacI-tagged HJURP-

Scm3 domain, and we show here that exogenous dimeriza-

tion driven by LacI is sufficient for the deposition of CENP-A

at endogenous centromeres in the absence of the endogenous

HJURP dimerization domain. The number of HJURP binding

sites within the endogenous centromeres is unknown.

Binding domains for exogenously expressed HJURP may be

very dense in the LacO array compared to endogenous

centromeres and the high concentration of HJURP may

circumvent the need for HJURP dimerization. Alternatively,

dimerization of the LacI tag may functionally substitute for

the HJURP dimerization domain to facilitate CENP-A

deposition at the LacO array, as we demonstrated for

CENP-A deposition at endogenous centromeres using

HJURP1–482þDD. Previously reported in vitro experiments

used purified proteins that did not dimerize, and we hypothe-

size that in vitro assembly may occur without the need for

dimerization because these assays were conducted with a

very high histone/HJURP protein-to-DNA ratios, which

would favour the frequent interaction of HJURP–CENP-A

heterotrimers and DNA.

Restricting CENP-A deposition to the centromere depends

on the specific recruitment of HJURP. The Mis18 complex is

required for HJURP recruitment to centromeres (Barnhart

et al, 2011; Moree et al, 2011), although we know very little

about how this process occurs. Our data suggest that the

direct recognition of the CENP-A nucleosome or hemisome

through the HJURP Scm3 domain is not the mechanism by

which HJURP is recruited to centromeres, since the presence

of the Scm3 domain is not sufficient to recruit HJURP to

centromeres (Figure 1A and B). Instead, we have demon-

strated targeting of HJURP to centromeres depends on amino

acids 348–482 of HJURP, a region that includes the HCTD1

domain (Figure 1E and F). The direct recruitment of HJURP

to centromeres, presumably through Mis18, is therefore

independent of the HJURP dimerization.

Figure 6 Model of HJURP dimerization in CENP-A deposition. (A)
Distinct regions within the carboxyl terminus of HJURP mediate
centromere targeting and dimerization. Amino acids 482-end of
HJURP include the HCTD2 and are sufficient to mediate HJURP
dimerization. The amino acids that contribute to direct centromere
targeting of HJURP are between residues 352 and 452 and include
HCTD1. (B) Centromeric chromatin contains both CENP-A and
histone H3 nucleosomes. During G1, new CENP-A nucleosomes
are assembled and may displace existing H3 nucleosomes. HJURP
recruitment depends on the Mis18 complex through an unknown
process (grey ellipse). Dimerization of HJURP facilitates the assem-
bly of CENP-A nucleosomes. HJURP dimerization may be required
to bring two new CENP-A–H4 heterodimers to centromeres in order
to form an octameric nucleosome de novo (left side). Alternatively,
dimerization of HJURP may be required for formation of CENP-A
nucleosomes from a pre-existing hemisome and new a CENP-A–
histone H4 heterodimer (right side).
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Histone chaperone dimerization may also be involved

in the assembly of general chromatin. Histone chaperones

involved in canonical histone H3 delivery and deposition also

interact with a histone H3–H4 heterodimer at a one-to-one

stoichiometric ratio similar to HJURP. These include ASF1,

Vps75, NAP1 and NASP (English et al, 2006; Natsume et al,

2007; Campos et al, 2010; Su et al, 2011). Several of these

chaperones bring two histone H3 heterodimers into a single

complex through dimerization of the chaperone. For example,

Vps75 forms an a-b earmuff structure, which contains a

dimerization domain within the amino terminus (Tang et al,

2008). Moreover, Vsp75 and ASF1 form a complex with the

Rtt109 histone acetyltransferase and facilitate the acetylation of

pre-nucleosomal histone H3 on Lysine 56 (Schneider et al,

2006; Driscoll et al, 2007; Han et al, 2007; Su et al, 2011).

The ability of centromeric nucleosome assembly factors to

dimerize may be a conserved mechanism from yeast. HJURP

and its yeast orthologue Scm3 share homology within the

CENP-A binding domain (Sanchez-Pulido et al, 2009).

Human HJURP is significantly larger than Scm3 and the

dimerization domain of HJURP, which we identified here, is

not found in Scm3 proteins. Despite the lack of conservation,

the dimerization of yeast Scm3 proteins may also occur.

