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Introduction

Genetic inheritance at cell division relies upon a region of 

the chromosome called the centromere. In many eukaryotes,  

centromeres—including new ones (i.e., neocentromeres) that 

must be established if the original centromere is lost—are not 

de�ned by a particular DNA sequence but rather by the pres-

ence of nucleosomes containing a histone H3 variant, CENP-A 

(Black and Cleveland, 2011). CENP-A is targeted to centro-

meres once per cell cycle via a self-propagation mechanism 

wherein the existing pool of CENP-A nucleosomes is at the top 

of a hierarchy of protein–protein interactions that culminate in 

the local assembly of newly expressed CENP-A (Westhorpe and 

Straight, 2015). CENP-A nucleosomes are also at the top of the 

hierarchy for recruitment of proteins required for kinetochore 

function during chromosome segregation. To dissect the roles 

of CENP-A in centromere maintenance, gain-of-function histone 

H3 chimeras containing various regions unique to CENP-A have 

been particularly helpful (Black et al., 2004, 2007; Carroll et al., 

2009, 2010; Foltz et al., 2009; Fachinetti et al., 2013). Gene 

replacement with these chimeras in budding yeast (Black et al., 

2007), �ssion yeast (Fachinetti et al., 2013), and human cells 

(Fachinetti et al., 2013) has shown that the CENP-A target-

ing domain (CATD; all organisms tested; Black et al., 2007;  

Fachinetti et al., 2013), the N terminus (budding and �ssion 

yeasts; Black et al., 2007; Fachinetti et al., 2013), the C terminus 

(budding yeast; Black et al., 2007), or either terminus (human 

cells; Fachinetti et al., 2013) are essential for viability. Such gene 

replacement experiments yield information about the require-

ments for regions of CENP-A at existing centromeres where a  

group of 16 proteins, termed the constitutive centromere- 

associated network (CCAN; Cheeseman, 2014), is constitu-

tively engaged in a network of interactions on or near CENP-A 

nucleosomes. Whether or not the required sequence determi-

nants of CENP-A are the same during centromere establishment 

as once a centromere is fully formed remains unknown.

T
he centromere—defined by the presence of nucleo-
somes containing the histone H3 variant, CENP-A—
is the chromosomal locus required for the accurate 

segregation of chromosomes during cell division. Although 
the sequence determinants of human CENP-A required to 
maintain a centromere were reported, those that are re-
quired for early steps in establishing a new centromere 
are unknown. In this paper, we used gain-of-function  
histone H3 chimeras containing various regions unique  
to CENP-A to investigate early events in centromere  

establishment. We targeted histone H3 chimeras to chro-
mosomally integrated Lac operator sequences by fusing 
each of the chimeras to the Lac repressor. Using this ap-
proach, we found surprising contributions from a small 
portion of the N-terminal tail and the CENP-A targeting 
domain in the initial recruitment of two essential constitu-
tive centromere proteins, CENP-C and CENP-T. Our re-
sults indicate that the regions of CENP-A required for 
early events in centromere establishment differ from those 
that are required for maintaining centromere identity.

Both tails and the centromere targeting domain of 
CENP-A are required for centromere establishment
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Figure 1. Recruitment of HJURP to the LacO array by LacI-tagged CENP-A is IPTG sensitive, but recruitment of CENP-C is IPTG insensitive. (A) Experimental 
scheme for this study. (B and D) Quantitation of HJURP intensity (B) and CENP-C intensity (D) at the LacO array normalized to the mean intensity at endog-
enous centromeres for HA-LacI–tagged CENP-A ±IPTG treatment. (C and E) Representative images of HJURP (C) or CENP-C (E) recruitment to the LacO array 
by HA-LacI–tagged CENP-A ±IPTG treatment. (F) Quantitation of CENP-C intensity at the LacO array 24 and 48 h after transfection of HA-LacI–tagged 
CENP-A. (G) Representative images of CENP-C recruitment to the LacO array 24 and 48 h after transfection of HA-LacI–tagged CENP-A. (H) Diagram of 
chimeras used in I–L. (I) Quantitation of HJURP intensity at the LacO array for the indicated chimeras. (J) Representative images of HJURP recruitment to the 
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Results and discussion

Recruitment of HJURP to the LacO array by 

LacI-tagged CENP-A is IPTG sensitive, but 

recruitment of CENP-C is IPTG insensitive

One way to generate a new centromere is to arti�cially assemble 

CENP-A nucleosomes at a Lac operator (LacO)–containing 

array. LacO-directed centromeric chromatin assembly can be 

accomplished by expression of fusion proteins combining the 

CENP-A chaperone, HJURP (Barnhart et al., 2011), or CENP-

A itself (Mendiburo et al., 2011) with Lac repressor (LacI). 

Direct LacI–CENP-A fusions provide an opportunity to investi-

gate the determinants of CENP-A for early steps in centromere 

establishment, as we do here in human cells (Fig. 1 A). We �rst 

sought to determine whether LacI-tagged CENP-A is incorpo-

rated into chromatin at a LacO-containing array in U2OS cells. 

