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Abstract

Centromeres are specified epigenetically, and the histone H3 variant, CENP-A, is assembled into 

the chromatin of all active centromeres1. Divergence from H3 raises the possibility that CENP-A 

generates unique chromatin features to physically mark centromere location. The crystal structure 

of the sub-nucleosomal heterotetramer reported here reveals three distinguishing properties 

encoded by the residues that comprise the CENP-A Targeting Domain (CATD2): (1) a CENP-A/

CENP-A interface that is substantially rotated relative to the H3/H3 interface, (2) a protruding 

loop L1 of the opposite charge as on H3, and (3) strong hydrophobic contacts that rigidify the 

CENP-A/H4 interface. Residues involved in the CENP-A/CENP-A rotation are required for 

efficient incorporation into centromeric chromatin suggesting specificity for an unconventional 

nucleosome shape. DNA topological analysis indicates that CENP-A-containing nucleosomes are 

nonetheless octameric with conventional left-handed DNA wrapping, in contrast to other recent 

proposals3-6. Our results indicate rather that CENP-A marks centromere location by restructuring 

the nucleosome from within its folded histone core.

Several experiments have identified functionally important portions of CENP-A, while 

others have supported proposals of its assembly onto DNA in atypical histone arrangements. 

Early attention was given to the N-terminal tail of CENP-A7,8, but a major contribution of 

the tail to mammalian CENP-A function has been called into question since an engineered 

H3 chimera containing the CATD—a portion of the histone fold domain of CENP-A 

containing 22 amino acid deviations from conventional H32—is sufficient to rescue the 

lethal mitotic chromosome segregation defect caused by depletion of endogenous CENP-A 

in mammalian cells9. Recent proposals for atypical centromeric nucleosome arrangements 

have included, in budding yeast, the replacement of H2A/H2B dimers with a non-histone 

protein, Scm33, in fission yeast, the removal of H2A/H2B dimers from the nucleosome4, 

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, 
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms
*Correspondence to Ben E. Black (blackbe@mail.med.upenn.edu). 

Author Contributions N.S. designed and performed experiments, solved and refined the structures, analyzed data, and wrote the 
manuscript, E.A.B. and D.J.R. performed experiments and analyzed data, and B.E.B. directed the project, designed and performed 
experiments, analyzed data, and wrote the manuscript.

HHS Public Access
Author manuscript
Nature. Author manuscript; available in PMC 2011 March 16.

Published in final edited form as:
Nature. 2010 September 16; 467(7313): 347–351. doi:10.1038/nature09323.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.nature.com/authors/editorial_policies/license.html#terms


and in fruit flies, a “hemisome” containing only a single copy of each CENP-A, H2A, H2B, 

and H45. The hemisome proposal was recently extended to include right-handed DNA 

wrapping of CENP-A-containing histone complexes, opposite of conventional nucleosome 

wrapping6. In contrast, other studies have suggested that budding yeast, fruit fly, and human 

versions of CENP-A each exist in their major form in chromatin as nucleosomes containing 

two copies each of CENP-A, H2A, H2B, and H410-12. Even without deviating from an 

octameric histone arrangement, CENP-A-containing nucleosomes could potentially mark 

centromere location by altering the topology of the DNA (e.g. switching handedness of 

DNA wrapping) and/or the topography of the nucleosome (e.g. structural alterations 

conferred by CENP-A). Indeed, CENP-A rigidifies the histone complexes into which it 

assembles, both prior to and after loading onto DNA, a physical property conferred by its 

CATD2,13. Understanding the physical basis of CENP-A-mediated centromere function—

in maintaining centromere location and providing the chromatin foundation for the mitotic 

kinetochore—has been hampered by a lack of crystal or NMR structures of the CENP-A 

protein.