Mizuguchi et al (2007) observed that in high-salt conditions

the Scm3–Cse4–histone H4 complex formed a hexamer with

a 1:1:1 stoichiometry. A subsequent study by Cho and

Harrison (2011) using physiologically salt concentrations

observed a stable trimer. Since the heterotetramerization of

Cse4 and histone H4 is precluded by Scm3 binding, the

hexamer formation observed under high salt conditions

may be formed by an interaction between Scm3 proteins.

Dimerization of human HJURP requires the HCTD2 domain,

which is absent from yeast Scm3. Therefore, yeast Scm3

proteins may also dimerize similar to HJURP, albeit through

a distinct mechanism. Our study demonstrates that dimeriza-

tion of human HJURP is required for the stable deposition

of CENP-A nucleosomes at centromeres and provides a

mechanism by which octameric CENP-A nucleosomes may

be formed at the centromere from heterdimeric subunits, a

mechanism that may also apply to canonical nucleosome

formation.

Materials and methods

DNA constructs
All constructs were generated by PCR amplification using
Vent polymerase, digested by restriction enzyme and ligated into
the indicated plasmid. Primers used for PCR amplifications, restric-
tion enzymes used for cloning, and parent vectors are listed
in Supplementary Table 1. GFP-tagged plasmids were constructed
using the pIC113 plasmid (Cheeseman and Desai, 2005). LacI-
mCherry fusions were constructed as previously published
(Barnhart et al, 2011). GFP-HJURP1–482-LacI construct was
created by a two-step cloning approach. The HJURP 1–482 amino
acid fragment lacking a stop codon was PCR amplified (see
Supplementary Table 1 for primers) and cloned into pIC113 vector
(Cheeseman and Desai, 2005) using Not1 and XhoI restriction sites.
LacI was amplified from a vector provided by T Misteli and
was cloned into the Xho1 and KpnI sites of pIC113 containing
HJURP 1–482.

Transfection
Cells were cultured under standard conditions. DNA and siRNA
transfection cells were seeded onto six-well plates at a density of
2.25�105 (HeLa and HEK293) or 4.5�105 cells/well 24 h prior to
transfection. DNA transfection was conducted using Effectene

(Qiagen) with 0.4mg of plasmid DNA per well. siRNA rescue experi-
ments were conducted by treating cells with siRNA 24 h after
plating using RNAiMAX (Invitrogen). For each condition cells
were treated with either 10 nM of HJURP 30UTR siRNA (50-GAGA-
UAACCUCGAGUUCUUUU-30) (Dharmacon) or GAPD control siRNA
(Invitrogen). Following 24 h of siRNA treatment, cells were trans-
fected using Effectene (Qiagen) as indicated. Immunoblots were
conducted using previously established protocols. Antibodies used:
anti-HJURP 1:5000 (Bethyl Inc.), anti-GFP 1:1000 (Covance), HA
1.1–1:1000, Anti-tubulin (AA2) 1:100, anti-MBP-1:1000, H2B 1:2000
(Millipore).

Indirect immunofluorescence and SNAP labelling
Cells were plated onto poly-lysine-coated glass coverslips prior to
transfection. Following transfection, cells were pre-extracted with
0.1% Triton-X in PBS, fixed with 4% formaldehyde and quenched
with 100 mM Tris, pH 7.5. Cells were blocked in 0.3% Triton-X in
PBS, 2% BSA, 2% FBS for 1.5 h at room temperature and incubated
with primary antibody for 1.5 h. Anti-CENP-T and anti-CENP-A
(Barnhart et al, 2011) was used in 1:3000 and 1:1000 dilution,
respectively and detected using fluorescently conjugated secondary
antibodies (Cy3 or Cy5, Jackson Immuno Inc.). DNA was stained with
0.2 g/ml DAPI in PBS and coverslips were mounted in Prolong Gold
(Invitrogen).

A stable cell line expressing SNAP-tagged CENP-A (Jansen et al,
2007) was treated with siRNA for 24 h prior to transfection of
the HJURP rescue constructs. After an additional 24 h, the pre-
assembled CENP-A was blocked with 10 mM O6-BG (BG-block;
Covalys) for 30 min at 371C followed by a PBS wash and three
washes with DMEM over 30 min. Cells were incubated in opti-MEM
and siRNA for 24 h and labelled with 2 mM TMR-Star (Covalys) in
complete growth medium for 60 min at 371C. Labelling was
followed by one wash each wtih PBS, and DMEM and incubated
for 30 min, and washed with PBS prior to fixation.