Direct targeting of LacI-tagged CENP-A could, in principle, 

generate two pools of CENP-A at the LacO array: one bound 

to LacO through its LacI tag and one that is assembled into 

nucleosomes. The former pool is predicted to be sensitive to 

the LacI allosteric effector molecule IPTG and available for 

binding to the CENP-A chaperone, HJURP, whose binding to 

a CENP-A–histone H4 dimer is incompatible with nucleosome 

formation (Hu et al., 2011). The latter pool is predicted to be 

IPTG insensitive and also available for binding to CENP-C, 

whose interface with CENP-A nucleosomes includes contacts 

to other nucleosome components (Kato et al., 2013). We found 

that both HJURP and CENP-C are recruited by LacI-tagged 

CENP-A to the LacO array (Fig. 1, B–E). HJURP recruitment 

at the LacO array overrode cell cycle regulation of its target-

ing to centromeres: it occurs in the majority of asynchronous  

cells, at times in the cell cycle outside of the brief period when 

HJURP transiently visits centromeres for chromatin assembly in 

G1 (Dunleavy et al., 2009; Foltz et al., 2009). Indeed, we found 

HJURP accumulation is almost entirely IPTG sensitive, whereas 

CENP-C is retained in an IPTG-insensitive manner (Fig. 1, B–E). 

More than half of the pool of HA-LacI–CENP-A protein is re-

tained after this IPTG treatment, indicating that a substantial 

fraction of the targeting protein has assembled into chromatin at 

or near the LacO array (Fig. 1, C and E; and Fig. S1, A and B).

To establish the appropriate time frame to measure cen-

tromere assembly steps at the LacO array, we determined the 

earliest time point at which LacI-tagged CENP-A recruits  

detectable levels of CENP-C. At 24 h after transfection of LacI-

CENP-A, CENP-C is rarely detectable at the LacO array, but 

many cells have recruited CENP-C by 48 h (Figs. 1, F and G; 

and S1 C). Because we observe, albeit rarely, cells that have 

missegregated the LacI–CENP-A–tethered LacO-containing 

chromosome (Fig. S1 D) even at 48 h, it would be problematic 

to wait an additional day for more cells to recruit detectable 

levels of CENP-C. Therefore, the time point of 48 h was chosen 

for all H3/CENP-A chimera experiments.

The CATD is sufficient to recruit  

HJURP, but not endogenous CENP-A,  

to the LacO array

We predicted that the LacI-tagged H3 chimera containing the 

CATD (Fig. 1 H) would bind to HJURP and ferry it to the LacO 

array for centromere chromatin assembly. With these constructs 

(Fig. 1, H–J) the LacO–I interaction is dominant—there is major 

enrichment at the LacO array (Fig. 1 J)—but proper localization 

to endogenous centromeres, albeit at low levels, is apparent for 

all chimeras containing the CATD (Fig. S1 E). Even chimeras 

that lack the CATD are incorporated into chromatin at the LacO 

array, remaining largely insensitive to IPTG treatment in which 

HA-LacI alone is IPTG sensitive (Fig. S1, F and G).

Interestingly, the CATD alone does not recruit HJURP to 

the same high level as does CENP-A, itself (Fig. 1, I and J).  

HJURP has another close contact with a CENP-A–speci�c resi-

due outside of the CATD, S68 (Hu et al., 2011), that is neither 

necessary nor suf�cient for recognition by HJURP, as seen in 

binding studies with recombinant proteins and in cell-based 

experiments (Bassett et al., 2012). We found that H3Q68S does 

not recruit HJURP to the LacO array; however, the combina-

tion of this substitution with the CATD recruits HJURP to the 

same high levels as observed with wild-type CENP-A (Fig. 1, 

I and J). This observation could be explained because HJURP 

residues 63–80 form an extended -sheet that makes a strong 

interface with the 1 helix of CENP-A, where HJURPW66 and 

CENP-AS68 closely contact (Hu et al., 2011). This contact sur-

face transmits stability through most of the helices of CENP-A 

and its histone partner, H4, rigidifying both CENP-A and H4 

in the complex (Bassett et al., 2012). Indeed, we observed 

that the CENP-AS68Q substitution reduces stability within the 

HJURP–CENP-A–H4 trimer, even in regions of helices of H4 

that are distinct from those that comprise the HJURP interface 

with CENP-A–H4 (Fig. S1, H–K). We note a recent proposal 

that phosphorylation of CENP-AS68 in early mitosis causes a 

transient release of HJURP from CENP-A (Yu et al., 2015) 

before subsequent G1 assembly by HJURP. The importance of 

this proposed transient release step remains unclear, however, 

since another effort reported that endogenous HJURP remains 

bound to CENP-A in early mitosis (Foltz et al., 2009), and be-

cause the H3CATD chimera lacking S68 is suf�cient for proper 

G1 centromere chromatin assembly (Bodor et al., 2013), even 

9 d after removal of the endogenous CENP-A gene (Fachinetti 

et al., 2013).

Because high levels of HJURP are recruited to the LacO 

array by the CATD-containing constructs (Fig. 1, I and J), and 

because HJURP is known to dimerize (Zasadzińska et al., 2013; 

i.e., one monomer of an HJURP dimer could conceivably bind 

to the chimera containing the CATD with another monomer 

bound to endogenous CENP-A), we considered the possibility 

that endogenous CENP-A molecules may be corecruited to the 

LacO array. If this occurred at the time of our measurements of 

LacO array by the indicated chimeras fused to HA-LacI. (K) Quantitation of CENP-A intensity at the LacO array for the indicated chimeras. Error bars show 
SEM. (L) Representative images of CENP-A recruitment to the LacO array by the indicated chimeras. Bars: (main images) 5 µm; (insets) 1 µm. Insets show 
magnification of the boxed regions. For all graphs, an asterisk denotes significant differences (*, P < 0.05), with others marked as not significant (n.s.). 
See Materials and methods for details of statistical analysis.
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unaffected by IPTG treatment, which effectively removed HJURP 

(Fig. 1, B–E).

