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ABSTRACT

The histone H3 variant CENP-A marks centromeres
epigenetically and is essential for mitotic fidelity. Pre-
vious crystallographic studies of the CENP-A nucleo-
some core particle (NCP) reconstituted with a human
a-satellite DNA derivative revealed both DNA ends
to be highly flexible, a feature important for CENP-
A mitotic functions. However, recent cryo-EM stud-
ies of CENP-A NCP complexes comprising primarily
Widom 601 DNA reported well-ordered DNA ends.
Here, we report the cryo-EM structure of the CENP-
A 601 NCP determined by Volta phase-plate imag-
ing. The data reveal that one (‘left’) 601 DNA end is
well ordered whereas the other (‘right’) end is flexible
and partly detached from the histone core, suggest-
ing sequence-dependent dynamics of the DNA ter-
mini. Indeed, a molecular dynamics simulation of the
CENP-A 601 NCP confirmed the distinct dynamics
of the two DNA extremities. Reprocessing the image
data using two-fold symmetry yielded a cryo-EM map
in which both DNA ends appeared well ordered, indi-

cating that such an artefact may inadvertently arise
if NCP asymmetry is lost during image processing.
These findings enhance our understanding of the dy-
namic features that discriminate CENP-A from H3 nu-
cleosomes by revealing that DNA end flexibility can
be fine-tuned in a sequence-dependent manner.

INTRODUCTION

The H3 histone variant CENP-A is a key epigenetic factor
that specifies centromere identity and is required for chro-
mosome segregation, mitotic fidelity and cell division (1-6).
CENP-A is required for the centromeric recruitment of the
kinetochore (7-10) and is sufficient to induce kinetochore
assembly when artificially targeted to ectopic locations (11—
15). Since the discovery that CENP-A is a histone H3 vari-
ant (2) and has an essential function in cell division, numer-
ous studies have focused on the structure of the CENP-A
nucleosome both in metazoans (16-22) and in yeast (23—
25). These have resulted in diverse structural models that
differ in handedness of the DNA superhelix and in core hi-
stone composition, leading to the hypothesis that CENP-A
nucleosomes undergo structural transitions across different
stages of the cell cycle (26-30).
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The crystal structure of the human CENP-A nucleo-
some core particle (NCP) revealed an overall 3D organi-
zation closely resembling that of the canonical H3 NCP
(19). The structure identified several key features that dif-
ferentiate metazoan CENP-A and H3 nucleosomes. First,
the L1 loop connecting helices a1 and a2 of CENP-A con-
tains a two-residue insertion relative to histone H3. This
loop acts as a binding epitope for CENP-N, a component
of the inner kinetochore CCAN (constitutive centromere-
associated network) complex (31-33), and forms a critical
part of the CENP-A targeting domain (CATD) responsi-
ble for directing CENP-A to centromeres (20,34-36). Sec-
ond, the aN helix in CENP-A is shorter than in H3, com-
prising only two helical turns instead of three and lacking
an arginine residue at position 49 involved in DNA bind-
ing. Third, 13 base pairs (bp) from each end of the CENP-
A NCP showed poorly ordered electron density, revealing
high dynamic flexibility of the DNA ends. Indeed, recent
low-resolution cryo-EM studies of a 197-bp CENP-A nu-
cleosome directly demonstrated the higher flexibility and
more open conformation of the DNA ends (18), consis-
tent with biochemical and biophysical studies supporting
the same conclusion (16,21,37-39). Moreover, the increased
DNA flexibility could be attributed to the truncated aN he-
lix, as replacement by the corresponding H3 helix increased
the rigidity of the DNA ends (18). Low-resolution cryo-
EM studies showed that a consequence of the more open
CENP-A nucleosome conformation is that tri-nucleosomes
comprising a central CENP-A nucleosome linked to two H3
nucleosomes adopt a less twisted conformation than H3 tri-
nucleosomes (40). In the context of a compact H3 nucleoso-
mal fiber such an untwisted conformation was hypothesized
to yield a highly exposed CENP-A nucleosome, readily ac-
cessible for binding kinetochore components (40).

Recent studies probing the structure of the CENP-A
NCP in solution have reported intriguing discrepancies with
the CENP-A NCP crystal structure. These include reports
that the two H2A-H2B dimers in each CENP-A NCP are
farther apart and the DNA follows an altered path com-
pared to the crystal structure (16,17). Furthermore, cryo-
EM studies of the CENP-A NCP, either alone or in com-
plex with one or more CCAN components (CENP-N, -L
or -C) or with a single-chain antibody fragment, have re-
ported that both ends of the nucleosomal DNA are rela-
tively well ordered (31-33,41,42), in contrast to the CENP-
A NCP crystal structure (19). These cryo-EM studies were
performed with NCPs reconstituted with the Widom 601
DNA positioning sequence (31-33,41,42) or a native hu-
man a-satellite DNA sequence (42), both of which differ
greatly (<30% identity) from the DNA sequence used for
crystal structure determination (19). In contrast, the cryo-
EM structure of a yeast centromeric nucleosome compris-
ing 601 DNA exhibited very weak density for the terminal
13 bp at both DNA ends (43), more closely resembling the
situation in the CENP-A NCP crystal structure (19). Thus,
it is unclear whether the discrepancies observed in the flexi-
bility of the DNA ends is due to the binding of NCP inter-
action partners, to the different DNA sequences or histone
orthologs used, or to the different structure determination
methods employed (crystallography versus cryo-EM).

