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Chromatin dynamics is essential for maintaining genomic
integrity and regulating gene expression. Conserved
bromodomain-containing AAA+ ATPases play important roles
in nucleosome organization as histone chaperones. Recently,
the high-resolution cryo-electron microscopy structures of
Schizosaccharomyces pombe Abo1 revealed that it forms
a hexameric ring and undergoes a conformational change
upon ATP hydrolysis. In addition, single-molecule imaging
demonstrated that Abo1 loads H3-H4 histones onto DNA
in an ATP hydrolysis-dependent manner. However, the
molecular mechanism by which Abo1 loads histones remains
unknown, Here, we investigated the details concerning
Abo1-mediated histone loading onto DNA and the Abo1-
DNA interaction using single-molecule imaging techniques
and biochemical assays. We show that Abo1 does not load
H2A-H2B histones. Interestingly, Abo1 deposits multiple
copies of H3-H4 histones as the DNA length increases and
requires at least 80 bp DNA. Unexpectedly, Abo1 weakly
binds DNA regardless of ATP, and neither histone nor DNA
stimulates the ATP hydrolysis activity of Abo1. Based on our
results, we propose an allosteric communication model in
which the ATP hydrolysis of Abo1 changes the configuration
of histones to facilitate their deposition onto DNA.

Keywords: bromodomain-containing AAA+ ATPase, DNA
curtain, histone loading, single-molecule photobleaching

INTRODUCTION

Chromatin is a higher-order structure that packages eukary-
otic DNA into a small nucleus (Kim et al., 2019). Chromatin
compaction protects the genome and maintains genomic
integrity. The elementary unit of chromatin is a nucleosome
in which approximately 147 bp DNA is wrapped 1.67 turns
around a histone octamer (Fierz and Poirier, 2019). Chro-
matin organization is dynamically altered for diverse DNA
metabolic transactions such as replication, transcription, and
repair. Chromatin dynamics is regulated by many factors,
including histone tail modifiers, remodeling complexes, and
histone chaperones (Peterson and Almouzni, 2013). In partic-
ular, histone chaperones play important roles in the assembly
and disassembly of nucleosomes (Gurard-Levin et al., 2014).
Bromodomain-containing AAA+ (ATPase associated with
various cellular activities) ATPases serve as histone chaper-
ones by regulating and rearranging nucleosomes (Cho et
al., 2019; Gal et al., 2016; Lombardi et al., 2015; Zou et al.,
2007). The AAA+ ATPases have two AAA+ domains and a
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conserved bromodomain that most likely interacts with his-
tones. A human bromodomain-containing AAA+ ATPase,
ATAD2 (ATPase family AAA domain-containing protein 2),
also known as ANCCA (AAA+ nuclear coregulatory can-
cer-associated protein), contributes to replication-coupled
chromatin construction through interactions with newly
synthesized histones and acts as a transcriptional co-reg-
ulator by modulating the chromatin of several oncogenic
transcriptional factors, including estrogen receptor, androgen
receptor, E2F transcriptional factor, and Myc (Koo et al.,
2016; Zou et al., 2007). In addition, ATAD2 over-expression
is strongly associated with a poor prognosis in many cancer
types (Zhang et al., 2016). ChIP-seq and RNA-seq assays in
embryonic stem cells indicate that ATAD2 increases chroma-
tin accessibility to enhance gene expression (Morozumi et al.,
2016). ATAD2 has its homologs in many eukaryotes, sharing
common domain structures. The budding yeast Saccharomy-
ces cerevisiae and fission yeast Schizosaccharomyces pombe
have Yta7 and Abo1 as orthologs of ATAD2, respectively.
Yta7 regulates gene expression by directly modulating nucle-
osome density; hence, a lack of Yta7 exhibits increased H3
and decreased nucleosome spacing in chromatin, suggesting
that Yta7 destabilizes nucleosomes in chromatin (Lombardi
et al,, 2015). In addition, a recent study showed that Yta7
deposits CENP-A/Cse4 to centromeres via Scm3/HJURP
(Shahnejat-Bushehri and Ehrenhofer-Murray, 2020). How-
ever, Abo1 is involved in centromere formation, and Abo1
deletion mutant cells cause defects in silencing (Dong et al.,
2020; Gal et al., 2016). In addition, Abo1 plays a role in the
transition from H3K9me2 to H3K9me3 in heterochromatin
by stabilizing Clr4 recruitment (Dong et al., 2020). A lack of
Abo1 reduces the nucleosome levels, implying that Abo1
assembles nucleosomes, in contrast to its homologs (Gal et
al., 2016). However, the molecular details underlying histone
assembly by Abo1 remain elusive.