In nucleosome reconstitution experiments with recombi-

nant CENP-C (Carroll et al., 2010; Kato et al., 2013) or with 

CENP-C from Xenopus laevis egg extracts (Guse et al., 2011), 

an H3 chimera containing only the C-terminal six amino acids 

of CENP-A (aa 135–140) is suf�cient to recruit CENP-C. Sur-

prisingly, we found that the H3135–140 chimera is insuf�cient to 

recruit CENP-C to the LacO array (Fig. 2). In contrast, con-

structs containing both aa 135–140 of CENP-A and the CATD 

recruit substantial amounts of CENP-C (Fig. 2). Importantly, 

we noted that even with both of these domains, the H3 chimeras 

tested in this experiment do not recruit CENP-C to the array to 

the same high levels achieved by CENP-A itself (Fig. 2). Fur-

thermore, H3Q68S+CATD does not provide additional CENP-C  

recruitment beyond what is achieved by H3CATD (Figs. 2 and S2, 

D and E); thus, regions of CENP-A outside the CATD and  

C terminus must be involved.

Given the contribution of the CATD in CENP-C recruit-

ment, we considered a role for CENP-N, as it is known to bind 

to the CENP-A nucleosome directly and recognize it via the 

CATD in metazoans (Carroll et al., 2009). CENP-N is also 

known to form a heterodimer with CENP-L that binds to 

CENP-CMif2 in budding yeast (Hinshaw and Harrison, 2013). 

We found that the CATD is suf�cient to recruit CENP-N but not 

CENP-C to the LacO array (Fig. S2, A and F), providing evi-

dence that the CATD has independent roles in CENP-C versus 

centromere component recruitment to the array, a potential con-

tribution of endogenous CENP-A would complicate the analysis 

(Fig. 1 A). Using a CENP-A mAb raised against its N terminus 

(aa 3–19), we found that the CATD-containing chimeras do not 

recruit detectable endogenous CENP-A to the LacO array (Fig. 1, 

K and L; and Fig. S2, A–C). This includes H3Q68S+CATD (Fig. 1, 

K and L), which recruits the same high levels of HJURP to the 

array as does wild-type CENP-A (Fig. 1, I and J). Thus, HJURP 

recruitment via H3/CENP-A chimeras does not lead to core-

cruitment of endogenous CENP-A.

In addition to the C-terminal tail of CENP-A, 

the CATD has a role in CENP-C recruitment 

during centromere establishment distinct 

from recruiting CENP-N

Current models for CENP-A nucleosome assembly suggest that 

CENP-C can recruit HJURP to centromeres (Moree et al., 2011; 

Hori et al., 2013) via the Mis18 complex (Fujita et al., 2007; 

Maddox et al., 2007). To test whether this cross-bridge also func-

tions in reverse (i.e., CENP-A→HJURP→Mis18→CENP-C), 

we measured the extent to which the H3 chimeras containing the 

CATD recruit CENP-C to the array (Figs. 2 and S2, A, D, and E). 

We found that the CATD-containing chimeras (H3Q68S+CATD and 

H3CATD) do not recruit detectable levels of CENP-C (Figs. 2 and 

S2, A, D, and E), indicating that even high levels of HJURP at the 

LacO array do not suf�ce to recruit endogenous CENP-C. This is 

further in agreement with our �nding that CENP-C levels remain 

Figure 2. Recruitment of detectable levels of CENP-C to the LacO array requires the CATD and C terminus of CENP-A. (A) Diagram of the chimeras assessed 
for recruitment of CENP-C. (B) Quantitation of CENP-C intensity at the LacO array. Error bars show SEM. *, P < 0.05. (C) Representative images of CENP-C 
recruitment by the indicated chimeras fused to HA-LacI. Insets show magnification of the boxed regions. Bars: (main images) 5 µm; (insets) 1 µm.

http://www.jcb.org/cgi/content/full/jcb.201412011/DC1
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human CENP-A (hCENP-A) recruits human CENP-C but not 

Drosophila CENP-C (Fig. 3, A and B). Using this approach, we 

reproduced the previously reported interaction between the chi-

mera containing the C terminus of CENP-A and CENP-C (Guse 

et al., 2011), albeit at low levels. Interestingly, when combin-

ing the C terminus and the CATD of CENP-A, we achieved 

a signi�cantly higher level of CENP-C recruitment similar to 

the levels observed with wild-type CENP-A (Fig. 3, C–E). 