Images were collected using a � 100 oil-immersion Olympus
objective lens on a DeltaVision microscope (Applied Precision
Inc.) using a Photometrics CoolSNAP HQ2 camera and Softwrox
acquisition software. Images were deconvolved and presented as
maximum stacked images. Within siRNA experiments, GFP and
TMR-star images for presentation and analysis were collected with
identical exposure times and were scaled equally. Integrated inten-
sities were measured from raw images using ImageJ. Intensities of
GFP and TMR-star at centromeres were measured using a consistent
set area for each experiment. Centromeres were identified based on
the presence of the centromere marker (CENP-T). All quantitation
of centromere recruitment was restricted to transfected cells by
selecting only GFP-expressing cells. GFP intensities were averaged
and background corrected using local background correction
(Howell et al, 2000). TMR-star intensities were background corrected
using an average background calculated from three non-centromeric
sites within the nucleus. G1-phase cells were identified by the
presence of a mid-body, apparent by DIC optics.

Immunoprecipitation
Cells were lysed 24 h post transfection in RIPA buffer (150 mM NaCl,
1% NP-40, 0.3% deoxycholate, 0.15% SDS, 50 mM Tris HCl pH 7.5,
1 mM EDTA, 10% glycerol, Protease Inhibitors (Roche), 200 mM
NaV, 0.5 mM PMSF, 5 mM NaF, 50 mM b-mercaptoethanol, 5mM
microcystin) on ice for 15 min with occasional vortexing. Extracts
were DNAseI (1:200, NEB Biolabs) treated and sonicated where
indicated. Lysates were centrifuged at 18 000 g for 10 min at 41C and
pre-cleared with Protein A agarose (Biorad) for 2 h at 41C. Pre-
cleared lysates were incubated with anti-GFP antibody (1:1000, Cell
Signaling) at 41C overnight. Antibody-bound complexes were re-
covered on Protein A Dynabeads (Invitrogen) at room temperature
for 45 min, washed with RIPA buffer followed three times in PBS
including 0.1–0.5% Tween-20. Complexes were eluted by boiling in
SDS sample buffer.

Purification of recombinant proteins
HIS-HJURP482–748 and MBP-HJURP352–482 were expressed in Rosetta
BL21 (pLsyS). Cultures were grown in LB at 371C to OD600nm of 0.6
and induced with 0.5 mM IPTG for 3 h. Bacteria were lysed by
French press and sonication in 25 mM Tris-Cl, pH 7.2, 200 mM NaCl,
20 mM MgCl2, 10% Glycerol, 5 mM b-mercaptoethanol, 10 mM
b-glycerophosphate, 0.2 mM PMSF, 1 mM benzamidine, Protease

Dimerization of the CENP-A assembly factor HJURP
E Zasadzińska et al
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Inhibitors (Roche). Lysis buffer for HIS-HJURP482–748 purification
was suplemented with 10 mM imidazole. Lysates were centrifuged
at 27000 r.p.m. for 15 at 41C and the protiens were purified on
Ni-NTA agarose (Qiagen) or Amylose resin (BioLabs). Proteins were
eluted with lysis buffer plus 250 mM imidzole (Ni-NTA) or 10 mM
maltose (amylose).

Sucrose gradient and size-exclusion chromatography
Chromatin-free extracts were prepared from transfected HEK293 as
described previously (Foltz et al, 2009) except chromatin isolation
buffer (CIB) contained 300 mM NaCl. Chromatin-free extracts were
applied to a 14 ml 10–40% sucrose gradient in CIB except digitonin
was replaced with 0.05% NP-40. Sucrose gradients were centrifuged
at 41C for 20 h at 40 000 r.p.m. in SW41 Ti swinging bucket rotor and
the gradient was separated into 0.5 ml fractions using a BioComp
Gradient Station. Sedimentation standards included Catalase
(11.3S), Alcohol Dehydrogenase (7.45), BSA (4.3S), and RNaseA
(2S). For size-exclusion chromatography, chromatin-free extracts
were separated on an AKTA-Micro using a Superdex200 PC 3.2/30
column (GE Healthcare) in 3.75 mM Tris, pH 7.5, 300 mM KCl,
0.5 mM EDTA. Recombinant proteins were analysed on a
Superdex200 10/300 GL column (GE Healthcare) in 25 mM Tris-Cl,
pH 7.2, 200 mM NaCl, 20 mM MgCl2, 5 mM b-mercaptoethanol.
Peak fractions of HIS-HJURP482–748 were applied to a 14 ml 5–20%
sucrose gradient and analysed as described above. Apparent mole-

cular weights were calculated using the Siegel and Monty
equation (Siegel and Monty, 1966).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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