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SUMMARY

Centromeres are essential chromosomal regions required for kinetochore assembly and
chromosome segregation. The compaosition and organization of centromeric nucleosomes
containing the essential histone H3 variant CENP-A (CID in Drosophila) is a fundamental,
unresolved issue. Using immunoprecipitation of CID mononucleosomes and cysteine crosslinking,
we demonstrate that centromeric nucleosomes contain CID dimers in vivo. Furthermore, CID
dimerization and centromeric targeting require a residue implicated in formation of the four helix
bundle, which mediates intra-nucleosomal H3 dimerization and nucleosome integrity. Taken
together, our findings suggest that CID nucleosomes are octameric in vivo and that CID
dimerization is essential for correct centromere assembly.
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INTRODUCTION

The centromere is a unique chromosomal domain responsible for kinetochore formation and
faithful chromosome segregation during cell division. Centromere identity and propagation
are determined epigenetically in most eukaryotes. CENP-A is the centromere-specific
histone H3 variant (CID in flies), which is required for proper localization of nearly all other
centromere and kinetochore proteins (Allshire and Karpen, 2008). Furthermore, CID
mislocalization leads to ectopic centromere formation (Olszak et al., 2011). These results
place CENP-A at or near the top of the centromere assembly pathway.

Knowledge of CENP-A nucleosome structure in vivo is essential to understanding the
mechanisms responsible for CENP-A replenishment and maintenance. Canonical
nucleosomes contain a (H3/H4), tetramer and two H2A/H2B dimers. However, recent
investigations present contradictory views of CENP-A nucleosome composition and
structure. Studies using immunoprecipitation (IP) of digested bulk chromatin or in vitro
assembly have suggested an octameric structure for CENP-A nucleosomes, where two
copies of CENP-A take the place of H3 (Foltz et al., 2006; Sekulic et al., 2010; Shelby et al.,
1997; Tachiwana et al., 2011; Yoda et al., 2000). Of note was the demonstration that Cse4
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(S. cerevisiae CENP-A) nucleosomes are histone octamers in vivo, since they contain Cse4
dimers and H2A/H2B (Camabhort et al., 2009). However, another study suggested a Cse4
complex consisting of Cse4/H4 tetramers and the Cse4 assembly factor Scm3 in place of
H2A/H2B dimers (Mizuguchi et al., 2007). Finally, it was reported that Drosophila CID and
human CENP-A are in “hemisomes’ containing only one copy each of CID/CENP-A, H4,
H2A and H2B (Dalal et al., 2007; Dimitriadis et al., 2010). At this time, it is unclear whether
these discrepancies reflect biologically relevant differences among organisms or cell cycle
stages, or result from technical differences (Black and Cleveland, 2011).

Analysis of the CENP-A domains have shed some light on this controversy. The CATD
(CENP-A Targeting Domain) comprising loop | and helix all of the CENP-A histone fold
domain (HFD) is required for centromeric targeting in yeast, flies, and humans, and for
interaction with HJURP/Scm3-like CENP-A assembly factors (Black et al., 2004; Hu et al.,
2011; Vermaak et al., 2002; Zhou et al., 2011). In addition, CENP-A shares significant
homology with H3 in the four helix bundle structure formed between the C-terminal halves
of all and alll helices and required for intra-nucleosomal H3 dimerization (Luger et al.,
1997). This region in CENP-A is required for in vitro formation of crystallized (CENP-A/
H4), tetramers (Sekulic et al., 2010) and octameric CENP-A nucleosomes (Tachiwana et al.,
2011). In Cse4, it is required for in vitro nucleosome reconstitution, centromere localization
in vivo, and cell viability (Camahort et al., 2009), but not for the interaction with Scm3
(Zhou et al., 2011). These findings strongly suggest that Cse4 nucleosomes are octameric in
vivo, and that the four helix bundle mediates Cse4 dimerization and centromere localization.
Whether these properties are conserved in CENP-A nucleosomes from other organisms,
especially those with epigenetically-regulated ‘regional’ centromeres, has not been
addressed.

In this study, we use a combination of biochemical, molecular and cell biological
approaches to elucidate the composition of Drosophila centromeric CID nucleosomes in
vivo. We show that purified CID mononucleosomes contain two copies of CID, consistent
with an octameric structure, and provide evidence that the four helix bundle is required for
CID dimerization and centromere localization.