Basal levels of CENP-C recruitment by H3135–140 may only be 

detectable in systems devoid of the CCAN group of proteins, 

in which CENP-C doesn’t compete with any other protein for 

CENP-N recruitment during centromere establishment. To test 

this notion, we interrogated the recruitment of CENP-C using 

a heterologous system we developed in Drosophila melano-

gaster S2 cells (Fig. 3). There is no CENP-N orthologue nor 

any other CCAN component except for CENP-C reported in 

Drosophila (Drinnenberg et al., 2014). Therefore, any human 

CENP-C recruitment driven by the CATD in this system can 

be considered independent of CENP-N. This system uses a 

LacO plasmid similar to that used in previous centromere  

establishment experiments using LacI-fused Drosophila CENP-A 

(dCENP-A; Mendiburo et al., 2011). We found that LacI-fused 

Figure 3. The CATD directly contributes to CENP-C recruitment to a LacO array-containing plasmid in a heterologous Drosophila system. (A) Quantitation of 
dCENP-C or hCENP-C intensity with either GFP-LacI–dCENP-A or GFP-LacI–hCENP-A targeted to the LacO array plasmids. (B) Representative images of hCENP-C 
or dCENP-C recruitment to the LacO array plasmids by dCENP-A or hCENP-A fused to GFP-LacI. (C) Diagram of the human chimeras assessed for recruitment 
of human CENP-C to a LacO array-containing plasmid in Drosophila S2 cells. (D) Quantitation of hCENP-C intensity in S2 cells with indicated HA-LacI–tagged 
chimeras targeted to the LacO array plasmids. Error bars show SEM. (E) Representative images of hCENP-C recruitment to the LacO array plasmids by the 
indicated HA-LacI–tagged chimeras. *, P < 0.05. Insets show magnification of the boxed regions. Bars: (main images) 5 µm; (insets) 0.5 µm.
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Nishino et al., 2012). On the other hand, depletion of CENP-C 

also reduces CENP-T/W levels at centromeres, suggesting a 

single branch with CENP-T/W/S/X downstream of CENP-A  

nucleosomes and CENP-C (Basilico et al., 2014). We �rst found 

that CENP-A targeting to the LacO array directs the recruit-

ment of CENP-T but that the H3CATD+135–140 chimera does not  

(Fig. 4, A–C) despite its ability to recruit CENP-C (Fig. 2). Al-

though we found that higher levels of CENP-C correspond to 

instances of CENP-T detection on the LacO array with LacI–

CENP-A (Fig. 4, D–F; and Fig. S2 G), H3CATD+135–140 only ever 

recruits very low levels of CENP-T (lower than that found at 

binding CENP-A. These data suggest that the CATD functions 

in CENP-C recruitment independently of CENP-N.

CENP-T is not recruited by an H3/CENP-A 

chimera that recruits detectable levels  

of CENP-C and CENP-N

CENP-T and its binding partners (CENP-W, CENP-S, and 

CENP-X) are histone fold proteins that heterotetramerize and 

bind DNA (Nishino et al., 2012). They have been proposed to 

represent a separate branch from CENP-C within the CCAN 

for building a functional centromere (Gascoigne et al., 2011; 

Figure 4. CENP-C and regions of CENP-A outside of its CATD and C terminus are required to recruit CENP-T to the LacO array. (A) Diagram of the H3/
CENP-A chimeric histones assessed for recruitment of CENP-T. (B) Quantitation of CENP-T intensity at the LacO array for the indicated chimeras. Error bars 
show SEM. *, P < 0.05. (C) Representative images of CENP-T recruitment to the LacO array by the indicated chimeras fused to HA-LacI. (D–F) Plots of CENP-
C versus CENP-T intensity at the LacO array for each of the indicated chimeras targeted to the LacO array. (G) Plot of CENP-A versus CENP-T intensity at 
the LacO array 24 and 48 h after transfection of CENP-C–GFP-LacI. (H) Representative images of CENP-A and CENP-T intensity at the LacO array 24 and 
48 h after transfection of CENP-C–GFP-LacI. Insets show magnification of the boxed regions. Bars: (main images) 5 µm; (insets) 1 µm.
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on the other hand, abrogates CENP-T recruitment to the LacO 

array (Fig. 5, H and I). More surprisingly, CENP-N depletion, 

which only has a minor effect on CENP-T levels at centromeres, 

potently disrupts CENP-T recruitment to the LacO array but has 

no effect on CENP-C recruitment (Fig. 5, J and K). Together, 

with the �ndings that the CATD is suf�cient to recruit CENP-N 

but not CENP-C to the LacO array (Figs. 2 and S2 F) and that 

the CATD and the C terminus directly interact with CENP-C 

in Drosophila cells (Fig. 3), our experiments provide evidence  

that the CATD functions independently in recruiting CENP-C and 

CENP-N to centromeres. We further subdivided the N terminus 

and found that the activity in recruiting CENP-C and CENP-T 

is located within aa 1–14 (Fig. 5, L–O). To rule out the recruit-

ment of endogenous CENP-A by this chimera (H31–14+CATD+135–140), 

we used an anti–CENP-AS18phos pAb (S18 is constitutively phos-

phorylated on >90% of CENP-A molecules; Bailey et al., 2013) 

and found that CENP-A was undetectable (Fig. 5 P). Thus,  

all of the CENP-T recruitment activity of H31–14+CATD+135–140  

we measure is attributable to itself without any contribution 

from endogenous CENP-A. Together, our results strongly 

suggest that CENP-T requires CENP-C, CENP-N, and the  

N-terminal tail of CENP-A for initial recruitment during cen-

tromere establishment.