We crystallized the partially proteolyzed CENP-A/H4 complex and collected X-ray 

diffraction data to 2.5 Å resolution (Fig. S1). We then engineered a recombinant version 

with N-terminal truncations corresponding to the trypsinized version and obtained crystals 

that diffracted to 2.1 Å resolution (Fig. 1a, crystallographic R-factor: 0.180; Rfree: 0.241 

[Supplementary Table 1]). The CENP-A/H4 dimer halves from each of the two structures 

overlay nearly perfectly (rmsd=0.5 Å) with a 5° difference in rotation at the CENP-A/

CENP-A interface (Fig. S2). The structures show that CENP-A uses the C-terminal portion 

of its α2 helix and its α3 helix to form a stable tetramer, as does the counterpart (H3/H4)2 

heterotetramer from within the canonical nucleosome. We use the H3 and H4 chains from 

within the canonical nucleosome structure14,15 in our comparisons with the (CENP-A/H4)2 

heterotetramer structure, but we could have used conventional structures obtained of 

octamers lacking DNA or when applicable the trimeric Asf1/H3/H4 structures, since the 

overall helical fold and structured loops are nearly identical despite crystallization under 

widely divergent conditions (Fig. S3). As in the H3/H3 interface, the CENP-A/CENP-A 

interface is comprised of hydrophobic interactions and critical hydrogen bonding network 

(Fig. S4).

An overlay of one CENP-A molecule and one H3 molecule (Fig. 1b) reveals that the 

(CENP-A/H4)2 heterotetramer is rotated 9-14° between dimer pairs relative to the (H3/H4)2 

heterotetramer in the nucleosome. This results in substantial differences in the relative 

position of residues within the heterotetramer (Fig. S5), including a predicted compaction of 

its maximal dimension (Dmax) by ~5 Å (Fig. S6). To test whether the CENP-A/CENP-A 

rotation is dictated by contacts within the crystal lattice, or rather differences in favored 

conformations in solution we performed small-angle x-ray scattering studies (SAXS) and 

found that (CENP-A/H4)2 (Dmax=75 Å) is indeed substantially compacted relative to 

(H3/H4)2 (Dmax=85 Å)(Fig. S6).

We hypothesized that the rotational divergence requires residues that are specific to CENP-

A. There are total of five nonconserved residues between CENP-A and H3 in the portion of 

the α2 helix within the four-helix bundle that forms the CENP-A/CENP-A interface. We 

Sekulic et al. Page 2

Nature. Author manuscript; available in PMC 2011 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



found two of these residues (His104 and Leu112) to introduce clear deviation relative to the 

H3/H3 interface (Fig. 2a,b). His104 is involved in an intramolecular interaction with 

Asp108, one turn up the α2 helix, that accommodates a CENP-A-specific kink in the α2 

helix (Fig. 2c,d), and Leu112 extends an aliphatic side chain deep into the hydrophobic 

portion of the four-helix bundle (Figs. 2b and S4). The single H104G mutation causes a 

defect in efficient centromere targeting, but the individual L112C substitution has no effect 

(Fig. 2e,f). The combination (H104G, L112C), however, abolishes efficient targeting to 

centromeres and localizes to bulk chromatin. Thus, these two alterations that are involved in 

stabilization of the rotated heterotetramer provide essential contributions unique to 

centromere specifying nucleosomes.

The (CENP-A/H4)2 crystal structure also reveals a bulge at the N-terminal portion of loop 

L1 of CENP-A that extends positions 80 (Arg) and 81 (Gly) beyond the corresponding 

surface in H3/H4 (Fig. S7). This part of the heterotetramer remains exposed on the surface 

following canonical nucleosome assembly and is the site of a prominent posttranslational 

modification (H3-Lys79 methylation) that regulates Sir3 binding16,17. CENP-A 

dramatically alters its corresponding surface with the replacement of aspartate with lysine at 

position 77 and the addition of Arg80 within its extended L1 bulge (Fig. S7). These changes 

render the CENP-A surface with charge and shape features that distinguish the complexes 

into which it assembles from its canonical counterparts containing H3 (Fig. 3a-c).

CENP-A-containing complexes are rigidified compared to their canonical counterparts. This 

was first observed in (CENP-A/H4)2 heterotetramers2 using hydrogen/deuterium exchange-

mass spectrometry (H/DX-MS), where protection from exchange is consistent with local 

conformational inflexibility. Upon mapping the original H/DX-MS data2 onto the structure 

of the (CENP-A/H4)2 heterotetramer, we confirmed that the region that is ~10-fold slower 

to exchange (the regions in blue in Fig. 3a) than any region of conventional (H3/H4)2 

heterotetramers consists of the interface of the α2 helix from CENP-A and the α2 and α3 

helices of H4.