Characterization of CID chromatin by salt extraction and sucrose gradient
ultracentrifugation

To study the compaosition of centromeric chromatin, we generated a Drosophila S2 cell line
constitutively expressing N-terminally FLAG-tagged CID controlled by a copia promoter
(FLAGCID). Immunofluorescence (IF) analysis showed that FLAG-CID properly localizes
to centromeres, with a pattern identical to endogenous CID (Figure 1A). Western blots
demonstrated that FLAG-CID comprises about 2/3 of total CID in chromatin (Figure 1B).
FLAG-CID IP from micrococcal nuclease (MNase)-digested bulk chromatin containing
mono- to oligo- nucleosomes revealed significant enrichment for endogenous CID,
centromeric CAL1, and H2A, relative to IPs from untagged controls (Figure S1). Thus,
FLAG-CID is closely associated with endogenous CID and other known centromeric
chromatin components.

We investigated the solubility of CID chromatin by digesting S2 nuclei with MNase and
successively extracting chromatin with increasing salt concentrations (Figure 1B). Using a
low salt buffer (L0 mM NaCl), more than 95% of CID nucleosomes remain insoluble,
whereas ~50% of H3 nucleosomes are soluble. In addition, high salt (350 mM NaCl)
extracts ~90% of H3 nucleosomes, and ~70% of CID nucleosomes. Thus, CID chromatin is
less soluble than H3 chromatin.
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We next used linear sucrose gradient ultracentrifugation to characterize CID nucleosomes
(Figures 1C and 1D). Limited MNase digestion converted bulk chromatin into mono- and
oligonucleosomes, while extensive digestion converted most chromatin to a single peak of
~150 bp DNA consistent with mononucleosomes. Under both conditions, fractions
containing H3 mononucleosomes or oligonucleosomes are also enriched for CID and
FLAG-CID. Importantly, no CID or FLAG-CID was observed in fractions of higher sucrose
density, where hemisomes would be expected to reside. We conclude that H3 and CID
nucleosomes exhibit similar sedimentation velocity in ultracentrifugation. These results are
inconsistent with hemisomes, which would contain fewer histones and shorter DNA than H3
nucleosomes.

FLAG-CID mononucleosomes contain stoichiometric amount of endogenous CID

To examine the stoichiometry of CID nucleosomes in more detail, we immunoprecipitated
FLAG-CID nucleosomes without crosslinking from either oligonucleosome or
mononucleosome fractions. IPs from oligonucleosome preparations, which were conducted
with stringent washes (350 mM NacCl), resulted in detection of both FLAG-CID and
endogenous CID (Figure S2A), suggesting that tagged and native CID are physically close
in chromatin containing only a few nucleosomes. In contrast, mononucleosome IPs detected
only sub-stoichiometric amounts of endogenous CID with FLAG-CID after 300 mM NaCl
washes, despite the presence of H2A and H2B (Figure S2B). This could suggest that only
half nucleosomes are recovered, or that FLAG-CID does not assemble with endogenous
CID. However, ~85% of endogenous CID was co-depleted by the a-FLAG beads (Figure
S2C), indicating that endogenous CID interacts with FLAG-CID but is subsequently lost
during stringent washes.

These results raised the possibility that CID nucleosome stability is sensitive to high salt
conditions, as observed for variant nucleosomes containing both H3.3 and H2A.Z (Jin and
Felsenfeld, 2007). Therefore, we performed FLAG-CID IP on mononucleosome fractions
with increasing stringency of washes from 50 mM to 100 mM NaCl. Analysis of
endogenous CID recovery from a-FLAG IP after each wash revealed that approximately
stoichiometric amounts of endogenous CID co-precipitated with FLAG-CID after 50 mM
NaCl, relative to their ratio in the input (Figure 2A, 50 mM). In contrast, endogenous CID
levels were reduced relative to FLAG-CID after 100 mM NaCl washes (Figure 2A, 100
mM). These observations suggest that each CID nucleosome contains two CID molecules in
vivo, in agreement with an octameric structure, though the integrity of solubilized CID
nucleosomes is sensitive to high salt.