Conclusions

Our observations of the early steps of centromere establishment 

have revealed that three elements within CENP-A—the N- and 

C-terminal tails and the CATD within the structured histone 

fold domain—work together to recruit key centromere com-

ponents (Fig. 5 Q), supporting a model for initial recruitment 

of CCAN components that re�ects the interconnected protein 

network that exists at the centromere. For the contribution of 

the N-terminal tail, the simplest prediction from our surprising 

�ndings for its CENP-B–independent role in centromere estab-

lishment is that this region of CENP-A serves as an additional 

docking site for the CENP-T–W–S–X complex, itself. Alter-

natively, it could recruit another CCAN component that stabi-

lizes CENP-C binding, thereby directly or indirectly promoting 

CENP-T recruitment. Together with a very recent study in �s-

sion yeast of a requirement for the N-terminal tail of CENP-A 

to recruit CENP-T (Folco et al., 2015), our �ndings here em-

phasize the need for future biochemical reconstitution—starting 

with CENP-A nucleosomes and puri�ed CCAN components—

to differentiate between these distinct scenarios.

After a centromere is fully formed, the requirements for 

both termini of CENP-A change from what we observe during 

centromere establishment. H3 chimeras lacking the CENP-A 

N-terminal tail then recruit wild-type levels of CENP-C and 

CENP-T, and in stark contrast to what we �nd early on in cen-

tromere establishment, the C-terminal tail of CENP-A becomes 

dispensable for recruiting wild-type levels of CENP-T (Fachinetti 

et al., 2013). Collectively, these conclusions about centromere 

establishment versus maintenance lead to a model in which 

it is dif�cult and rare to seed a new centromere. Then, once 

formed, multiple intermolecular contacts between several cen-

tromere protein subunits have to be broken to lose centromere  

identity. We think that this model for centromere establishment 

an endogenous centromere, in all cases; Fig. 4, C and F). We 

also found that targeting CENP-C, by itself, is not suf�cient to 

recruit CENP-T (Fig. 4, G and H). 1 d after transfection, there 

is no detectable CENP-T recruited by LacI–CENP-C, and no  

recruitment of endogenous CENP-A through the Mis18–HJURP 

chromatin assembly pathway is detectable (Fig. 4, G and H).  

2 d after transfection, however, both CENP-T and CENP-A are  

recruited by LacI–CENP-C to the LacO array, with CENP-T 

only detectable in cells with at least as much CENP-A as is 

present on endogenous centromeres (Fig. 4, G and H). Together, 

these data suggest that CENP-T is only recruited during cen-

tromere establishment when both CENP-A nucleosomes and 

CENP-C are present.

A portion of the N-terminal tail of CENP-A,  

along with the C-terminal tail and the CATD,  

is required for CENP-T recruitment to the 

LacO array

Because the CATD and the C-terminal tail of CENP-A are  

insuf�cient for CENP-T recruitment (Fig. 4, B, C, and F), we 

considered that the N-terminal tail of CENP-A might play  

a role. H31–29+CATD is suf�cient to confer viability to cells lacking 

endogenous CENP-A (Fachinetti et al., 2013). The proposed 

role of the N-terminal tail is to recruit high levels of CENP-B 

protein (Fachinetti et al., 2013) to typical human centromeres 

that contain repetitive -satellite housing CENP-B binding 

sites (the 17-mer CENP-B boxes; Masumoto et al., 1989). The 

LacO array used in our experiments lacks CENP-B boxes of 

any sort, and, indeed, there is no CENP-B recruited even with 

the targeting of LacI-CENP-A (Fig. S3 A). We tested a series 

of H3 chimeras containing the N-terminal tail of CENP-A for 

recruitment of CENP-C and CENP-T (Fig. 5, A–E; and Fig. S3, 

B–D). We �rst observed that the inclusion of aa 1–29 with the 

CATD and the C-terminal tail of CENP-A leads to high levels  

of CENP-C recruitment (Fig. 5, B and D). There is no addi-

tional recruitment of human CENP-C contributed by the N- 

terminal tail of human CENP-A (aa 1–29) in the Drosophila cell 

system (Fig. S3, E and F), suggesting that the additional recruit-

ment we see during centromere establishment steps in human 

cells (Fig. 5, B and D) is not via direct binding of CENP-C. 

We also observed that H31–29+CATD+135–140 is capable of recruiting 

CENP-T to similarly high levels as does wild-type CENP-A in 

human cells (Fig. 4, B–D; and Fig. 5, C and E; the mean CENP-

T recruitment at LacO relative to endogenous centromeres is 

0.38 ± 0.12 for wild-type CENP-A [Fig. 4 B], 0.058 ± 0.02 for 

H3CATD+135–140 [Fig. 3 B], and 0.34 ± 0.12 for H31–29+CATD+135–140 

[Fig. 5 C]). All three regions—the N-terminal tail, the CATD, 

and the C-terminal tail—are required for CENP-T recruitment, 

as no substantial CENP-T recruitment occurs with versions of 

H3 chimeras containing any of these three regions individually 

or in pairs (Fig. S3, B–D). Thus, our �ndings reveal a new func-

tion for the N-terminal tail of CENP-A in recruiting CENP-T.

We considered the possibility that CENP-T, itself, con-

tributes to the increase in CENP-C recruitment to the LacO 

array provided by the N terminus of CENP-A (Fig. 5, B and D).  