Slowing of exchange at this rigid interface could occur through tighter packing of local 

residues (or other tertiary structure changes) that restrict solvent accessibility. Alternatively, 

it could occur by inter-chain contacts in CENP-A/H4 pairs that restrict, relative to the H3/H4 

pair, local unwinding of the affected helices (note that transient unfolding of secondary 

structure is required for exchange of amide protons18). The crystal structure of the (CENP-

A/H4)2 heterotetramer strongly argues that the latter mechanism explains the rigidity of 

centromeric nucleosomes and sub-nucleosomal CENP-A complexes. The organization, 

packing, and inter-backbone distances at the corresponding interfaces of CENP-A/H4 and 

H3/H4 pairs are nearly identical (Fig. 3d-g). In both pairs, the interface is primarily 

comprised of hydrophobic interactions. On either end of the CENP-A/H4 interface, there are 

key substitutions in CENP-A relative to H3 that increase local hydrophobicity (Fig. 3d-g). 

At the contact point between the α2 helices from CENP-A and H4, two CENP-A-specific 

changes (Ala98 and Phe101) remove polarity (Fig. 3d,e). Likewise, on the other end of its 

major binding surface with H4, four CENP-A-specific changes (Val82, Phe84, Trp86, and 

Leu91) include several residues that add hydrophobicity and/or extend deeper into the 

hydrophobic bundle at the junction of L1 and the α2 helix of CENP-A and the α2 and α3 
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helices of H4 (Fig. 3f,g). Either end of the CENP-A/H4 interface is thus stitched together 

with increased hydrophobic contacts that substantially prevent the flexibility that allows 

regional conformational sampling of partially unfolded states in conventional H3-containing 

complexes. Immediately past each end of the hydrophobic stitches are the two other major 

distinguishing structural features conferred by CENP-A: the positively charged bulge of the 

extended loop L1 that is adjacent to the N-terminal end stitch and the residues responsible 

for the rotation of the CENP-A/CENP-A interface that is adjacent to the C-terminal end 

stitch (Fig. 3h).

The majority of the basic residues on the DNA binding surface of the (H3/H4)2 

heterotetramer are preserved in (CENP-A/H4)2 (Fig. 4a) and oriented in a manner favoring 

conventional left handed DNA wrapping. The compact nature of the (CENP-A/H4)2 

heterotetramer (Fig. 1), if preserved upon nucleosome formation, will cause the radius of 

curvature of nucleosomal DNA to decrease slightly. More pronounced is the movement of 

the two H2A/H2B dimer-binding sites relative to each other. In conventional nucleosomes, 

each H2A/H2B dimer docks onto the (H3/H4)2 heterotetramer by forming a four-helix 

bundle between H2B and H414. Since the side-chain substitutions involved in the CENP-A/

CENP-A interface are also critical for incorporation into centromeric chromatin, we favor a 

working model where the CENP-A/CENP-A interface maintains the rotation that is present 

in free heterotetramers (Fig. 4b). In this model, H2A/H2B dimers and the gyres of DNA 

would be positioned further from the dyad axis of the nucleosome in order to avoid steric 

clashes between the two H2A/H2B dimers. The requisite H2A/H2B repositioning is likely to 

be accomplished by a minor rotation at the H2B/H4 four-helix bundle. Thus, our working 

model predicts that the CENP-A nucleosome wraps DNA in a conventional left-handed 

manner but with alterations to its overall shape relative to canonical counterparts.

To test the handedness of CENP-A-containing nucleosomes, we used well-established 

plasmid-based methodologies for nucleosome self-assembly and subsequent topological 

analysis that exploit the fact that conventional nucleosomes induce supercoils into closed, 

circular DNA templates19. Following standard nucleosome assembly reactions14,20, 

CENP-A-containing and H3-containing nucleosomes were assessed for histone content, 

protection from micrococcal nuclease digestion, and the extent and directionality of DNA 

wrapping (Fig. 4c). Nucleosomes were assembled by adding either (CENP-A/H4)2 or 

(H3/H4)2 heterotetramers and H2A/H2B heterodimers at a 1:2 (tetramer:dimer) molar ratio 

using a targeted nucleosome occupancy of 70% or 90% (calculated with a spacing of one 

nucleosome per 208 bp; Fig. S8). Following assembly, both H3- and CENP-A-containing 

nucleosomes contain equimolar amounts of each histone (Fig. 4d). Both types of 

nucleosomes protect ~150 bp of DNA (Fig. 4e). We noted that the band of protected DNA 

was slightly broader for CENP-A-containing nucleosomes than the tight band of protection 

in the case of H3-containing nucleosomes. This broadening is likely due to weakening of the 

interaction of CENP-A with the nucleosome entry/exit DNA resulting from the replacement 

of an arginine, that in H3 intercalates into the entry/exit DNA14, with lysine at CENP-A 

position 4921. For conventional nucleosomes, plasmid supercoiling indicates assembly and 

is assessed by increased mobility in agarose gels (one nucleosome induces ~1 supercoil22). 