Recently, we probed the structure and function of Abo1
using cryo-electron microscopy (cryo-EM), high-speed atomic
force microscopy (HS-AFM) and single-molecule imaging
(Cho et al., 2019). The high-resolution cryo-EM structure
revealed that Abo1 forms a homo-hexameric ring-shaped
structure, as exhibited in many other AAA+ ATPases. No-
tably, Abo1 undergoes a conformational change following
ATP hydrolysis. In the presence of ATP, Abo1 adopts the
spiral-shaped ring structure driven by ATP hydrolysis but
exhibits a closed-circular ring formation in the presence of
non-hydrolysable ATP analogs, ADP, or no nucleotides (Fig.
1A) (Cho et al., 2019). However, HS-AFM imaging visualizes
the structural change of Abo1 driven by ATP hydrolysis in
real time, demonstrating that each subunit of the hexamer
stochastically hydrolyzes ATP. In addition, the single-molecule
DNA curtain assay demonstrated that Abo1 deposits H3-H4
histones onto DNA in an ATP-dependent manner (Cho et al.,
2019). Although these studies have determined the structure
and primary function of Abo1, how Abo1 assembles H3-H4
histones onto DNA and what interactions are involved in the
reactions remain elusive.

Here, we investigated the molecular details of histone
loading by Abo1 using single-molecule imaging techniques
and biochemical assays. Abo1 deposited multiple copies of
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histone H3-H4 onto DNA in a unique manner compared with
CAF-1. Our study provides insight into how an AAA+ ATPase
regulates nucleosome density at the molecular level.

MATERIALS AND METHODS

Buffers

Unless otherwise stated, all DNA curtain experiments for
Abo1 were carried out in Abo1 buffer (50 mM Tris-HC| [pH
8.0], 100 mM NaCl, 2 mM MgCl,, 2 mM DTT, 1.6% glucose,
and 0.1x gloxy) with 1 mM nucleotide cofactor. The tetra-
some formation and micrococcal nuclease assay for CAF-1
and Abo1 were performed in CAF-1 buffer (25 mM Tris-HC|
[pH 7.5], 150 mM NaCl, 1 mM EDTA, 0.02% Tween-20, and
0.5 mM TCEP) and CAF-1_ATP buffer (25 mM Tris-HCI [pH
7.5], 150 mM NaCl, 0.02% Tween-20, 0.5 mM TCEP, 1 mM
ATP, and 2 mM MgCl,), respectively.

DNA preparation

All oligomers were synthesized from Bioneer (Korea) and
listed in Supplementary Table S1. Lambda DNA was an-
nealed and ligated with oligomers (COS_biotin_R and COS_
comp) at either end. Then ligases were heat-inactivated,
and the excessive oligomers were removed by S-400 spin
column (lllusta MicroSpinTM S-400; GE Healthcare, USA).
For single-molecule photobleaching assay, biotinylated 269
bp DNA were prepared by polymerase chain reaction using
the pET 28a(+) plasmid containing 1x Widom 601 as a tem-
plate with Widom601_269_F/Widom601_269_R_biotin and
Widom601_147_F_biotin/Widom601_147_R as primers. Bi-
otinylated 25, 40, and 80 bp duplex DNAs containing partial
Widom 601 sequence were prepared by annealing the syn-
thesized oligomers (Widom601_25_biotin, Widom601_25_
comp, Widom601_40_biotin, Widom601_40_comp,
Widom601_80_biotin, and Widom601_80_comp).