Cysteine crosslinking reveals CID dimers

If CID nucleosomes contain two copies of CID whose interactions are unstable in the N-
ChIP experiments, crosslinking of intra-nucleosomal CID molecules should facilitate
recovery of CID dimers. The zero-distance sulfhydryl group oxidation agent 1,10, o-
phenanthroline-copper has been shown to crosslink intra-nucleosomal histone H3 molecules
through cysteine C110, which resides in the four helix bundle structure (Figures 2B, S2D)
(Gould et al., 1980).

Although a crystal structure for CID nucleosomes has not been generated, ClustalW
alignment shows that CID contains all the residues implicated in H3-H3’ and Cse4-Cse4’
interactions (Camabhort et al., 2009; Luger et al., 1997) (Figure S2D). Thus, this region could
also form the four helix bundle in an octameric CID nucleosome, and two cysteines (C184
and C219) in all and alll helices could mediate oxidative crosslinking (Figure S2D,
arrowheads) (Gould et al., 1980).
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To test whether CID nucleosomes contain one or two CIDs, extensively digested chromatin
was crosslinked with copper phenanthroline. Effective crosslinking was confirmed by H3
dimerization and reversal by 2-mercaptoethanol (Figure S2E). CID in non-crosslinked
samples migrated as one band of 30 kDa (Figure 2C). After crosslinking, most CID migrated
at an apparent molecular weight of 60.3 kDa, consistent with CID dimers (Figures 2C, S2G),
and less than 1.1+0.53% (n=3) of CID was detected as monomers. After crosslink reversal,
CID migrated at the monomer size, confirming that the 60.3 kDa CID band observed after
crosslinking was due to cysteine oxidation (Figure 2C).

To further test for the presence of CID dimers in vivo, we performed the same experiment
using chromatin from cells constitutively expressing FLAG-CID (Figure 2D). We detected
two major CID bands in non-crosslinked and reverse-crosslinked chromatin, corresponding
to monomeric endogenous CID and FLAG-CID (Figure 3C). After crosslinking, we detected
three major CID bands at 60.3, 68.4 and 79.4 kDa, respectively (Figures 3C, S2G). The sizes
of these slower migrating CID bands are consistent with dimer formation between two
endogenous CIDs, one endogenous CID and one FLAG-CID, or two FLAG-CIDs,
respectively. The slower migratingbands (80 kDa and 70 kDa) were also detected by the a-
FLAG antibody, validating the formation of FLAG-CID/FLAG-CID and FLAG-CID/CID
dimers (Figures S2F, S2G). A weak band at 56 kDa of unknown nature was also detected
(Figure S2F). These cysteine crosslinking results provide additional, strong evidence that
two CID molecules closely interact within mononucleosomes.

A mutation in the CID four helix bundle reduces dimerization and causes CID
mislocalization

If CID nucleosomes are octameric and CID dimerization depends on the four helix bundle,
then interference with CID-CID’ interactions should disturb stable maintenance and
assembly of CID nucleosomes in living cells. The four helix bundle in H3 nucleosomes is
stabilized by residue D123, which forms hydrogen bonds with R116 and H113’, respectively
(Luger et al., 1997).

We mutated the corresponding CID residues (D211, H201, and R204) potentially involved
in dimerization to study their roles in vivo. Each mutation was LAP-tagged at its NH2
terminus and co-transfected with FLAG-CID"! into S2 cells. As a control, we co-transfected
two wild-type CID constructs (LAP-CIDW! and FLAG-CID"Y), and their colocalization at
centromeres was demonstrated by IF (Figures 3A, S3A, S3C). Thus, the FLAG-CIDW
distribution can be used to determine if LAP-tagged mutant CID proteins localize to
centromeres. Similar to wild-type CID constructs, we observed that the majority of
CIDH201A and CIDR204A properly localize to centromeres by IF (Figures 3A, S3C).
However, few cells showed centromeric localization for LAP-CIDP21A (Figures 3A, S3).
In interphase, LAP-CIDP211A mytant proteins were broadly distributed throughout
chromatin and in the cytoplasm. In mitosis, LAP-CIDP211A js spread throughout
chromosomes in both cytospin and whole mount IF. This result is significantly different
from the specific colocalization of LAP-CID"! and FLAG-CIDW! to centromeres. We
conclude that CID D211, but not the H201 or R204 residues, is required for proper CID
localization to centromeres.