The directionality of the supercoiling is readily determined by adding positive supercoils to 

the plasmids by including an intercalator (e.g. chloroquine) in the gel electrophoresis step. 
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The intercalator reduces plasmid twist, thus compensatively increases writhe: plasmids that 

are originally negatively supercoiled (such as those induced by canonical nucleosome 

assembly; Fig. 4f) are relaxed by intercalator (Fig. 4g), while those that are positively 

supercoiled will accrue additional positive supercoils23. CENP-A nucleosomes induce 

supercoils (Fig. 4h) that are negatively supercoiled (Fig. 4i), in a manner indistinguishable 

from their conventional counterparts containing H3. (CENP-A/H4)2 heterotetramers can be 

assembled onto DNA24 and we found that they direct left-handed wrapping independently 

of the additional topological constraints incurred upon binding H2A/H2B dimers (Fig. S9), 

as do conventional (H3/H4)2 heterotetramers25.

For CENP-A to specify location of the centromere it must physically alter the chromatin into 

which it assembles. We have solved the structure of the sub-nucleosomal heterotetramer 

containing two copies each of CENP-A and H4 revealing physical features that mark 

centromeric chromatin. Strikingly, the three most pronounced physical changes—rotation at 

its tetramerization interface, extended positively charged bulge on its surface, and 

hydrophobic stitching to restrict conformational flexibility—are all mediated by amino acid 

substitutions relative to H3 that fall within the CATD (Fig. 3h), the region that has been 

shown to be sufficient to convert conventional H3 into a centromeric histone, in terms of its 

ability to track to centromeres and maintain centromere identity and function upon 

incorporation into centromeric nucleosomes2,9,26. Neither the L1 nor α2 helix alone is 

sufficient to convert H3 into a functional centromeric histone9,11,27, but rather act together 

to form a functional CATD. Thus, there is likely cooperation between the three distinct 

structural features encoded in this portion of CENP-A. Since the CATD mediates molecular 

recognition events prior to and after nucleosome assembly28,29 our physical studies 

contribute to current models of CENP-A directed self-propagation as a key component of 

the mechanism in the epigenetic inheritance of centromeres. Furthermore, our findings with 

purified components provide strong support to the notion that the octameric form of CENP-

A-containing nucleosomes is a widely conserved feature of eukaryotic centromere identity 

and function. CENP-A alters the chromatin into which it assembles, not by switching 

handedness of DNA wrapping or disrupting the octameric nature of the nucleosome, but by 

altering nucleosome structure from within the folded histone core.

Methods Summary

The CENP-A/H4 complex was crystallized using the hanging-drop vapor diffusion method 

and hexagonal crystals of trypsinized and engineered N-terminal truncated complexes 

appeared in 5-7 days. Crystallographic data were collected at Argonne National Laboratory 

and Advanced Light Source and one chain of H3 and one chain of H4 from the crystal 

structure of nucleosome (PDB ID 1KX515) were used as a search model for molecular 

replacement. Initial models were completed through several cycles of manual model 

rebuilding and refinement. Nucleosome assembly was performed using a standard approach 

for generating conventional nucleosome arrays20. We used pUC19 plasmid DNA as the 

template and calculated maximum nucleosome occupancy based on one nucleosome 

occupying 208 base pairs of DNA. Histone content of nucleosomes was analyzed by SDS-

PAGE and coomassie blue staining. Supercoiling-based topological analysis was performed 

and the products were run on a 0.8% agarose gel and post-stained with ethidium bromide. 
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Partial micrococcal nuclease digestion was performed and the products analyzed on a 1.5% 

agarose gel and post-stained with ethidium bromide. HeLa cells were cultured in DMEM 

containing 10% newborn calf serum, transfected with the indicated plasmids using Effectene 

(Qiagen, Valencia, CA), and processed for immunofluorescence two days after transfection 

as described elsewhere2. YFP-CENP-A constructs were described elsewhere9. Mutations 

were introduced using the Quickchange system (Stratagene, La Jolla, CA) and the plasmids 

were sequenced. For each sample, images were collected at 0.2 μm z-sections that were 

subsequently deconvolved using identical parameters. The z-stacks were then projected as 

single two-dimensional images.