Protein preparation

S. pombe Abo1 and S. cerevisiae CAF-1 were purified by
following the previous works, respectively (Cho et al.,, 2019;
Kim et al., 2016). For fluorescent labeling of Abo1, purified
Abo1 in a buffer consisting of 25 mM HEPES (pH 7.5), 250
mM NaCl, 5% glycerol, 0.5 mM TCEP was mixed with a
3-fold molar excess of Alexa Fluor 488 C5 Maleimide (Ther-
mo Fisher Scientific, USA) and incubated for 1 h at 23°C. Un-
conjugated dye was filtered out through Zeba Spin Desalting
Columns (Thermo Fisher Scientific) with a 40 kDa molecular
weight cut-off.

Lyophilized Xenopus laevis histone was purified and re-
folded as described before (Dyer et al., 2004). For fluorescent
dye labeling, threonine 120 of H2A and threonine 71 of H4
were replaced by cysteine. The mutated H2A and H4 formed
a dimer with wildtype H2B and H3, respectively. Then ma-
leimide-modified Alexa488 (Invitrogen, USA) and Cy5 (GE
Healthcare) were covalently attached to the cysteine residue
of H2A-H2B and H3-H4 dimers, respectively. The unreacted
free dyes were removed by gel filtration.

Single-molecule DNA curtain assay
The details of DNA curtain assay were described in Sup-
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plementary Materials and Methods (Cheon et al., 2019). fused-silica slide by nano-fabrication tools as described in the
Here we briefly mentioned the procedure. Nanometer-sized previous literature (Visnapuu et al., 2008). The flowcell with
chromium barriers (height: 25 nm) were fabricated on a microchannel was constructed by gluing the patterned slide
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Fig. 1. DNA curtain assay for histone assembly by Abo1. (A) Cryo-EM structures of Abo1 in the presence of ATP (PDB ID: 6JQ0) (left) and apo
(PDB ID: 6JPU) (right) (Cho et al., 2019). Top view (top) and side view (bottom). (B) Schematic of the single-tethered DNA curtain assay (side
view). Only one end of the A-DNA is tagged with biotin, which is anchored on a biotinylated lipid molecule via streptavidin. In the presence of
flow, .-DNA molecules are aligned at a nano-barrier and extend within the evanescent field. Fluorescently labeled histones bound to DNA are
visible only when the flow is on. (C) Images of the DNA curtain for the loading of Cy5-labeled H3-H4 dimers (top) and Alexa488-H2A-H2B
dimers (bottom). Red puncta represent fluorescently labeled histones. The black bar next to each image represents the nano-barrier position.
The black arrow indicates the flow direction. (D) Quantitative analysis for histone loading onto DNA by Abo1. Abo1 does not load H2A-H2B
dimers onto DNA even in the presence of H3-H4 dimers. Abo1 also loads histone octamers, but the loading efficiency is half that for H3-
H4 dimers. More than 500 DNA molecules were analyzed for each case. (E) Micrococcal nuclease assay to test Abo1-mediated nucleosome
formation of histone octamers. (F) (Top) Kymograph of the single DNA molecule in (C). Whenever flow is turned off, the fluorescence signals
disappear, ensuring that H3-H4 dimers bind to DNA. “On” (solid line) and “Off” (dashed line) above the kymograph represent flow-on and
flow-off, respectively. The black bar next to the image represents the nano-barrier position. (Bottom) Fluorescence intensity profile at the
yellow dashed line in the kymograph above. The profile is fitted using multiple Gaussian functions (magenta). (G) Histone loading kinetics
by Abo1. More H3-H4 dimers are loaded by Abo1 over time. In the absence of Abo1, H3-H4 is rarely loaded. Abo1 does not deposit H2A-
H2B dimers regardless of H3-H4. Black-filled square: Cy5-H3-H4 dimers with Abo1. Blue-filled circle: Cy5-H3-H4 alone. Red empty triangle:
Cy5-H2A-H2B with Abo1. Green reverse empty triangle: Cy5-H2A-H2B along with unlabeled H3-H4 and Abo1. The red line is a fitting with
exponential function (A(71—exp(-t/t,))), and the characteristic time (t,) is given as 34 min.
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and a coverslip with a double-sided tape. Lipid bilayer was
deposited on the surface of microchannel. The surface was
further passivated by bovine serum albumin (BSA) buffer
(40 mM Tris-HCI [pH 8.0], 50 mM NacCl, 2 mM MgCl,, and
0.4% BSA), and 1 mg/ml streptavidin was introduced. The
biotinylated A-DNA was anchored on the biotinylated lipid via
streptavidin. The flowcell was connected to a syringe pump
and then placed on a home-built total internal reflection
fluorescence microscope. Under the continuous buffer flow,
DNA molecules were moving along the flow and then were
aligned at the barrier.