CENP-T depletion, however, does not affect CENP-C recruit-

ment to the LacO array (Fig. 5, F and G). CENP-C depletion, 

http://www.jcb.org/cgi/content/full/jcb.201412011/DC1
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Figure 5. A portion of the N-terminal tail of CENP-A recruits CENP-C and CENP-T to the LacO array. (A) Diagram of the chimeric histones targeted to the 
LacO array in U2OS-LacO cells and assessed for recruitment of CENP-C and CENP-T. (B and C) Quantitation of CENP-C (B) and CENP-T (C) intensity at the 
LacO array normalized to the mean intensity at endogenous centromeres. (D and E) Representative images of CENP-C (D) and CENP-T (E) recruitment to  
the LacO by H31–29+CATD+135–140 fused to LacI and an HA tag. (F, H, and J) Quantitation of CENP-C and CENP-T intensity at the LacO array for HA-LacI–fused 
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with HA-LacI using KpnI–BstEII sites. All other pMT_HA-LacI-H3/CENP-A 
chimera vectors were constructed by inserting NheI–SacII fragments from the 
respective pcDNA3.1 vector into the SpeI–SacII-digested pMT/V5-Hygro 
vector. The pMT–hCENP-C construct was cloned by PCR amplification of 
hCENP-C from HEK293 cDNA and insertion into SpeI–NotI sites in the 
pMT/V5-Hygro vector. All bacterial expression vectors used in this study 
for the histones were constructed in a pET12 vector containing a T7 bacte-
rial promoter. Construction of the bacterial expression vectors were de-
scribed previously (Black et al., 2004; Bassett et al., 2012), except for 
pET-CENP-AS68Q–H4, which was generated by performing PCR site- 
directed mutagenesis on pET-CENP-A–H4 (Black et al., 2004) to mutate the 
serine in CENP-A to a glutamine. All plasmids used in this study were veri-
fied by DNA sequencing.

Transfections and indirect immunofluorescence
U2OS cells containing an array of LacO sequences were transfected with 
plasmids encoding the indicated fusion proteins using FuGENE6 (Roche) 
and processed for indirect immunofluorescence at the indicated time 
points. For experiments involving CENP-A, CENP-C, and CENP-T immuno-
fluorescence, cells were fixed in 4% formaldehyde in PBS for 10 min, 
extracted with 0.5% Triton X-100 in PBS for 5 min, and then washed three 
times in 0.1% Tween in PBS for 5 min each before blocking and antibody 
incubation. For experiments involving HJURP or CENP-AS18phos immunofluor-
escence, cells were preextracted with 0.5% Triton X-100 in PBS for 3 min, 
fixed with 4% formaldehyde in PBS for 10 min, and then washed with 
0.1% Tween in PBS for 5 min. All cells were blocked in 2% FBS, 2% BSA, 
and 0.1% Tween in PBS and then incubated with primary and second-
ary antibodies. An anti-HA mouse monoclonal antibody (HA.11; 16B12; 
Covance) was used at 1 µg/ml in most experiments, and an anti-HA goat 
polyclonal antibody (ab9134; Abcam) was used at 1 µg/ml in experiments 
in which mouse antibodies were used to codetect an endogenous protein. 
An anti-HJURP rabbit polyclonal antibody (Foltz et al., 2009), anti–CENP-
A mouse monoclonal antibody (ADI-KAM-CC006; Enzo Life Sciences), and 
anti–CENP-B rabbit polyclonal antibody (H-65; Santa Cruz Biotechnology, 
Inc.) were each used at 1 µg/ml. Affinity-purified anti–CENP-C rabbit poly-
clonal antibody (Bassett et al., 2010) was used at 0.75 µg/ml in most 
experiments, and anti–CENP-C mouse monoclonal ascites (Bodor et al., 
2013) was used at a 1:10,000 dilution in experiments in which CENP-T 
was codetected. An anti–CENP-T rabbit polyclonal antibody (a gift from 
I. Cheeseman, Massachusetts Institute of Technology, Cambridge, MA;  
Gascoigne et al., 2011) was used at 1 µg/ml. An anti-GFP rabbit poly-
clonal antibody was used at 0.1 µg/ml to enhance detection of TetR-GFP. 
An anti–CENP-AS18phos rabbit polyclonal antibody (61483; Active Motif) 
was used at a 1:2,500 dilution. Goat secondary antibodies conjugated to 
FITC or Cy3, bovine secondary antibodies conjugated to FITC, and donkey 
secondary antibodies conjugated to Cy3 or Cy5 (Jackson ImmunoResearch 
Laboratories, Inc.) were used at a 1:200 dilution. Cells were stained with 
DAPI and mounted with Vectashield mounting medium (Vector Laborato-
ries) onto glass slides before imaging. For U20S experiments involving 
IPTG treatment, 48 h after transfection, cells were treated or untreated with 
15 mM IPTG (Sigma-Aldrich) for 1 h and processed for indirect immuno-
fluorescence, as described earlier in this section. For siRNA experiments, 
cells were treated with 20 µM CENP-T siRNAs (Silencer Select; catalog 
no. 4392420, siRNA ID s36976; target sequence 5-AGAAGUGCCU-
AGAUAAAUA-3; Life Technologies), CENP-C siRNAs (ON-TARGETplus 
SMARTpool; catalog no. L-003251; target sequences 5-GCGAAUAGAU-
UAUCAAGGA-3, 5-CCAUAAACCUCACCCAGUA-3, 5-UUUGAU-
AGGUGAAACAGUA-3, and 5-CGAAGUUGAUAGAGGAUGA-3; 
GE Healthcare), CENP-N siRNAs (siGENOME SMARTpool; catalog no.  
M-015872-02-005; target sequences 5-CUACCUACGUGGUGUACUA-3,  
5-AUACACCGCUUCUGGGUCA-3, 5-GAUCCAUCUGUGUGAG-
GAA-3, and 5-GUAAAUUUCCGACAGAGAA-3; GE Healthcare), or 
GAPDH siRNAs (ON-TARGETplus SMARTpool; catalog no. D-001830; 
target sequence 5-GUCAACGGAUUUGGUCGUA-3; GE Healthcare). 
CENP-T, CENP-C, and GAPDH siRNAs were a gift of D. Foltz (University 
of Virginia, Charlottesville, VA). 8–24 h after siRNA treatment, cells were 