To shed light on these issues we investigated the cryo-
EM structure of the CENP-A NCP comprising 601 DNA
with the aid of a Volta phase plate, which allows for greatly
enhanced image contrast compared to conventional cryo-
EM (44). We find that the overall structure of the CENP-
A NCP closely resembles that of the canonical H3 NCP,
arguing against a major conformational change between
the crystal and solution structures of the CENP-A NCP.
Notably, however, we observe a key difference between the
two DNA termini in our cryo-EM map: one end shows
well defined density and associates closely with the his-
tone octamer core whereas the other appears flexibly disor-
dered and partly unwrapped. This observation was verified
in a molecular dynamics (MD) simulation of the CENP-A
NCP, which confirmed that the two DNA ends differed in
their degree of dynamic flexibility. Interestingly, reprocess-
ing our image data by applying two-fold averaging of the
pseudosymmetric NCP artificially gave rise to a 3D recon-
struction in which both DNA ends appeared well-ordered,
potentially accounting for this observation in the recently
reported CENP-A NCP structures determined by conven-
tional cryo-EM.

MATERIALS AND METHODS
Preparation of DNA fragments

The 145 bp of 601 nucleosome core particle (NCP) DNA
were inserted into EcoRV site of pGEMT easy vector and
their copy number multiplied by subcloning through selec-
tive restriction sites Pstl, Nsil and Ncol, as described pre-
viously (45). 24 x 145 bp 601 NCP DNA was produced
in Escherichia coli DHS5a cells. NCP fragments were ex-
cised from the vector by the restriction enzyme EcoRYV, fol-
lowed by phenol chloroform extraction and ethanol precip-
itation. The excised 145 bp 601 NCP DNA was further puri-
fied from the linearized vector by electrophoresis through a
preparative scale 5% native polyacrylamide gel using a Prep
Cell (BioRad).

Histone preparation

All human histones were expressed with an N-terminal
His-tag and purified as described previously (19). Briefly,
human histones H2A and H2B were produced in E. coli
BL21 (DE3), whereas histone H4 was produced in E.
coli JIM109 (DE3) and CENP-A expressed in E. coli
DH5a cells by omitting the addition of isopropyl-B-D-
thiogalactopyranoside, which induces T7 RNA polymerase
production. N-terminal His-tagged histones were purified
through a denaturing NiNTA affinity column and His tags
were removed by thrombin treatment. Histones were fur-
ther purified on a denaturing Resource S ion exchange chro-
matography column. Purified histones were assembled into
dimers and tetramers by mixing equimolar ratios of human
H2A & H2B and CENPA & H4, respectively, and dialyz-
ing them against HFB buffer (2 M NaCl, 10 mM Tris pH
7.4, 1 mM EDTA pH 8 and 10 mM B-mercaptoethanol).
The folded tetramers and dimers were further purified us-
ing a Superose 6 prep grade XK 16/70 size exclusion
column.
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CENP-A nucleosome preparation

For cryo-EM experiments nucleosome core particles were
reconstituted by the salt dialysis method (46). Briefly, 100
200 g of 145 bp 601 nucleosome positioning DNA se-
quence were mixed with CENPA-H4 tetramers and canon-
ical H2A—-H2B dimers approximately in a 1: 0.5: 0.5 molar
ratio in HFB buffer (2 M NaCl, 10 mM Tris pH 7.4, | mM
EDTA pH 8 and 10 mM B-mercaptoethanol) and serially
dialyzed to low salt buffer (5 mM NaCl, 10 mM Tris pH
7.4,0.25 mM EDTA pH 8 and 1 mM B-mercaptoethanol).

Cryo-EM data acquisition

The collection of images was carried out by combin-
ing the Volta phase plate with a small amount of defo-
cus, essentially as described in (47). The CENP-A NCP
dataset was recorded on a 300 kV Titan Krios TEM
(FEI) equipped with a Gatan Quantum energy filter and
a Gatan K2 Summit direct electron detector (Gatan). In
total, 2608 multiframe movies were recorded with the de-
tector in electron counting mode and the following exper-
imental settings: total dose ~50 e~ /A2, 38 frames, pixel
size 1.06 A, exposure time 7.6 s, 0.2 s/frame, dose rate
7.4 ¢ /plxel/s The movie frames were aligned and dose
weighted with MotionCor2 software (48). Contrast trans-
fer function (CTF) parameters were estimated with Getf
software (49). Particles were picked from the aligned micro-
graphs with Gautomatch software (https://www.mrc-Imb.
cam.ac.uk/kzhang/Gautomatch/). The initial dataset com-
prised 227 552 particles. To determine the 3D structure of
the CENP-A NCP, single particle analysis was carried out
in RELION (50) version 2.03. First, the initial dataset was
subjected to 3D classification with six classes. The particles
from the highest resolution class, containing 107 948 parti-
cles, were subjected to 3D refinement. Following the 3D re-
finement, the aligned particles were subjected to 3D classi-
fication with ten classes but without translational and rota-
tional searches (no alignments). The highest resolution class
contained 63 968 particles which were subjected to a final
round of 3D refinement to produce the final 3D map (see
Table 1). For the 3D classification, the same initial parti-
cle set was used. Forty-eight classes (162 191 particles) with
nucleosome-like features were selected after 2D classifica-
tion and subjected to 3D classification with ten classes. Four
distinct conformational states, designated SO to S3, were
identified. 3D classes corresponding to each state were se-
lected for subsequent processing (SO - 87 691 particles; S1 —
49 121 particles; S2 —30 915 particles; S3 —20 286 particles).
The sum of the particles in the subclasses (188 013) is larger
than the starting number (162 191) because some 3D classes
contained a mixture of two states and were assigned to more
than one particle group. For each state, 3D refinement was
performed using a 3D mask created from the corresponding
3D class, followed by 3D classification without alignment to
purify the particle stacks. The process was finalized by 3D
refinement of the cleaned classes.