All DNA curtain experiments were performed at 23°C.
Abo1 and Cy5-labeled H3-H4 dimers/Alexa488-labeled H2A-
H2B dimers were pre-incubated in Abo1 buffer supplement-
ed with 1 mM ATP on ice for 15 min and then were injected
into the flowcell. Upon the arrival of the maximum amount
of proteins at the DNA curtains, the flow was turned off,
and the proteins were incubated with DNA molecules for
15 min. The binding of H3-H4 or H2A-H2B was examined
by resuming the flow, which stretches down A-DNA into the
evanescent field (Fig. 1B). During all the injection and incuba-
tion procedures, any light was blocked to prevent the photo-
bleaching of Cy5 or Alexa488.

Single-molecule photobleaching assay

For the single-molecule photobleaching test, we firstly laid
0.2 mg/ml streptavidins on the flow cell surface. Then lipid
bilayer without biotin was deposited on the surface, which
inhibited nonspecific adsorption of proteins to the surface.
Biotinylated 269 bp DNA (300 pM) containing biotinylated
269 bp DNA containing single Widom 601 sequence was
anchored on each streptavidin. After unbound DNA was
washed out, preincubated 300 pM Abo1 and 750 pM Cy5-
H3-H4 dimers were injected into the flow cell in the Abo1
buffer. For CAF-1, 30 pM CAF-1 and 75 pM Cy5-H3-H4 di-
mers were pre-incubated on ice for 15 min, followed by the
injection into the flowcell. After 15 min incubation inside the
flowcell at 23°C, residual proteins were flushed out in the im-
aging buffer, and then fluorescence images were taken un-
der the illumination of 637 nm laser until fluorescence signals
were almost photobleached.

Electrophoretic mobility shift assay (EMSA)

Abo1 at different concentrations (0, 10, 30, 100, 300, and
500 nM) was incubated with 10 nM of 80 bp duplex DNA
containing Widom 601 sequence in Abo1 buffer with or
without T mM ATP at 23°C for 30 min. For CAF-1, the same
EMSA assay was done except that CAF-1 buffer was used.
The reactants were then analyzed by running 5% non-de-
naturing PAGE at 130 V for 60 min in TB (Tris-borate) buffer
with 2 mM MgCl, at 4°C. For ATP, the running buffer was
supplemented with 1T mM ATP. The gel was stained with
SybrGOLD (Thermo Fisher Scientific) and imaged by Typhoon
RGB (GE Healthcare).

Magnetic bead pull-down assay

Abo1 (2 uM) and H3-H4 dimers (5 uM) were pre-incubated
in 50 mM Tris-HCI (pH 8.0), 100 mM NaCl, 2 mM DTT, 1 mM
ATP, and 2 mM MgCl, on ice for 15 min. Streptavidin-coated
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magnetic beads of streptavidin-coated magnetic beads (Dy-
nabeads M-280 streptavidin; Invitrogen) was twice washed
with 20 mM Tris-HCl (pH 8.0) and 100 mM NaCl. Biotinylated
269 bp DNA (1 pmole) containing Widom 601 of biotinylated
269 bp DNA containing Widom 601 sequence was incubated
with the beads at 23°C for 10 min, and then unbound DNA
was washed out. The pre-incubated Abo1 and H3-H4 dimers
(15 pl) were incubated with DNA-tagged magnetic beads
for 30 min at room temperature. Then we pulled down the
beads and took the supernatant. The proteins bound to DNA
were eluted by treating DNase | (D5319-2; Sigma, USA). The
supernatant, wash, and eluate were analyzed by 10% SDS
PAGE.