We then directly determined whether residue D211 is important for CID dimerization in vivo
using cysteine crosslinking. We transiently transfected FLAG-CIDP211A or FLLAG-CIDW
control into S2 cells and prepared untreated, crosslinked and reverse-crosslinked chromatin,
as conducted previously, from both samples (Figure 3B). For the FLAG-CID"! control,
crosslinking converted nearly 100% FLAG-CIDY! monomers to a single band of the
predicted FLAG-CIDWt dimer size. A weak band was also evident consistent with formation
of dimers between endogenous CID and FLAG-CIDW, In contrast, 43% of total FLAG-
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CIDP211A was detected at the predicted FLAGCIDP211A dimer size after crosslinking, and
17% of FLAG-CIDP211A remained as monomers (Ratiopimer-Monomer<3 for FLAG-
CIDP211A yersus >55 for FLAG-CIDWY. We conclude that D211A inhibits efficient CID
dimerization.

Interestingly, combined FLAG-CIDP21A monomers and dimers accounted for 60% of total
FLAG-CIDP21A (Figure 3B, compare intensity in crosslinked to reversed). Long exposure
revealed a high molecular weight smear accounting for 40% of total FLAG-CIDP211A
(Figure 3B). We propose that the smear is formed because inefficient dimerization makes
monomeric CIDP211A available for crosslinking with other unknown proteins. We conclude
that the CID D211 residue is not only required for proper centromeric localization, but also
for efficient dimerization within nucleosomes.

DISCUSSION

CID nucleosome stoichiometry is consistent with an octamer structure

The CENP-A nucleosome is the foundation for centromere structure and function, and its
organization has recently been the subject of great debate. Notably, it has been proposed that
interphase Drosophila CID nucleosomes are hemisomes (Dalal et al., 2007). We show that
the majority of Drosophila CID nucleosomes contain two copies of CID, as well as H2A,
H2B (this study) and H4 (Blower et al., 2002). CID nucleosomes co-migrate with octameric
H3 nucleosomes in sucrose gradient ultracentrifugation, with no peaks in higher sucrose
density fractions where hemisomes would be expected to reside. The possibility that CID
hemisomes could exhibit an unusual conformation that results in similar sedimentation
velocities as octameric H3 nucleosomes was refuted by the demonstration that endogenous
CID and FLAG-CID coimmunoprecipitate stoichiometrically under low salt conditions
without crosslinking. The use of purified mononucleosomes provides more conclusive
results about the in vivo composition of CENP-A nucleosomes than earlier studies using
digested bulk chromatin or in vitro assembled complexes.

In addition, near complete conversion of CID into a dimeric form with a zero-distance
crosslinker contradicts the hemisome model. This reagent has been used to study H3
dimerization in canonical nucleosomes (Gould et al., 1980). The most parsimonious
interpretation is that the majority of CID forms dimers during most of the cell cycle. Finally,
the CIDP211A mutation reduced dimerization and resulted in broad mislocalization. Thus, a
conserved residue important for normal function of the four helix bundle structure in both
H3 and Cse4 nucleosomes is essential for dimerization and centromeric localization of CID
in vivo. These conclusions are consistent with the structural analyses of in vitro assembled
H3 and CENP-A nucleosomes (Luger et al., 1997; Tachiwana et al., 2011), and a Cse4 study
in vivo (Camabhort et al., 2009). Therefore, we propose that CID dimerization mediated by
the putative four helix bundle is essential for assembly and maintenance of octameric CID
nucleosomes (Figure 4).

CID dimers could potentially arise from interactions between two hemisomes during
crosslinking. However, we have demonstrated that CID dimerizes in mononucleosomes in
vivo without crosslinking. Furthermore, we reduced the local CID concentration and
minimized potential crosslinking from different nucleosomes by extensive MNase digestion
and extraction. We observe that the vast majority, if not all, of soluble CID nucleosomes
contain dimers in asynchronous S2 cells, of which over 95% are in interphase and about
50% are in G2. Thus, if CID hemisomes exist, they must be only a small proportion of total
CID nucleosomes, or present for a short time in the cell cycle.
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Our observations suggest technical reasons for the recovery of hemisomes in previous
studies. First, primary amine crosslinking was the major method used in the isolation of CID
hemisomes (Dalal et al., 2007). Unlike H3, CID lacks the lysine residue in its HFD that is
necessary for efficient primary amine crosslinking (Black and Bassett, 2008). Second,
recovery of CID nucleosomes is highly sensitive to salt concentrations in the absence of
crosslinking. We suspect that hemisomes were recovered due to dissociation of CID dimers
by the higher salt treatment, combined with the absence of residues available for primary
amine crosslinking.