Model building and refinement

To generate an initial model of a CENP-A nucleosome
bound to Widom 601 DNA, we aligned the crystal structure

Nucleic Acids Research, 2020, Vol. 48, No. 10 5737

Table 1. Data collection, image processing and refinement statistics

Data collection

Sample support

Quantifoil R1.2/1.3 200 mesh

copper
Microscope Titan Krios
Detector K2 Summit post Quantum GIF
Voltage (kV) 300
Pixel size (A) 1.06
Box size (pix) 140
No. movie frames 38
Exposure time (s) 7.6
Electron dose (e~ / Az) 50
No. of micrographs 2608/1196
recorded/used
Reconstruction
Software RELION
No. of particles picked/used 227 552/63 968
Symmetry Cl
Final Resolution (A) 39
B factor (A2) 168
Accuracy of rotations (°) 2.31
Accuracy of translations (pix) 0.71
Refinement
Software Phenix
Map-sharpening B factor (Az) 168
Model Composition
Non-hydrogen atoms 11104
Protein residues 729
DNA base pairs 130
Average B factor (Az) 38.2
Correlation coefficient (around 0.774
atoms)
R.m.s. deviations
Bond lengths (A) 0.010
Bond angles (°) 1.09
Ramachandran plot statistics
(o)
Favored 93.3
Allowed 6.7
Outlier 0
Molprobity analysis
All-atom clashscore 3.93
Overall score 1.62
Rotamer outliers (%) 0
CB outliers (%) 0
EMRinger score 2.47

of the CENP-A NCP bound to a human a-satellite DNA-
derived sequence (PDB entry 3AN2; 3.6 A resolution) (19)
with that of a canonical NCP bound to 601 DNA (PDB en-
try 3LZ0; 2.5 A resolution) (51) and subsequently combined
the CENP-A chains from 3AN2 with the DNA, H2A, H2B
and H4 chains from 31.Z0. We docked the resulting model
into the sharpened cryo-EM map using program Situs (52).
Of the two dyad-related solutions, the solution which placed
the 601 DNA left end into the better defined region of
map density gave the higher score. This orientation was
confirmed by additional tests (see main text, Supplemen-
tary Table S2 and Figure S6) and used for subsequent real-
space refinement in Phenix (53). Rigid-body refinement of
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the histone chains and the DNA as rigid groups increased
the correlation coefficient (CC) calculated over all atoms
from 0.560 to 0.569, which then further increased to 0.611
upon grouped B factor refinement. Subsequent inclusion of
global minimization and local rotamer fitting (performed
with secondary structure, Ramachandran, base-pair, base
stacking, rotamer and NCS restraints to prevent overfitting)
increased the CC to 0.738. Iterative cycles of manual model
rebuilding in COOT (54) and Phenix refinement led to im-
proved geometry and a final CC of 0.774. Throughout the
refinement procedure, the quality of the model and its agree-
ment with the map were assessed using the programs Mol-
probity (55) and EMRinger (56). Software used for refine-
ment and structural analysis was compiled by SBGrid (57).
Visualization and alignment of cryo-EM maps were per-
formed using Chimera software (58). Rmsd values reported
in Supplementary Table S1 were calculated using program
Isgkab of the CCP4 suite (59).

Molecular dynamics simulations

We solvated the cryo-EM structure of the 145 bp 601
CENP-A NCP in a cubic water box large enough to pro-
vide a minimum buffer zone of 12 A between the bio-
logical material and system boundaries. Randomly dis-
tributed Na* and CI" ions were introduced to provide
charge-neutralization at a salt concentration of 0.15 M.
We chose the CHARMM36m force field (60,61) together
with the TIP3P water model (62) subject to periodic bound-
ary conditions. The system was energy-minimized using
the steepest-descent method, then equilibrated in the NVT-
ensemble first at 100 K for 1 ns, then at 310 K for 1 ns, both
using a timestep of 1 fs. The production trajectory was col-
lected in the NPT-ensemble at 310 K and 1 atm using a
timestep of 2 fs for a total of 500 ns. Atomic coordinates
were saved every 100 ps. Simulations were performed using
Gromacs version 2018.3 (63) and analyzed using VMD (64)
and in-house Python scripts. Contacts between nucleoso-
mal components were defined using a distance cutoff of 5
A between non-hydrogen atoms. Solvent accessible surface
areas were computed using a spherical probe radius of 1.4
A.

RESULTS
Phase-plate cryo-EM analysis of the CENP-A NCP

We purified recombinant human core histones H2A, H2B,
CENP-A and H4 to homogeneity and mixed these with 145
bp of 601 DNA to reconstitute the NCP. The employed pro-
tocol results in the unique positioning of the CENP-A hi-
stone octamer on the 601 DNA (46,65), yielding a highly
homogenous population of reconstituted particles. We used
the Volta phase plate technique (47,66) to record cryo-EM
images of the CENP-A NCP. As expected, the recorded
particles exhibited very high contrast (Figure 1A), which is
characteristic of phase plate imaging. To evaluate the qual-
ity of the dataset we calculated 2D class averages in RE-
LION (50) (Figure 1B). Three representative 2D class aver-
ages (disc, tilted and side views) are illustrated in Figure 1C.
The high quality of the averages allowed direct visualiza-
tion of a-helices within the histones and of the DNA helical

path, including the major and minor grooves. We used Cl1
symmetry to calculate the CENP-A NCP structure. (Data
collection and processing statistics are summarized in Table
1). The final map, obtained using 63 968 particles, has an
overall resolution of 3.9 A (Figure 2A), with a local resolu-
tion of 3.3-3.6 A for the core histone octamer and 3.8-4.6 A
for the nucleosomal DNA (Figure 2B). Although the local
resolution is insufficient to resolve individual DNA bases,
amino acid side chains within the globular histone domains
as well as the DNA phosphate backbone can be clearly iden-
tified (Figure 2CIE). The shorter aN helix and two-residue
L1 insertion that differentiate CENP-A from histone H3 are
both clearly identifiable in our cryo-EM map, providing val-
idation of our experimental protocol (Supplementary Fig-
ure S1A, B).