RESULTS

Abo1 deposits H3-H4 dimers rather than H2A-H2B dimers
Abo1 is involved in regulating nucleosome density via the in-
teraction with H3-H4 dimers (Gal et al., 2016). Abo1 depos-
its H3-H4 histones onto DNA when ATP hydrolysis is allowed
(Cho et al., 2019). Here, we examined whether Abo1 can
load H2A-H2B histones onto DNA using the single-molecule
DNA curtain assay (Fig. 1B). In this assay, Abo1 deposits
Cy5-labeled H3-H4 dimers onto DNA in the presence of ATP,
consistent with previous work (Fig. 1C, top). By contrast,
when Alexa488-labeled H2A-H2B dimers were pre-incubat-
ed with Abo1 and then injected into DNA curtains, they did
not bind DNA even in the presence of ATP, demonstrating
that Abo1 does not catalyze the deposition of H2A-H2B
histones (Fig. 1C, bottom; Fig. 1D). We also tested the pos-
sibility that Abo1 loads H2A-H2B dimers together with H3-
H4 dimers. We pre-incubated Alexa488-labeled H2A-H2B
dimers with Abo1 and unlabeled H3-H4 dimers and then
injected the mixture into DNA curtains. The H2A-H2B dimers
barely bound to DNA (Fig. 1D, Supplementary Fig. S1). We
also tested the sequential loading of H3-H4 dimers and H2A-
H2B dimers by Abo1. Alexa488-labeled H2A-H2B dimers
pre-incubated with Abo1 were added to DNA curtains, on
which unlabeled H3-H4 dimers were placed by Abo1. We
observed no binding of H2A-H2B onto H3-H4-loaded DNA
(Fig. 1D, Supplementary Fig. S1). In addition, we examined
whether Abo1 can load histone octamers onto DNA using
histone octamers with Cy5-labeled H2A. In the DNA curtain
assay, we observed fluorescent puncta along the DNA (Fig.
1D). Given that H2A-H2B dimers are not loaded by Abo1,
the fluorescence puncta indicated the loading of histone oct-
amers onto DNA by Abo1; however, the binding number of
octamers was approximately half that of the H3-H4 dimers
(Fig. 1D). Because Abo1 does not interact with H2A-H2B, but
only with H3-H4, octamer loading must be mediated by only
the interaction between Abo1 and H3-H4, particularly the tail
region of H3-H4 (Cho et al., 2019). We further investigated
whether Abo1 forms nucleosomes when it loads histone
octamer DNA using the micrococcal nuclease (MNase) assay
(Fig. 1E). Although MNase treatment of mono-nucleosomes
assembled from salt dialysis produced strong bands between
100 bp and 150 bp, which confirm nucleosome formation,
the digestion pattern for octamers with Abo1 was similar to
that without Abo1, indicating that Abo1 does not assemble



nucleosomes with histone octamers but simply deposits the

octamers onto DNA (Luger et al., 1999).