Our observation that extracted CID nucleosomes are unstable may stem from loss of specific
stabilizing factors during CID nucleosome preparation. It has been reported that CENP-B
and CENP-C are absent from human CENP-A mononucleosomes after sucrose gradient
ultracentrifugation, but are present in CENP-A oligonucleosomes (Ando et al., 2002).
Moreover, partial unwinding of DNA at the nucleosome entry/exit site can disassemble
reconstituted human CENP-A nucleosomes (Conde e Silva et al., 2007). Together these
findings suggest that instability of CENP-A nucleosomes may be caused by differences in
composition and structure compared to H3 nucleosomes.

It is surprising that unstable CENP-A nucleosomes serve as the foundation of a highly stable
chromatin domain through cell divisions. However, instability of CID nucleosomes could
facilitate elimination of mis-incorporated CID in the absence of limiting stabilizing factors
(Hewawasam et al., 2011; Moreno-Moreno et al., 2011; Ranjitkar et al., 2011). Since
unwarranted evictions of CID from centromeres would lead to defective kinetochores, the
observed lower solubility of CID nucleosomes suggests a stabilizing mechanism important
to maintain high concentrations of CID at centromeres. Such a mechanism may involve the
constitutive centromere components CAL1 and CENP-C, whose depletion causes loss of
CID from centromeres in flies (Erhardt et al., 2008; Goshima et al., 2007).

A conserved CID residue in the four helix bundle is required for CID dimerization and
centromere localization

This study strongly supports the idea that CENP-A nucleosomes form through deposition of
two CENP-A/H4 molecules. Several studies have emphasized an essential role for the
CATD in CENP-A deposition (Black et al., 2004; Foltz et al., 2009; Hu et al., 2011,
Vermaak et al., 2002; Zhou et al., 2011), but have not addressed whether and how other
regions of CENP-A are also required. We demonstrate dependence of CID dimerization and
localization on the conserved D211 residue within the CID four helix bundle. This result
indicates that the CATD per se is not sufficient for centromeric CENP-A assembly, and is
consistent with the role of the four helix bundle in nucleosome integrity and functions
(Camahort et al., 2007; Luger et al., 1997).

Our data suggest that D211 stabilizes the inter- and/or intra-molecular interactions of CID,
yet the mislocalization phenotype of CIDP211A may also be interpreted as a result of its
failure to interact with an HJURP/Scm3-like assembly factor. The CID-specific assembly
factor has not been identified in flies, preventing a direct test of this hypothesis. However, a
deletion encompassing the analogous Cse4 residue does not significantly interfere with
Cse4-Scma3 interaction (Zhou et al., 2011). This suggests that D211 is unlikely to affect CID
assembly factor interactions, and further supports our conclusion that the mislocalization
phenotype is due to disruption of the four helix bundle structure and CID dimerization.

In conclusion, we have identified CID dimerization as a key property of CID nucleosomes,
and demonstrated its importance to CID localization to centromeres. Our results suggest that
CENP-A nucleosomes in a metazoan have identical stoichiometry to that of H3 and Cse4
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nucleosomes. These observations lay a foundation for elucidating the epigenetic
mechanisms responsible for centromere identity and propagation.

EXPERIMENTAL PROCEDURES

A detailed description of the methods can be found in the Supplemental Information
accompanying this manuscript.

Mononucleosome immunoprecipitation

MNase-digested S2 chromatin was centrifuged on a 5-25% sucrose gradient for 22 hrs.
FLAG-CID nucleosomes were immunoprecipitated by a-FLAG agarose beads (Sigma). For
detecting endogenous CID in FLAG-CID nucleosomes, incubations were performed in a
buffer containing 50 mM NaCl, and beads were washed in a buffer containing different salt
concentrations (50 mM for low salt or 100 mM NacCl for higher salt) and 0.1% NP-40.

Covalent crosslinking

Statistics

Extensively digested S2 chromatin was incubated with 0.1 volume of a solution containing
25 mM 1,10,0-phenanthroline and 12.5 mM copper sulphate for crosslinking. Crosslinks
were reversed by 1 M 2-mercaptoethanol (Gould et al., 1980).