Methods

Protein Purification and Partial Proteolysis

Recombinant human versions of all sub-nucleosomal histone complexes were produced as 

described2,28 except that the 6-X-His tag on H2A was cleaved by Precission protease (GE 

Healthcare, Piscataway, NJ) prior to dimer reconstitution with untagged H2B. For partial 

trypsinization experiments, the indicated complexes (1 mg/ml each) were incubated with 

sequence grade trypsin (Roche) at the indicated concentration for 4, 6, or 18 hr, in buffer 

containing 20 mM sodium phosphate (pH 6.9), 2 M NaCl, and 5 mM β-mercaptoethanol. 

The products were analyzed by SDS-PAGE and coomassie blue staining.

Protein Crystallization and Structure Determination

For crystals obtained through partial proteolysis, the CENP-A/H4 complex (7 mg/ml) in 20 

mM phosphate buffer (pH 6.9) containing 500 mM NaCl was incubated with 1 pg/ml trypsin 

at 4°C for four days. Trypsinization was stopped by addition of equimolar 

phenylmethanesulphonyl fluoride. For crystallization, the protein solution (3.5 mg/ml) was 

mixed with the reservoir solution (2 M ammonium sulfate, 0.1 M HEPES [pH 7.9]) at a 3:1 

ratio (3+1 μL) and the crystallization experiment was performed using the hanging-drop 

vapor diffusion method at 22°C. Hexagonal crystals appeared after one week and reached 

maximal dimensions of 80 × 80 × 100 μm. A crystal was cryoprotected in four steps each 

including a 10 s incubation in mother liquor supplemented with 5%, 10%, 15% and 20% 

ethylene glycol followed by freezing in liquid N2. The crystals were generally very sensitive 

to manipulation and exhibited severe decay due to radiation damage (high Rsym). Data were 

collected at GM/CA-CAT beamline 23-ID-D at APS.

Crystals of higher resolution were obtained using an engineered version, lacking the first 59 

N-terminal residues of CENP-A and the first 19 N-terminal residues of H4 that was purified 

as described for the full length proteins. A protein solution (3.3 mg/ml) was mixed 1:1 with 

reservoir solution (0.17 M ammonium sulfate, 0.085 M sodium cacodylate [pH 6.5], 25.5% 

PEG-8000, 15% glycerol) in hanging drops and incubated at 22°C. Hexagonal crystals 

appeared after 5 days. Crystals were deep frozen in liquid nitrogen without further treatment. 

Data were collected at 8.2.2 beamline at ALS.

All data processing was done with the XDS program package30. One chain of H3 and one 

chain of H4 from the crystal structure of nucleosome (PDB ID 1KX515) (or the structure of 
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trypsinized (CENP-A/H4)2 in the case of the engineered truncated version) were used as a 

search model for molecular replacement with PHASER31. The initial model was completed 

through several cycles of manual model rebuilding in COOT32 and refinement in 

Refmac533 for structure obtained with partially proteolyzed proteins, while high-resolution 

structure obtained with engineered proteins was subjected to automatic model rebuilding 

using program ARP/wARP34. In addition to protein and water moieties, sulfate or 

phosphate molecules were also modeled and are bound at the sites where protein-DNA 

contacts are made in the corresponding positions in canonical nucleosomes14. The structural 

figures were all prepared in Pymol (www.pymol.org).

SAXS

SAXS data were collected at APS, beamline BIO-CAT ID-18 on protein samples in the 

range of 1-3 mg/ml in buffer containing 20 mM sodium phosphate (pH 6.9), 1 M NaCl, 1 

mM EDTA, 8 mM DTT, and 2.4 % glycerol. Engineered tailless versions of proteins, 

lacking the first 59 N-terminal residues (CENP-A) or the first 60 N-terminal residues (H3) 

and the first 19 N-terminal residues of H4, were used in SAXS experiments to investigate 

the solution behavior of the histone fold domains. 3-10 1 s exposures were captured for each 

complex and used to generate averaged scattering profiles. Initial analysis and data reduction 

were performed in the program PRIMUS35. P(r) functions and the Dmax values were 

calculated with the program GNOM36. Theoretical intensities for high-resolution models 

were obtained using CRYSOL37 with PDB files containing only protein atoms. Dmax values 

were determined empirically by using different Dmax in increments of 5 Å and choosing 

values where P(r) most closely approaches zero while giving plausible curves. SASREF 