Abo1 loads multiple H3-H4 dimers to short DNA frag-

ments

We next investigated the details of H3-H4 loading by Abo1.
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We analyzed the fluorescence signals of H3-H4 dimers on
individual DNA molecules in the DNA curtain (Fig. 1F). In
the kymograph, fluorescence signals disappeared whenever
the flow was turned off, ensuring that fluorescently labeled
H3-H4 dimers were loaded onto DNA. In the fluorescence
intensity profile of the kymograph, the intensity of each fluo-
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Fig. 2. Single-molecule photo-
bleaching assay. (A) Schematic of
the single-molecule photobleaching
assay. Biotinylated DNA was
anchored to streptavidin on the slide
surface covered with lipid bilayer.
Photobleaching events of individual
Cy5 dyes labeled at H3-H4 dimers
were measured under continuous
laser illumination using total internal
reflection fluorescence microscopy.
The inset image is a field of view
displaying fluorescent puncta from
Cy5-labeled H3-H4 dimers bound
to DNA by Abo1. The right image
is the representative fluorescence
intensity (F.l.) profile displaying
photobleaching events from a single
punctum. The step-wise decrease
in fluorescence intensity indicates
the photobleaching of individual
Cy5 on H3-H4 dimers. (B) Images
of fluorescent puncta for 40 bp
(left) and 80 bp (right) of DNA. (C)
Average number of fluorescent
molecules per field of view as a
function of the DNA length. Error
bars were obtained from the
standard deviation in triplicate. (D)
Histograms for the photobleaching
steps of H3-H4 dimers bound to
DNA (80, 147, and 269 bp) by
Abo1. The 269 bp and 147 bp
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contained the core sequence of
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rescent punctum was different, implying that multiple H3-H4
dimers were deposited within our spatial resolution (~1 kbp
per pixel) (Fig. 1F). We next examined the histone loading
kinetics of Abo1 by counting the number of deposited H3-H4
dimers over time (Fig. 1G). More H3-H4 dimers were depos-
ited by Abo1 as a function of time. The characteristic time
was estimated at about 34 min by exponential fitting. In the
absence of Abo1, no H3-H4 dimers were bound. In addition,
H2A-H2B dimers were not deposited regardless of H3-H4,
supporting that Abo1 does not interact with H2A-H2B.

To gain further insights into multiple-histone loading by
Abo1, we counted the number of H3-H4 dimers bound to
short DNA fragments using the single-molecule photobleach-
ing assay (Fig. 2A). DNA molecules were immobilized to the
slide surface via a biotin-streptavidin linkage. In the absence
of Abo1 or DNA, fluorescent puncta were barely seen. We
examined how many base pairs were necessary for histone
deposition by Abo1. To this end, we measured the average
number of fluorescent puncta per field of view according to

DNA length (Figs. 2B and 2C). The average number of fluo-
rescent puncta on DNA up to 40 bp was similar to that in the
absence of Abo1 or DNA. At 80 bp, it increased 10 fold and
then slowly increased according to DNA length. These results
demonstrated that Abo1 does not deposit H3-H4 dimers
onto DNA less than 40 bp and requires at least 80 bp for
histone deposition. Given that the width of Abo1 hexamer is
approximately 13 nm, which corresponds to approximately
38 bp of B-form DNA, DNA must be longer than the Abo1
width for H3-H4 deposition.

We then estimated the number of H3-H4 dimers loaded
onto DNA by Abo1 from the discrete photobleaching steps of
each punctum. For 269 bp of DNA containing a 1x Widom
601 sequence, the two- to four-step bleaching events were
dominant, while the one-step and five-step bleaching events
were very rare, showing that Abo1 deposits multiple (up to
four) H3-H4 dimers onto a 269 bp DNA fragment (Fig. 2D).
For 147 bp, only the two-step event was predominant, while
both the one- and two-step events were highly populated for
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Fig. 3. Abo1 and DNA interactions. (A) ATP hydrolysis activity of Abo1 in the presence of DNA (short 70 bp DNA and A-DNA [48,502
bp]) and/or H3-H4 dimers. (B) EMSA for the DNA interactions with Abo1 and CAF-1. Abo1 or CAF-1 was incubated with 10 nM of 80
bp DNA at different concentrations (0, 10, 30, 100, 300, and 500 nM). (Top left) Abo1 and ATP. (Top middle) Abo1 Apo (without ATP).
(Top right) CAF-1. (Bottom) Quantified bound fraction (%). Red square: Abo1 + ATP. Black circle: Abo1 Apo. Empty triangle: CAF-1. (C)
Magnetic bead pull-down assay. Streptavidin-coated magnetic beads were conjugated with biotinylated 269 bp Widom 601 DNA. Abo1
alone or Abo and H3-H4 dimers were incubated with the magnetic beads with ATP, no ATP, or ATPyS. The load (L), supernatant (S),
wash (W), and eluate (E) fractions were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. (D) DNA curtain image
for Alexa488-labeled Abo1 in the presence of ATP, without H3-H4 dimers (top) and with H3-H4 dimers (bottom). No binding of Abo1
to DNA molecules was observed regardless of H3-H4 dimers. The black bar next to the image represents the nano-barrier position. The
black arrow indicates flow direction.
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80 bp DNA fragments, indicating that the photobleaching
events were reduced as DNA was shortened. By contrast,
CAF-1, known to assemble tetrasomes, prominently displayed
the two-step photobleaching event, showing that tetrasomes
are most likely formed on DNA (Fig. 2E) (Grover et al., 2018;
Sauer et al., 2018). Quantitatively, the average binding num-
ber according to DNA length manifested the difference in
histone assembly by Abo1 and CAF-1 (Fig. 2F). For Abo1, the
average binding number of H3-H4 dimers was proportional
to the DNA length, but less sensitive to DNA length for CAF-
1. The single-molecule photobleaching assay underestimates
the binding number because dark fluorophores are already
impaired or bleached before measurement. The dark fluoro-
phores randomly occurred and are true for all experimental
cases; therefore, the trend of binding number according to
DNA length is reliable. Taken together, our results demon-
strated that Abo1 loads multiple histones to short DNA frag-
ments, and the number of histones depended on the DNA
fragment length.