Pearson’s coefficient of correlation for IF images was measured in SoftWorx (Applied
Precision, LLC).

Highlights
e Drosophila centromeric nucleosomes contain two copies of CID
e CID dimerization requires a critical residue for the four helix bundle structure

* CID dimerization is essential for normal centromeric localization in vivo

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of CID chromatin

A. FLAG-CID (green) and total CID (red) colocalize at centromeres in a stable S2 cell
line. FLAG-CID and total CID were stained by a-FLAG and a-CID antibodies,
respectively. DNA staining by DAPI (grey). Scale bar =5 pm.

B. (left) FLAG-CID and endogenous CID are more resistant to salt extraction than H3.
After MNase digestion, soluble nucleoplasmic fractions (S), chromatin extracted
with either 10 mM or 350 mM salt (NE10 and NE350, respectively), and insoluble
nuclear pellets (P10 and P350, respectively) were analyzed by Western blots for
CID, H3 and H2A. (right) DNA agarose gel with the same samples.
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C. (top) FLAG-CID and endogenous CID co-fractionate with peaks of H3 in sucrose
gradient fractions after limited MNase digestion. (bottom) DNA agarose gel shows
sizes consistent with mainly mono-, di- or tri-nucleosomes.

D. (Top) FLAG-CID and endogenous CID co-migrate with H3 in sucrose gradient
fractions after extensive MNase digestion. (bottom) DNA agarose gel from the
same samples.

Also see Figure S1.
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Figure 2. CID nucleosomes contain CID dimers

A. Endogenous CID coimmunoprecipitates with FLAG-CID from mononucleosomes.

Inputs consist of mononucleosomes. a-mouse 1gG beads were used in control IPs
(19G).

B. Schematic display of the HFD of CID using a Cse4 model as reference (Bloom et

al., 2006). Helices- aN, -al, -all, -alll, and Loops LI, LIl are indicated. CATD is
comprised of LI and all. The putative four helix bundle is comprised of the C
terminal halves of all and alll.
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C. Cysteine crosslinking of S2 chromatin. CID monomers migrate at 30 kDa without
crosslinking and after crosslink reversal. After crosslinking, the majority of CID
migrate at 60 kDa, consistent with the size of dimers.

D. Cysteine crosslinking of FLAG-CID chromatin. FLAG-CID and endogenous CID
migrate as monomers before crosslinking and after crosslink reversal. After
crosslinking, three major bands were detected by CID antibody that correspond to
CID/CID, FLAG-CID/CID and FLAG-CID/FLAG-CID, respectively.

Also see Figure S2.
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Figure 3. CIDP21A mytation disrupts centromere-specific localization and dimerization of CID

A. Localization of mutant LAP-CID constructs. FLAG-CID™! (red) at centromeres
colocalizes with LAP-CID"! (98.5%, n=130)(green), and point mutants LAP-
CIDH201A (99.09%, n=96) (green) and LAP-CIDR204A (97 3%, n=112) (green). In
contrast, few LAP-CIDP211A (2 639, n=152) (green) colocalize with FLAG-CIDWt
(red), and often associates with non-centromeric regions. Scale bars =5 pm. The
graphs show Pearson’s coefficient of correlation (R) of the individual images.

B. FLAG-CIDP2A mytant proteins are defective for dimerization. FLAG-CID"! was
efficiently crosslinked as dimers. In contrast, FLAG-CIDP2?11A crosslinking
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converted ~43% into dimmers (short exposure) and 40% into a smear without
distinct bands (long exposure), while 17% remained as monomers. Total CIDP211A
intensity after crosslinking was calculated as the sum of monomers, dimers and
smear. H2Av, which lacks cysteines, was used as loading control.

Also see Figure S3.
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Figure 4. A model for CID deposition incorporating CID dimerization

In mitosis, two CID/H4 dimers are deposited into centromeres to form an octameric
nucleosome, by a hypothetical loading factor recognizing the CATD. CID dimerization
through the four helix bundle is required for centromere assembly. Octameric CID
nucleosomes are assembled either by replacing H3.3 nucleosomes as observed in human
cells (Dunleavy et al., 2011), or de novo into nucleosome gaps generated in S phase
(Allshire and Karpen, 2008).
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