The CENP-A NCP exhibits differential flexibility of its DNA
ends

Fitting the atomic structure of a canonical H3 NCP into our
cryo-EM map reveals that ~15 bp at one DNA end are not
covered by the map when this is contoured at a level (30)
at which the rest of the NCP fits well within density (Figure
3A, arrowhead). (We refer to this DNA end as the ‘right’
end based on evidence presented further below.) Partial den-
sity appears for some of these base pairs when the map con-
tour is lowered to 20 and for nearly all of them when further
lowered to 1.5¢ (Supplementary Figure S2); however, this
density is noisy and corresponds poorly with the atomic po-
sitions of nucleotides. The weak and poorly defined density
suggests that the corresponding stretch of DNA is partly
detached from the octamer core and highly flexible. Indeed,
DNA protruding from the NCP can be clearly seen in sev-
eral of the 2D class averages (Figure 1B), reminiscent of the
(relatively rare) DNA protrusions observed in a recent cryo-
EM analysis of DNA unwrapping from a canonical NCP
(67). The weaker density is consistent with the CENP-A
NCP crystal structure, which lacks ~13 bp from each DNA
end (19), and with studies reporting the enhanced flexibil-
ity of the CENP-A nucleosomal DNA ends (18,21,37,39).
Indeed, fitting the cryo-EM map with the CENP-A NCP
crystal structure shows that the missing map density for the
right DNA end coincides with the base pairs missing from
the crystal structure (Figure 3B, green arrow). In contrast,
the other DNA (‘left’) end is entirely visible within the cryo-
EM map at the 30-level and matches well with that seen in
the crystal structure of the canonical H3 NCP, although its
orientation deviates slightly, opening further away from the
nucleosomal disc (Figure 3A, blue arrow).

To further investigate the dynamics of the CENP-A NCP,
we performed 3D classification of the cryo-EM data. The re-
sulting 3D classes revealed 4 distinct conformational states,
denoted SO to S3, with overall resolutions of 4.2, 4.5, 5.1
and 6.7 A, respectively (obtained using 70 414, 45 856, 30
915 and 20 286 particles, respectively). These classes reveal
the progressive unwrapping of the right DNA end from the
histone octamer (Figure 4). Class SO shows the DNA in its
most fully bound state and is the class most closely resem-
bling the canonical NCP conformation. Nevertheless, the
map density for the two DNA ends in this class is clearly
asymmetric: when contoured at the 3o-level, density for
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Figure 1. Phase-plate cryo-EM analysis of the CENP-A NCP. (A) A representative cryo-EM micrograph of the reconstituted CENP-A nucleosome. Scale
bar, 50 nm. (B) Gallery of reference-free 2D class averages of the CENP-A nucleosome. (C) Close-up images of 2D class averages showing (from top to

bottom) representative top, side and tilted views.

the terminal 3—4 bp is absent for the right end but not the
left. Similarly, when contoured at the 3o-level, the maps for
classes S1, S2 and S3 lack density for approximately 12, 24
and 36 bp, respectively. Partial density for these base pairs
becomes visible at lower contour levels, but remains very
noisy (Figure 4). The particle distribution statistics show
that only ~42% of all particles belong to class SO, suggest-
ing that the CENP-A NCPs in our sample predominantly
exist in a conformation that is, to a greater or lesser extent,
partly unwrapped.

Comparison of CENP-A and H3 NCP conformations

We generated a composite model of the CENP-A NCP
bound to 601 DNA by combining the crystal structure of
the CENP-A NCP comprising alphoid DNA with that of a
canonical 601 NCP (PDB entries 3AN2 and 3LZ0, respec-
tively) and refined it using our 3.9 A cryo-EM map. The re-
fined model shows good geometry (Table 1) and the atomic
B-factor distribution agrees well with the local map reso-
lution (Supplementary Figure S3). The final model lacks
3 and 12 bp from the left and right ends of the 601 DNA
molecule, respectively, reflecting the weak map density in
these regions. The real-space correlation coefficient between
the model and the map is 0.774, comparable to the value of

0.78 reported for the 3.9 A cryo-EM structure of the canon-
ical 601-NCP determined with the aid of a phase plate (66).

The overall conformation of our refined structure closely
resembles that observed in the CENP-A and canonical H3
NCEP crystal structures (Supplementary Figure S4). Align-
ing the ~700 Ca atoms comprising the histone core octamer
of our structure with those of the CENP-A and H3 NCP
(PDB entries 3AN2 and 3LZ0) yields rmsd values of 1.00
and 0.80 A, respectively. This is comparable to the value
obtained (0.80 A) when the CENP-A and H3 NCP crys-
tal structures are aligned with each other (Supplementary
Table S1). Similarly, aligning the ~250 DNA backbone P
atoms yields rmsd values of 1.97 and 1.57 A with the CENP-
A and H3 NCP crystal structures, respectively. (The rmsd
is significantly lower for the latter structure because, unlike
the former, it contains the same 601 DNA sequence as our
cryo-EM structure.) The corresponding rmsd values calcu-
lated over the entire nucleosome (~950 protein and DNA
backbone atoms) are 1.34 A and 1.06 A, respectively. Nor-
malizing these values by the method of Carugo and Pongor
(68) yields rmsd;gy values of 0.3-0.4 A, underscoring the
high similarity between the structures compared.