Abo1 weakly interacts with DNA

Histone chaperones bind DNA to catalyze histone assembly
(Liu et al., 2020; Zhang et al., 2016). We examined how
Abo1 interacts with DNA for histone deposition. Because
Abo1 is an AAA+ ATPase, we examined the effect of histones
and DNA on the ATPase activity of Abo1. Neither histones
nor DNA (short or long) altered the ATP hydrolysis rate of
Abo1, indicating that ATPase activity was not stimulated by
DNA and/or histones (Fig. 3A).

We conducted EMSAs with Abo1 and CAF-1. As the con-
centration increased, CAF-1 completely bound DNA, whereas
only a small fraction of Abo1 bound to DNA (~10% at 500
nM), indicating that the interaction of Abo1 with DNA is
much weaker than that of CAF-1 (Fig. 3B). In addition, ATP
did not influence the DNA binding of Abo1. We further in-
vestigated the interaction between Abo1 and DNA using
the magnetic bead pull-down assay. Abo1 was incubated
with 269 bp duplex DNA molecules that were conjugated
with magnetic beads (Fig. 3C). If Abo1 bound to DNA, Abo1
should be observed in the eluate rather than the supernatant
or wash. However, Abo1 remained in the supernatant re-
gardless of ATP hydrolysis. Even in the presence of the slowly
hydrolysable ATP analog ATPyS, Abo1 did not bind DNA. In
addition, when H3-H4 dimers were co-incubated, Abo1 was
shown only in the supernatant (Fig. 3C). We also examined
the interaction between Abo1 and DNA using a DNA curtain
with Alexa488-labeled Abo1 (Alexa488-Abo1). We confirmed
that the labeling of Alexa488 did not disrupt Abo1 activity for
H3-H4 loading using the DNA curtain assay (Supplementary
Fig. S2A). We observed no binding of Alexa488-Abo1 onto
DNA in the DNA curtain regardless of nucleotides and/or H3-
H4 dimers (Fig. 3D, Supplementary Fig. S2B). Collectively, our
data suggested that Abo1 weakly interacts with DNA regard-
less of ATP hydrolysis and H3-H4 dimers.