(ATSAS program package) was used to model CENP-A/H4 and H3/H4 dimer relationships 

within each tetramer that most closely match the SAXS data. Calculations were performed 

for each heterotetramer, using CENP-A/H4 or H3/H4 dimers in P2 symmetry. Two 

restraints were imposed at the CENP-A/CENP-A or H3/H3 interface (e.g. preserving 8 Å 

distance between backbone atoms of residues at the dimer-dimer interface [Leu112/Leu112’ 

and His115/His115’ in CENP-A/CENP-A’ or Cys110/Cys110’ and His113/His113’ in H3/

H3’). Similar results were obtained with a single restraint. All SASREF models obtained 

with SAXS data for (CENP-A/H4)2 are similar to each other as well as to its corresponding 

crystal structures. SASREF models obtained for (H3/H4)2 SAXS data occasionally resulted 

in extreme rotation of the dimerization interface in a manner that precludes formation of the 

4-helix bundle, and these models were discarded. For each tetramer, 10 of the high-

resolution SASREF models were converted to bead models using SITUS38 and averaged 

using DAMAVER39. The resulting envelopes were displayed in UCSF Chimera40. 

Docking of ribbon diagrams into the averaged envelopes was performed by SUPCOMB 

(ATSAS program package).

Nucleosome Assembly

Nucleosome assembly was performed using a standard approach for generating conventional 

nucleosome arrays20. We used pUC19 plasmid DNA (purified by two successive CsCl 

gradient steps) as the template. The maximum nucleosome occupancy of pUC19 was 

calculated based on one nucleosome occupying 208 base pairs of DNA. The molar 

quantities of histones required for 70% and 90% nucleosome occupancy of pUC19 were 
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calculated for both CENP-A-containing nucleosomes (assuming one [CENP-A/H4]2 

tetramer and two [H2A/H2B] dimers) and H3-containing nucleosomes (one [H3/H4]2 

tetramer and two [H2A/H2B] dimers). Histones and pUC19 were mixed in TE buffer 

containing 2 M NaCl, followed by stepwise dialysis in TE buffer to lower ionic strength (1 

M NaCl, 0.75 M NaCl, and finally 2.5 mM NaCl). Histone content of nucleosomes was 

analyzed by SDS-PAGE and coomassie blue staining.

DNA Topology Assays

Purification of topoisomerase I ND423 and supercoiling-based topological analysis were 

performed as previously described41. Briefly, 5μg of either naked pUC19 DNA, CENP-A-

containing nucleosomes (90% occupancy), or H3-containing nucleosomes (90% occupancy) 

were relaxed with topoisomerase I in a buffer comprised of 50 mM Tris-HCl (pH 7.5), 10 

mM MgCl2, 0.1 mM EDTA, 50 mg/ml BSA, and 0.5 mM DTT for 30 min at 30°C. 

Reactions were terminated with addition of a stoppage buffer comprised of 20 mM EDTA 

(pH 8), 0.2 M NaCl, 1% (w/v) SDS, and 0.25 mg/ml glycogen. DNA was then deproteinized 

with 50 mg/ml proteinase K for 30 min at 37°C, and purified by phenol/chloroform 

extraction. The products were run on a 0.8% agarose gel and post-stained with ethidium 

bromide.

Micrococcal Nuclease Protection

Partial micrococcal nuclease digestion was performed as previously described41. Briefly, 5 

μg of either naked pUC19 DNA, CENP-A-containing nucleosomes (90% occupancy), or 

H3-containing nucleosomes (90% occupancy) were digested with 7.5 units of micrococcal 

nuclease (Roche) in a buffer comprised of 0.75 mM HEPES (pH 7.6), 10 mg/ml PEG 8000, 

50 mM KCl, 10 mM CaCl2, and 0.5% glycerol for 10 min at 37°C. Reactions were 

terminated with addition of stoppage buffer and prepared as described above, and then 

analyzed on a 1.5% agarose gel and post-stained with ethidium bromide.