We obtained similar results by comparing our cryo-EM
map with that previously determined (also by phase-plate
imaging) for the canonical 601 NCP (66) (EMDB ID §140).
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Figure 2. Phase-plate cryo-EM structure of the CENP-A NCP. (A) Fourier shell correlation (FSC) curves of the 3D reconstruction. (B) Local resolution
plotted onto the 3D reconstruction showing a resolution of 3.3-3.6 A for the histone core and 3.8-4.6 A resolution for the associated DNA. (C) Orthogonal
views of the EM map (surface rendered in grey) and refined EM model (cartoon representation). (D, E) Examples of map density contoured at 3o for (D)
DNA nucleotides around the dyad and (E) histone residues at the interface between the two CENP-A monomers.

Specifically, we extracted the map densities corresponding
to the DNA in the two structures and compared their trajec-
tories (Figure 3C). Aligning these map densities in Chimera
(58) resulted in a correlation coefficient of 0.953 and re-
vealed that the two DNA trajectories are identical except
for the ~10 bp at each end (Figure 3C). In addition to the
shortened DNA density reflecting the higher dynamics of
the right end of the CENP-A NCP (Figure 3C, arrowhead),
the trajectory of the last 10 bp of the left DNA end deviates
away from the nucleosomal disc compared to the canoni-
cal NCP (Figure 3C, blue arrow), as already noted above.
Taken together, these findings demonstrate that, apart from
highly localized deviations, the overall CENP-A NCP con-
formation determined by cryo-EM closely resembles that of
canonical NCP structures determined either by cryo-EM or
crystallography.

601 DNA shows a preferred orientation within the cryo-EM
map

The asymmetric density of the DNA ends in our cryo-
EM maps might reflect an inherent difference in the flex-
ibility of the right and left ends of the 601 DNA used to
reconstitute the NCP. Alternatively, it might be an arte-
fact of image processing. (For example, particles with ei-
ther the left or right end unwrapped might preferentially
be aligned via the fully wrapped end, resulting in a 2-fold
averaging of orientations relative to the NCP pseudodyad).
These considerations led us to explore whether our phase-
plate cryo-EM data preserved information regarding the
orientation of 601 DNA within the CENP-A NCP. The
Widom 601 DNA sequence used to reconstitute the CENP-
A NCP is highly non-palindromic: a sequence alignment of
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CENP-ANCP
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Figure 3. Differential flexibility of the DNA ends and comparison with previous NCP structures. (A) Cryo-EM map contoured at 3o of the CENP-A NCP
fitted with the crystal structure of the canonical 601 nucleosome (PDB entry 3LZ0) (51). The shortened right DNA end of the cryo-EM map is marked by
an arrowhead. The relative shift of the left DNA end between the cryo-EM and crystal structures is indicated by a blue arrow. (B) The same map fitted with
the CENP-A NCP crystal structure (PDB entry 3AN2) (20). The arrows indicate the ends of the DNA visible in the crystal structure. The map density for
the left DNA end extends beyond the DNA limits observed in the crystal (purple arrow), whereas that for the right DNA end coincides with these limits
(green arrow). (C). Comparison of CENP-A and H3 NCP DNA paths. DNA density extracted from the cryo-EM reconstruction of CENP-A NCP (light
blue) was aligned with that from the canonical NCP (EMDB 8140; gold) by overlap maximization in Chimera (58). The arrowhead indicates the extremity
of the shortened right DNA end of CENP-A NCP. The relative displacement of the left DNA end between the two structures is shown by a blue arrow.

the sense and antisense strands reveals only 28% identity,
with non-conservative (purine versus pyrimidine) substitu-
tions at 35% of nucleotide positions (Supplementary Fig-
ure S5A). These non-conservative substitutions are located
throughout the DNA sequence and spatially distributed
over the entire NCP DNA structure (Supplementary Fig-
ure S5B), rendering the 601 NCP highly asymmetric. For
example, aligning the canonical H3 601 NCP with an iden-
tical copy rotated 180° about the pseudodyad superimposes
the sense-strand nucleotide Cyt(—18) of the first structure

with the antisense-strand Gua(-18) from the second (Sup-
plementary Figure S5C), yielding a different spatial distri-
bution of DNA base atoms for the two aligned structures.
Moreover, such an alignment reveals that the DNA back-
bone atoms also deviate from symmetry (Supplementary
Figure S5C), reflecting the influence of nucleotide sequence
on DNA conformation. Indeed, corresponding backbone
atoms show rmsd values that range between 0.3 and 6.5 A
(Supplementary Figure S5D). The largest deviations are ob-
served within ~15 bp of either DNA end, but significant
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Figure 4. Different conformational states of CENP-A NCP identified by 3D classification. Cryo-EM reconstructions for the four identified conformations
are shown aligned with the canonical H3 NCP (PDB entry 3LZ0). Cryo-EM maps for the boxed regions are contoured at three different sigma levels, as
indicated. The approximate number of base pairs that lie outside of map density at the 3o level is indicated by red arrows.

deviations also occur far from the DNA ends. For exam-
ple, the central 111 base pairs yield a mean rmsd of 0.81
A. In summary, the 601 NCP structure is asymmetric both
because DNA bases related by the pseudodyad are non-
identical and because DNA backbone atoms deviate from
strict symmetry.