DISCUSSION

The single-molecule DNA curtain assay revealed that Abo1
loads H3-H4 dimers only when ATP hydrolysis is allowed.
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By contrast, Abo1 does not load H2A-H2B dimers alone or
with H3-H4 dimers. This finding is consistent with previous
results that Abo1 preferentially interacts with H3 (Cho et al,,
2019; Gal et al., 2016). The preferential interaction with H3-
H4 was also shown in Abo1 homologs such as S. cerevisiae
Yta7 and human ATAD2 (Gradolatto et al., 2008; Lloyd et
al., 2017). Given that H2A-H2B dimers can associate with
H3-H4 tetrasomes to form nucleosomes, Abo1 barely forms
nucleosomes. Abo1’s inability to load H2A-H2B dimers also
proposes that additional factors, such as other chaperones,
function in nucleosome assembly. We examined the coopera-
tive activity of Abo1 with CAF-1 for tetrasome formation, but
they did not interact with each other. Instead, Abo1 works
together with other histone chaperones. Previous work using
affinity purification showed that Abo1 associates with FACT
(Gal et al., 2016). We propose that Abo1 first deposits H3-H4
dimers, tetramers, and hexamers, and then FACT completes
nucleosome assembly.

We investigated the details of histone assembly by Abo1
by comparing it with CAF-1, which is responsible for replica-
tion-dependent tetrasome assembly. In the single-molecule
photobleaching assay, CAF-1 most likely assembled two H3-
H4 dimers on DNA regardless of the DNA length, which is
consistent with CAF-1 catalyzing tetrasome formation. By
contrast, Abo1 deposited multiple H3-H4 dimers on short
DNA fragments and more H3-H4 dimers were loaded on lon-
ger DNA, suggesting that Abo1 dominantly attaches H3-H4
dimers to DNA without any organized formation, although it
seems to assemble tetrasomes at high concentration.

ATP hydrolysis is essential for catalyzing the histone loading
of Abo1 and induces the conformational change of Abo1
hexamers (Cho et al., 2019). The histone loading reaction
likely occurs in the order of Abo1-histone complex formation,
followed by the coupling of the Abo1-histone complex and
DNA, and finally histone transfer from Abo1 to DNA. The
fluorescence anisotropy data in previous work showed that
the binding affinity of H3-H4 to Abo1 is independent of ATP
(Cho et al., 2019). In addition, ATP hydrolysis activity is not
elevated by H3-H4 dimers (Fig. 3A). These results indicate
that the conformational change of Abo1 linked with ATP hy-
drolysis does not promote the release of H3-H4 dimers from
Abo1. We consider the possibility that the ATP hydrolysis of
Abo1 enhances the coupling of DNA and the Abo1-histone
complex for histone deposition. However, the ATP hydrolysis
of Abo1 is also independent of DNA. Moreover, regardless
of ATP hydrolysis, Abo1 weakly interacts with DNA, implying
that the interaction of Abo1 and DNA is transient. Therefore,
to explain that Abo1 catalyzes H3-H4 loading onto DNA, we
propose that ATP hydrolysis only increases the binding affinity
of H3-H4 to DNA by lowering the activation barrier between
H3-H4 dimers and DNA. Based on previous crosslinking re-
sults, H3-H4 dimers are strongly linked to the bromodomain
of Abo1, and the conformational change of Abo1 during
ATP hydrolysis may influence the configuration of the bro-
modomain to facilitate the transfer of H3-H4 dimers to DNA
(Cho et al., 2019). This allosteric communication between a
hexamer and a flexible domain through ATP hydrolysis was
also demonstrated in another AAA+ ATPase, FtsK, which is
a DNA motor protein with a homo-hexameric ring structure

Mol. Cells 2021; 44(2): 79-87 85



Histone Loading Mechanism of Abo1
Yujin Kang et al.

like Abo1 (Lee et al., 2012; Lowe et al., 2008). In FtsK, the o~
and p-domains form a homo-hexamer for DNA translocation,
and the y-domain, which is connected with the g-domain
through a flexible linker, binds a specific DNA sequence. ATP
hydrolysis of FtsK not only changes the hexamer structure for
DNA translocation, but also induces the detachment of the
y-domain from DNA by shifting the flexible linker. Similarly,
the ATP hydrolysis of Abo1 may induce the configurational
rearrangement of the bromodomain with H3-H4 dimers, like-
ly modulating the structure or alignment of H3-H4 dimers to
enhance the deposition of the dimers onto DNA. This model
can explain our finding that Abo1 most likely attaches H3-H4
dimers to DNA without any organized structure.

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org).
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