and maintenance is a satisfactory re�ection of biology, in which 

a 50-fold difference in CENP-A density is what separates the 

rest of the genome from a functional centromere (Bodor et al., 

2014) and in which either spontaneous formation of a new cen-

tromere on the chromosome arm or loss of a functional centro-

mere is a rare event in healthy cells. The rarity of these events 

is advantageous because either would be catastrophic to the fate 

of the chromosome.

Materials and methods

Cell culture
U2OS cells containing 200 copies of an array of 256 tandem repeats of 
the 17-bp LacO sequence on chromosome 1 (a gift from S. Janicki, The 
Wistar Institute, Philadelphia, PA; Janicki et al., 2004) were cultured in 
DMEM supplemented with 10% FBS, 100 U/ml penicillin, and 100 µg/ml 
streptomycin. U2OS-LacO cells were maintained at 37°C in a humidi-
fied incubator with 5% CO2. Schneider S2 cells were grown at 25°C in 
Schneider’s Drosophila medium (Serva) supplemented with 10% FBS 
(Sigma-Aldrich) and antibiotics (300 µg/ml penicillin, 300 µg/ml strepto-
mycin, and 750 µg/ml amphotericin B).

Plasmids
All mammalian expression vectors used in this study were constructed in a 
pcDNA3.1 vector containing a cytomegalovirus promoter and a HA tag 
and a LacI tag fused to the N terminus of the CENP-A, H3, or H3/CENP-A 
chimeric histone. To construct pcDNA3.1-HA-LacI-CENP-A, the LacI gene 
was amplified by PCR from pN2-GFP-LacI, a derivative of pAFS135 (a gift 
from A. Straight, Stanford University, Stanford, CA; Straight et al., 1996) 
and inserted into pcDNA3.1-HA-CENP-A (a gift from D. Cleveland, Univer-
sity of California, San Diego, San Diego, CA) at an EcoRI site present  
between the HA tag and CENP-A. To construct pcDNA3.1-HA-LacI- 
H3, pcDNA3.1-H3CATD, and pcDNA3.1-H31–29+CATD, the H3, H3CATD, and 
H31–29+CATD chimeras were amplified by PCR from pYFP-H3 (Black et al., 
2004), pYFP-H3CATD (Black et al., 2004), and pYFP-H3129+CATD (Fachinetti 
et al., 2013), respectively, and inserted into pcDNA3.1-HA at the EcoRI–
ApaI sites. Then, the LacI gene was amplified by PCR from pN2-GFP-LacI 
and inserted into the plasmids at the EcoRI site. To construct pcDNA3.1-HA-
LacI-H3135–140, pcDNA3.1-H3CATD+135–140, and pcDNA3.1-H31–29+CATD+135–140, 
PCR site-directed mutagenesis using QuikChange (Agilent Technologies) 
was performed on pcDNA3.1-HA-LacI-H3, pcDNA3.1-H3CATD, and 
pcDNA3.1-H31–-29+CATD, respectively, to mutate the C terminus of H3 to 
CENP-A residues. Similarly, to construct pcDNA3.1-HA-LacI-H3Q68S, 
pcDNA3.1-H3Q68S+CATD, and pcDNA3.1-H31–29+CATD+135–140, PCR site- 
directed mutagenesis was performed on pcDNA3.1-HA-LacI-H3 and 
pcDNA3.1–H3CATD, respectively, to mutate the glutamine in H3 to a serine. 
To construct pcDNA3.1-HA-LacI-H31–29, the C-terminal region of H3 was 
digested out of pcDNA3.1-HA-LacI-H3 at the AfeI–SacII sites and inserted 
into pcDNA3.1-HA-LacI-H31–29+CATD at the same restriction sites. To con-
struct pcDNA3.1-HA-LacI-H31–-14+CATD+135–140 and pcDNA3.1-HA-LacI-
H315–29+CATD+135–140, pcDNA3.1-HA-LacI-H31–29+CATD+135–140 was amplified 
by PCR with phosphorylated primers containing the N-terminal chimeric se-
quences, and the resulting PCR fragments were purified and ligated. All 
Drosophila expression vectors used in this study were constructed in a 
pMT/V5-Hygro vector, except for the LacO array-containing plasmid, 
which was cloned in a pAFS52 vector that uses a pUC19 plasmid back-
bone, as originally described (Straight et al., 1996; Mendiburo et al., 
2011). pMT_GFP-LacI-hCENP-A was constructed by PCR amplification of 
LacI–CENP-A from pCDNA3.1-HA-LacI-CENP-A and insertion into the 
pMT_GFP-LacI vector (Mendiburo et al., 2011) at the BstEII–AgeI sites. 
pMT-dCENP-A-GFP-LacI was constructed as originally described (Mendiburo 
et al., 2011). pMT_HA-LacI-CENP-A was constructed by replacing GFP-LacI 