Centromere localization

HeLa cells were cultured in DMEM containing 10% newborn calf serum, transfected with 

the indicated plasmids using Effectene (Qiagen, Valencia, CA), and processed for 

immunofluorescence two days after transfection as described elsewhere2. YFP-CENP-A 

constructs were described elsewhere9. Mutations were introduced using the Quickchange 

system (Stratagene, La Jolla, CA) and the plasmids were sequenced to verify the coding 

sequence of mutant versions of CENP-A. Digital images were captured using Leica LAF 

software by a Hamamatsu Orca AG charge-coupled device camera mounted on a Leica 

DMI6000B inverted microscope. For each sample, images were collected at 0.2 μm z-

sections that were subsequently deconvolved using identical parameters. The z-stacks were 

then projected as single two-dimensional images and assembled using Adobe Photoshop 

(version 9) and Illustrator (version 12).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Crystal structure of the (CENP-A/H4)2 heterotetramer
a, Ribbon diagram of the (CENP-A/H4)2 heterotetramer. The structure has clear electron 

density for residues 59-134 of CENP-A and 24-92 of H4. b, Overlay of (CENP-A/H4)2 with 

(H3/H4)2 (PDB ID 1KX515) was done with a secondary structure mapping (SSM) 

algorithm performed with one CENP-A molecule and one H3 molecule from each complex. 

CENP-A and H3 molecules on the right are overlaid. Similar results are obtained if one 

molecule of H4 from each complex is used for SSM (rmsd=~0.9 Å in both cases).
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Figure 2. The residues involved in the rotated CENP-A/CENP-A interface are essential for 
centromere targeting
Detail of H3/H3, a, and CENP-A/CENP-A, b, interfaces with side chains of 5 non-

conserved residues in α2 helix at the interface. An alignment of residues in the C-terminal 

portion of the α2 helix are shown in the box at lower left in panel a. c and d, the α2 helices 

of H3, c, and CENP-A, d. e, Centromere targeting of WT and mutant versions of CENP-A. 

f, Quantitation of targeting experiment. For each version of CENP-A, 3 or more experiments 

were conducted in which a total of >250 cells were analyzed for localization (Cen = 

exclusively centromeric; Cen + Nuc = both centromere and nucleoplasm staining; Nuc = 

nucleoplasm only [i.e. no enrichment at centromeres]). Values are plotted +/- s.d.
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Figure 3. Surface and internal structural features unique to CENP-A-containing complexes
a, The rates of H/DX remapped from the original data2 are plotted onto the crystal structure 

of the (CENP-A/H4)2 heterotetramer (left dimer half is shown as ribbon and right dimer half 

is in surface representation). b and c, Calculated electrostatic potential on the surface of 

(CENP-A/H4)2, b, and (H3/H4)2, c. The region corresponding to the positively charged 

bulge in the L1 of CENP-A is circled in each structure. d and e, Hydrophobic interactions 

between the α2 helices of CENP-A (red) and H4 (blue), d, and α2 helices of H3 (green) and 

H4 (light blue) e. f and g, Hydrophobic interactions at the helical bundle surrounding the 

interface of L1 of CENP-A and L2 of H4, f, and L1 of H3 and L2 of H4, g. h, Diagram of 

the structural differences between CENP-A and H3. Black circles indicate surface exposed 
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residues. The yellow star highlights Arg83 from H3 that inserts into the minor groove of 

nucleosomal DNA14.
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Figure 4. The (CENP-A/H4)2 heterotetramer assembles with H2A/H2B dimers into an octameric 
nucleosome with conventional handedness of DNA wrapping
a, Basic residues that form contacts with nucleosomal DNA are highlighted on (H3/H4)2 

(left) and the putative DNA binding surface of (CENP-A/H4)2 (right). b, Model highlighting 

alterations in nucleosome structure based on the structure of (CENP-A/H4)2. c, Scheme for 

nucleosome assembly and analysis. d, Histone content of assembled H3- and CENP-A-

containing nucleosomes. e, Digestion of nucleosome arrays with micrococcal nuclease 

reveals that both H3- and CENP-A-containing nucleosomes protect ~150 bp of DNA. f-i, 
Topological analysis of H3- containing (f and g) and CENP-A-containing (h and i) 

nucleosomes. Analysis by gel electrophoresis in the absence (f and h) or presence (g and i) 

of chloroquine reveals that both H3-containing and CENP-A-containing nucleosomes wrap 

DNA in a left-handed manner.
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