Although our cryo-EM maps are not sufficiently resolved
to allow discrimination of individual DNA bases, we won-
dered whether they nevertheless preserved information re-
garding 601 DNA orientation. To address this question, we
examined whether a CENP-A NCP model comprising only
the central 111 bp of 601 DNA showed a preferential ori-
entation within the SO map, thereby avoiding the region of
the map corresponding to the DNA ends (where the map is
clearly asymmetric). To this end we constructed a CENP-
A NCP model (based on PDB entries 3LZ0 and 3AN2) in
which the two copies of each histone were perfectly sym-
metric, such that the only asymmetry in the structure de-
rived from the DNA component. Docking this model into
the SO map using program Situs (51) gave two solutions re-

lated by pseudodyad symmetry, in which one orientation
of the model (Orientation 1) gave a slightly higher corre-
lation coefficient (CC) than the other (Orientation 2) (ACC
=0.0015) (Supplementary Figure S6A and Table S2). Sub-
sequently performing rigid-body fitting of these solutions
using program Chimera (58) increased this difference (to
ACC =0.0024), which was further enhanced following real-
space refinement in Program Phenix (by a factor of 1.2-1.8
depending on CC statistic; Supplementary Table S2). In-
terestingly, the refined B factors for the DNA atoms were
consistently higher for Orientation 2 over nearly all the nu-
cleotides (Supplementary Figure S6B), confirming that the
601 sequence in Orientation 1 was more consistent with the
map density. Taken together these results suggest that the
alignment of particles during cryo-EM reconstruction was
not random with respect to the pseudodyad but preserved
a significant degree of orientational information. Impor-
tantly, Orientation 1 places the 601 DNA end convention-
ally designated as ‘right’ (69) into the weaker of the two den-
sities observed for the DNA ends in the SO cryo-EM map.
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This suggests that, within the context of the CENP-A NCP,
the right end of 601 DNA is significantly more flexible than
the left.

Molecular dynamics confirm a higher flexibility for the right
601 DNA end

In order to verify the asymmetric dynamics of the DNA
ends suggested by our cryo-EM data, we performed a
molecular dynamics simulation of the 601 CENP-A NCP.
At the start of the simulation, following energy minimiza-
tion and equilibration, both DNA ends were significantly
detached from the histone octamer core. The left end sub-
sequently closed in on the octamer core within the first ~80
ns and stayed compactly bound for the remainder of the
simulation (Figure 5A, B and Supplementary Movie S1).
In contrast, the right DNA end fluctuated freely through-
out the entire simulation, except for a brief (~100 ns) in-
terval during which the terminal base pair interacted tran-
siently with the CENP-A aN helix (Supplementary Movie
S2). This difference in DNA end behaviour is echoed by
the root-mean-square fluctuations (RMSFs) of the back-
bone phosphate atoms, which show a more pronounced mo-
bility for the terminal 12 bp of the right end (Figure 5C).
Interestingly, this left-right asymmetry is mirrored within
the octamer core as well. The a-carbon atoms of CENP-
A (Figure 5D) and H4 (Supplementary Figure S7) exhibit
generally smaller RMSFs on the left side of the tetramer
than on the right side (except within the DNA-binding
CENP-A L1 and L2 loops), consistent with a tighter asso-
ciation of the octamer core with the left DNA end (Figure
SE). In agreement with a prior computational study (70),
the CENP-A NCP exhibits greater global fluctuations in
comparison to the canonical H3 NCP, with a pronounced
local flexibility around the loop 1 region of CENP-A. A
significant fraction of the histone-DNA contacts that are
more prevalent on the left versus the right side involves two
residues in the CENP-A aN-helix, Lys49 and Lys53 (Figure
SF). An earlier computational study suggested that these
residues, which replace arginine residues in histone H3 (71),
accounted at least partly for the difference in endonuclease
susceptibility between the canonical and CENP-A nucleo-
somes (72). Notably, in our simulation Lys49 inserts into
the minor groove of the left DNA end, thereby stabilizing
its closed conformation (Figure 5G). By contrast, over the
0.5 s timescale simulated, the corresponding Lys49 failed
to establish a similarly favorable orientation relative to the
right DNA end, reflecting subtle geometric differences aris-
ing from the non-palindromic DNA sequence. Taken to-
gether, these data strongly support an intrinsic difference
in dynamic flexibility between the right and left 601 DNA
ends of the CENP-A NCP.

Both DNA ends appear well ordered when NCP asymmetry
is lost during image processing

Recent studies have reported a number of cryo-EM struc-
tures (all determined without the aid of a phase plate) for
the CENP-A 601 NCP, alone (41,42) or bound to either
CENP-N (31,32), CENP-LN (33), the central region of
CENP-C (CENP-CR) (41) or a single-chain antibody frag-
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ment (ScFv) (42). In all these structures, both DNA ends ap-
pear well-ordered and follow approximately the same path
as in the canonical H3 nucleosome (albeit displaced farther
from the core histones (31,41,42), as seen for the left DNA
end in our cryo-EM structure; Figure 3A). These observa-
tions are in striking contrast to our structure, in which one
end of the 601 DNA is poorly ordered. A possible expla-
nation for the discrepancy is that interactions between the
NCP and the various binding partners stabilize the DNA
ends, reducing their flexibility. However, it is unclear how
such stabilization might arise, as these proteins localize to
binding sites far from the DNA entry and exit sites and do
not interact with either DNA end (Supplementary Figure
S8). This is particularly striking for CENP-N, located over
45 A away from the DNA end on the same face of the nu-
cleosomal disc (Supplementary Figure S8a).