H31–29+CATD+135–140 in cells treated with CENP-T (F), CENP-C (H), and CENP-N (J) siRNA normalized to the mean intensity at the LacO array in cells treated 
with GAPDH siRNA. (G, I, and K) Representative images of CENP-C and CENP-T recruitment to the LacO array by HA-LacI–fused H31–29+CATD+135–140 in 
cells treated with CENP-T (G), CENP-C (I), and CENP-N (K) siRNA. (L and N) Quantitation of CENP-C (L) and CENP-T (N) intensity at the LacO array. Error 
bars show SEM. *, P < 0.05. (M and O) Representative images of CENP-C (M) and CENP-T (O) recruitment to the LacO array by the indicated chimeras.  
(P) Representative images of CENP-AS18phos detection at the LacO array for each of the indicated chimeras. Insets show magnification of the boxed regions. 
Bars: (main images) 5 µm; (insets) 1 µm. (Q) Summary diagram.
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histone proteins were expressed and purified from bacteria as previously 
described (Black et al., 2004; Sekulic et al., 2010). The Maltose-binding  
protein–HJURP and human histones were mixed in an equimolar ratio (20 µM  
each in 2 ml volume). After incubation on ice for 30 min, the protein 
mixtures were injected onto a HiLoad 16/60 Superdex200 column (GE 
Healthcare) with running buffer identical to sample buffer. For the HX reac-
tions, 30 µl of protein mixtures at 1 mg/ml of the indicated protein com-
plex sample was mixed with 90 µl D2O and incubated at 4°C. Final buffer 
conditions in HX reactions are 0.25 mg/ml protein mix, 10 mM sodium 
phosphate, pH 7, 1.25 mM -mercaptoethanol, and 500 mM NaCl. At 
the indicated time point, 20 µl of each HX reaction was withdrawn and 
added to 30 µl of ice-cold quench buffer (1.66 M guanidinium-HCl, 0.8% 
formic acid, and 10% glycerol). Samples were immediately frozen in liq-
uid N2 and stored at 80°C before analysis. After HX, the proteins were 
fragmented by injecting the samples onto an immobilized pepsin column 
at an initial flow rate of 50 µl/min for 3 min followed by 150 µl/min for 
another 3 min. Pepsin (Sigma-Aldrich) was coupled to Poros 20 AL support 
(Applied Biosystems) and packed into column housings of 2 mm × 2 cm 
dimensions (IDEX). Peptides were collected onto a C18 HPLC trap column 
(2.5 × 0.5 mm; LC Packings) and eluted through an analytical C18 HPLC 
column (0.3 × 75 mm; Agilent Technologies) by a linear 12–55% buffer 
B gradient at 6 µl/min (buffer A: 0.1% formic acid; buffer B: 0.1% formic 
acid and 99.9% acetonitrile). The effluent was electrosprayed into the mass 
spectrometer (LTQ Orbitrap XL; Thermo Fisher Scientific). Nondeuterated 
samples were used to identify the likely sequence of the parent peptides in 
SEQUEST (Bioworks v3.3.1) software program (Thermo Fisher Scientific). 
The data were analyzed using ExMS program (Kan et al., 2011), and the 
broad deprotection from HX reported for CENP-AS68Q–H4 is representative 
of results obtained in two independently performed experiments.

Online supplemental material
Fig. S1 shows that a significant subset of LacI-tagged chimeras remain 
at the LacO array upon IPTG treatment while LacI alone is removed, low 
levels of CENP-C are recruited to the LacO array by LacI–CENP-A at 24 h,  
missegregation of the LacO-containing chromosome begins to occur at 48 h,  
LacI-fused H3/CENP-A chimeras containing the CATD localize to endoge-
nous centromeres, and Ser68 of CENP-A transmits stability to distant helices 
within histone H4. Fig. S2 shows that LacI-H3CATD does not recruit detect-
able levels of CENP-A or CENP-C to the LacO array, CATD-containing con-
structs recruit CENP-N to the LacO array, and LacI-H3CATD+135–140 recruits 
CENP-C but not CENP-T to the LacO array. Fig. S3 shows that CENP-B 
is not recruited to the LacO array by LacI–CENP-A, LacI-tagged chimeric 
histones containing combinations of the CATD and N- and C-terminal tails 
of CENP-A do not recruit CENP-T to the LacO array, LacI-H31–29+CATD+135–140 
does not enhance CENP-C recruitment to the LacO-containing plasmid in 
Drosophila S2 cells, and CENP-T, CENP-C, and CENP-N are depleted 
after siRNA treatment. Online supplemental material is available at http://
www.jcb.org/cgi/content/full/jcb.201412011/DC1.
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