An alternative explanation is that information concern-
ing the differential flexibility of the DNA ends was lost dur-
ing image processing. This would occur, for example, if the
NCP underwent 2-fold rotational averaging about its pseu-
dodyad during particle alignment. For most of the cryo-
EM structures discussed, this is highly possible since the lo-
cal map resolution for the DNA (typically 3.5-5 A) is too
low to properly resolve individual DNA bases and thereby
discriminate between the right and left NCP halves. Fur-
thermore, concerning the NCP structures solved as a 1-to-
1 complex with a CCAN component (31-33,41), the bind-
ing partner recognizes the NCP in a DNA-sequence non-
specific manner and hence should bind both nucleosomal
faces with equal probability. For these structures, the addi-
tional mass of the binding partner would be expected to pre-
dominate over the subtle asymmetry of the 601 NCP (Fig-
ure S5) during 2D classification, resulting in the inadver-
tent 2-fold averaging of the NCP about its pseudodyad. In
contrast, the CENP-A 601 NCP structure bound to scFv
was determined as a 1-to-2 complex, in which both faces of
the NCP are bound by an scFv monomer (42). This struc-
ture was determined at sufficiently high resolution to resolve
the DNA bases. Interestingly, inspection of the cryo-EM
map shows that DNA bases that are identical or similar to
their pseudodyad-related base are well resolved in the map,
whereas bases that are dissimilar (purine versus pyrimidine)
are poorly resolved (Supplementary Figure S10), providing
strong evidence of two-fold rotational averaging of the NCP
despite the imposition of C1 symmetry during image pro-
cessing (42).

To assess the effects of two-fold averaging on the map
density for the DNA ends, we reprocessed our images with
C2 point group symmetry. Strikingly, the resulting map
showed greatly improved density for the right DNA end
compared to that in the original map: whereas the last 13
bp (bp 60-72) of the right end show poor density in the orig-
inal map they appear well ordered in the new map (Supple-
mentary Figure SOA, B). This effect was confirmed by cal-
culating the local real-space correlation coefficient (RSCC)
between the DNA base pairs and the map density (Sup-
plementary Figure S9C, D). For the right DNA end, the
RSCC is <0.5 (mean value of 0.434) for the last 13 bp (bp
60-72) in the original map, whereas in the map obtained
by applying C2 symmetry the mean RSCC for these base
pairs increases to 0.548 and is 0.6-0.7 for bp 60-67. Clearly,
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Figure 5. Molecular dynamics of the CENP-A 601 NCP confirms higher flexibility of the right DNA end. (A, B) Conformational diversity explored by the
two nucleosomal DNA ends as quantified by the distance between the center of mass of the left- (black dot) or right (red dot) terminal five base pairs and
the center of mass of the CENP-A-H4 tetramer (blue dot). (C) Flexibility of nucleosomal DNA gyres as measured by the average RMSFs of phosphate
atoms. (D) Flexibility of the two CENP-A monomers as measured by the average RMSFs of a-carbon atoms. Histone half-octamers are classified as facing
right or left according to the nearer DNA terminus. (E) Average number of contacts between the two DNA gyres and core histones. Black and red bars
show left and right gyres, respectively. Solid blue curve shows the difference. (F) Average number of contacts between CENP-A and nucleosomal DNA
for the left (black) and right (red) halves of the NCP. Selected CENP-A residues are annotated. (G) Insertion of the left-hand side CENP-A K49 into the
minor groove: initial, equilibrated state (left), after 50 ns (middle), and after 500 ns (right). CENP-A is in light blue, H4 green, H2A yellow, and H2B red.
K49 is annotated in purple. Left and right gyres are in black and red, respectively.
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the well-ordered appearance of both DNA ends in our C2-
averaged map is an artefact due to the two-fold averaging
that caused a loss of information concerning the asymmet-
ric dynamics of the two ends. This raises the distinct pos-
sibility regarding the recently reported cryo-EM structures
that the right DNA end of the CENP-A 601 NCP was
poorly ordered but that this information was lost during im-
age processing.

DISCUSSION

Recent studies have reported evidence that the conforma-
tion of the CENP-A NCP in solution differs significantly
from that in the crystal structure (19) and in the canonical
H3 NCP. In particular, FRET-based studies (16,17), sup-
ported by the crystal structure of the isolated CENP-A-H4
tetramer (21), reported that the H2A-H2B dimers within
the CENP-A NCP are 5 A farther apart than in the crystal
structure (16), resulting in a tighter wrapping of the DNA
around the histone octamer core (17). In the present study
we exploited Volta phase-plate imaging to determine the
cryo-EM structure of the CENP-A NCP reconstituted with
Widom 601 DNA. Because cryo-EM analysis is not sub-
ject to the same artefacts (crystal packing interactions) that
may potentially affect a crystal structure, it affords an in-
dependent view of a macromolecular structure in solution.
As seen in recent other studies (31-33,41,42), our cryo-EM
data show that the overall conformation of the CENP-A
NCP closely resembles that of the canonical H3 NCP (Fig-
ure 3, Supplementary Figure S4 and Table S1). Specifically,
the nucleosome conformations for the CENP-A/H4 and
H3/H4 tetramers are essentially identical (except for the
CENP-A aN helix and L1 loop; Supplementary Figure S1),
as are the H2A /H2B dimer conformation and distances be-
tween the two H2B monomers within the NCP. The DNA
path in the CENP-A NCP also closely resembles that in the
H3 NCP, except for the 10-12 bp at either end (Figure 3).
Thus, cryo-EM data (this study and (31-33,41,42)) suggest
that the solution and crystal conformations of the CENP-A
NCP are highly similar, although we cannot rule out a dif-
ferent conformation in vivo or under different buffer condi-
tions in vitro.

The crystal structure of the CENP-A NCP reconstituted
with human a-satellite DNA revealed that the 13 base pairs
at either DNA end are highly flexible (19), consistent with
studies showing that CENP-A induces partial unwrapping,
increased flexibility and enhanced nuclease sensitivity of
the entry-exit DNA relative to canonical H3 nucleosomes
(16,18,37-39,73). In contrast, recent cryo-EM studies of the
CENP-A 601 NCP, either alone or in complex with various
binding partners, found that both nucleosomal DNA ends
are well ordered (31-33,41,42), suggesting that the ends are
stabilized by either the substitution of a-satellite DNA by
the 601 sequence, by the association with a binding part-
ner, or a combination of both. By exploiting the higher im-
age contrast afforded by the Volta phase plate, our cryo-
EM analysis of the CENP-A 601 NCP revealed that only
one end of the 601 DNA is well ordered and interacts with
the histone octamer core, whereas the other is flexibly dis-
ordered. Data analysis allowed us to tentatively assign the
well-ordered and flexible ends as the left and right ends
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of 601 DNA, respectively. This assignment was confirmed
by a molecular dynamics simulation of the 601 CENP-A
NCP, which showed that the right DNA end was highly
mobile whereas the left end preferentially adopted a closed
conformation stabilized by an interaction with CENP-A
residue Lys49. These findings confirm that H3 replacement
by CENP-A enhances DNA end flexibility but that the ef-
fect can be modulated by the DNA sequence.

The weaker association with the octamer core that we
observe for the right 601 DNA end agrees with two pre-
viously reported findings. First, a canonical NCP exhib-
ited nearly two-fold higher salt stability when reconstituted
with 601L DNA (palindromic DNA derived from the left
half of the 601 sequence) versus 601R DNA (derived from
the right half) (69), indicating that the left half binds more
tightly to the histone core. Second, in a single-molecule
study in which tension was applied to the nucleosome, 601
DNA always unwrapped from the right end rather than
the left, reflecting the difference in force (5 pN versus ~15
pN, respectively) required to detach these ends from the hi-
stone core (74). Such differences in DNA end behaviour
have been attributed to the higher energetic cost required
to wrap the right half of 601 DNA resulting from the differ-
ent mechanical properties of the right and left inner quar-
ters of the 601 sequence (69,74,75). Furthermore, NCPs re-
constituted with a-satellite DNA sequences were reported
to have comparable or lower salt stability than NCPs re-
constituted with 601R DNA (69). Similar behaviour for the
a-satellite DNA present in the CENP-A NCP crystal struc-
ture would explain why both DNA ends are disordered in
the crystal structure as opposed to only one in our cryo-EM
structure.

The flexibility observed for only one DNA end in our
cryo-EM structure contrasts with the two well-ordered ends
observed in recent cryo-EM structures of the CENP-A 601
NCP and of its complexes with kinetochore components
or with an antibody fragment (31-33,41,42). We hypothe-
size that this discrepancy in DNA end flexibility may re-
flect an image processing artefact. Given the low contrast
of conventional cryo-EM images, particles with the NCP
in a given orientation would be difficult to distinguish from
those with the NCP in an orientation related to the first by a
2-fold rotation about its pseudodyad. This could easily lead
to the NCP (or NCP component within the complex) being
treated as if it had proper C2 symmetry. Indeed, the cryo-
EM map with the highest reported resolution, that of the
scFv-bound CENP-A NCP, shows clear evidence of two-
fold averaging of the DNA density (Supplementary Fig-
ure S10). Significantly, analysis of our phase-plate cryo-EM
data showed that image reconstruction of the CENP-A 601
NCP performed with C2 symmetry gives rise to a cryo-EM
map in which the right end of 601 DNA appears deceptively
well ordered, plausibly accounting for the ordered ends seen
in the previous cryo-EM studies (31-33,41,42). These re-
sults highlight the relative advantages of phase plate imag-
ing in identifying subtle structural or dynamic features of
macromolecular complexes which may escape detection by
conventional cryo-EM analysis.

Our results reveal that the substitution of H3 by CENP-
A alters the dynamic flexibility of the DNA at the entry-exit
site but that this effect is sensitive to the nucleosomal DNA
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sequence. A recent cryo-EM study showed that replacing a
central H3 nucleosome by a CENP-A nucleosome causes
trinucleosomes to adopt a less twisted conformation (40).
The authors hypothesized that such an untwisted confor-
mation in the context of a compact nucleosomal fiber would
yield a highly exposed CENP-A nucleosome that could be
more easily recognized by kinetochore components (40). In
light of our present findings, it is tempting to speculate that
different DNA sequences at the nucleosomal entry/exit site
might alter the degree of this local untwisting and thereby
modulate the extent by which a chromatin fiber opens up to
expose the CENP-A nucleosome. Additional studies of nu-
cleosome arrays comprising different DNA sequences will
help to better understand the influence of DNA sequence
on chromatin fiber conformation.

DATA AVAILABILITY

The cryo-EM density map for the CENP-A 601 NCP has
been deposited in the Electron Microscopy Data Bank un-
der accession number EMD-10822. The cryo-EM maps for
classes SO to S3 have been deposited under accession num-
bers EMD-10823, EMD-10824, EMD-10825 and EMD-
10826, respectively. The atomic coordinates of the CENP-A
601 NCP have been deposited in the Protein Data Bank un-
der accession number 6TEM.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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