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CHROMATIN BIOLOGY

Sliding nucleosomes with a twist

DNA twist, driven by ATPases, ratchets DNA past the histone core
By Gregory D Bowman'! and Sebastian Deind]l?

As the fundamental packaging unit of eu-
karyotic chromosomes, nucleosomes re-
strict accessibility of DNA. Nucleosome
placement along DNA can therefore dictate
how the genome is read out by cellular ma-
chinery, including whether particular genes
are turned on or off. Placement and reposi-
tioning of nucleosomes throughout the ge-
nome is achieved by ATP-dependent chro-
matin remodelers (remodelers), which use a
common ATPase motor to disrupt and reor-
ganize DNA packaging. At long last, recent
structural, biophysical and biochemical
work has revealed a core mechanistic
framework for nucleosome sliding, where
remodelers capitalize on distinct energetic
and structural states of duplex DNA as it
twists and bends around the nucleosome.

Nucleosomes are the most ubiquitous
protein-DNA complexes in all eukaryotic
cells. Consisting of ~146 base pairs (bp) of
duplex DNA spooled around a cylindrical
histone core (1), nucleosomes are reposi-
tioned when DNA shifts past the histone
core, superficially like a rope being pulled
past a pulley. By virtue of their extensive
protein-DNA interface, nucleosomes are rel-
atively stable structures. A major challenge
has been understanding how such a stable
interface is dynamically disrupted and re-
established during ATP-dependent nucleo-
some sliding.

Remodelers are the protein machines
charged with altering the position, occupan-
cy, and histone composition of nucleosomes.
Grouped into distinct families, remodelers
display a wide range of subunit composition
and include large, multi-subunit mega-
Dalton complexes (such as SWR1, INO8O,
and SWI/SNF) as well as smaller complexes
(ISWI) and exclusively monomeric (Chd1)
enzymes. Whereas each remodeler type has
family-specific subunits and protein do-
mains, consistent with distinct biological
roles, all share the ability to manipulate nu-
cleosome structure. This ability stems from
the one element common to all remodelers -
a highly conserved ATPase motor that be-
longs to a larger superfamily of helicase-like
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ATPases called superfamily 2 (SF2). Many
SF2 enzymes can translocate along DNA or
RNA by walking along a single strand, which
is termed the tracking strand. Based on
years of intense biophysical and biochemi-
cal work on SF2 and the related SF1
ATPases, insights on how these enzymes
move and interact with nucleic acids have
set the stage for understanding how remod-
eler ATPases move and engage DNA (2).
Both SF1 and SF2 ATPases consist of two
distinct RecA-type lobes that together form
an ATP-binding pocket and a nucleic acid
binding surface across the central cleft. Dic-
tated by the occupancy of the nucleotide-
binding pocket, the two lobes open and
close like a clamshell, which in turn alters
interactions with the bound nucleic acid. For
DNA translocases, the two lobes are splayed
apart in an open conformation in the nucle-
otide-free state, both interacting with the
tracking strand. Upon ATP binding, the two
lobes favor a closed conformation, with the
first lobe slipping along DNA by one nucleo-
tide (nt). Following ATP hydrolysis, they re-
vert to an open conformation, allowing the
second lobe to reach ahead on the DNA by
one nt. This ATP-driven cycle of opening
and closing thereby allows the ATPase to
translocate along DNA in what has been
dubbed an inchworm-type motion (2).
Consistent with an inchworm-like trans-
location mechanism, nucleosomal DNA is
shifted by remodelers with an elementary
step of a single bp (3). As such, nucleosomal
DNA must therefore shift around the his-
tone core in a corkscrew fashion. Remodeler
ATPases remain in a fixed location on the
histone core during DNA translocation,
which means that DNA all around the nucle-
osome must shift in response to localized
action at the ATPase binding site. According
to the classic interpretation of the inchworm
model, DNA on both sides of the ATPase
should be shifted simultaneously with each
hydrolysis cycle, requiring that the motor be
physically coupled to the histone core to
generate force. Instead, remodeler ATPases
shift nucleosomal DNA discontinuously,
with DNA movement resulting from both
open and closed states of the ATPase that
bypass the strict requirement for a separate
histone foothold to push against (4). In its
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open (nucleotide-free and ADP-bound)
state, the ATPase pulls entry side DNA to-
ward itself in a corkscrew fashion, creating a
small DNA bulge at the binding site. When
poised for hydrolysis, the ATPase in its
closed state eliminates this bulge, cork-
screwing DNA toward the dyad on the other
side (Fig. 1). This creation and elimination of
a DNA bulge is equivalent to altering DNA
twist.

Changes in DNA twist, known as twist
defects, have been proposed as a low-
energy means of ratcheting DNA past the
histone core (5). Twist defects form at the
junction between two segments of DNA, one
that undergoes a corkscrew shift (mobile)
and another that remains stationary with
respect to the histone core. Twist defects
therefore reflect a gain or loss of a bp result-
ing from the corkscrew shift of DNA. Twist
defects dissipate once one side of the junc-
tion undergoes a compensatory corkscrew
shift, restoring DNA to its canonical confor-
mation on the nucleosome. If the corkscrew
shift occurs on the previously stationary
DNA segment, another twist defect can be
created further downstream where the mo-
bile DNA segment again runs up against a
stationary segment. Through such discon-
tinuous motions, propagation of twist de-
fects all the way around the nucleosome re-
positions the entire length of nucleosomal
DNA relative to the histone core. Spontane-
ous nucleosome sliding via twist defects, re-
cently visualized through molecular simula-
tions, suggested that twist can be absorbed
or buffered at a site on the nucleosome
called superhelix location 2 (SHL2) (6), in
agreement with variations in DNA twist
previously observed in nucleosome crystal
structures (1).

Experimental support for twist diffusion
occurring over multiple catalytic cycles of a
remodeler ATPase was recently provided by
3-color single-molecule FRET (7). As ob-
served using FRET reporters on both sides
of the nucleosome, DNA on the entry side
shifted onto the nucleosome before DNA on
the exit side was shifted off. Importantly, the
delay between movement of entry and exit
DNA was ATP-dependent, with lower ATP
concentrations yielding longer delays be-
tween entry and exit DNA movements. The
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ATP-dependent delay means that even after
going through a full ATP hydrolysis cycle to
pull DNA onto the entry side, the remodeler
requires one or more ATP-binding and hy-
drolysis events to push DNA out the exit.
During this delay, the nucleosome absorbs
one or more bp of DNA pulled on by the re-
modeler, which would take the form of twist

dyad lobe 1

lobe 2

nucleosome

ATP binding
and hydrolysis

A corkscrew shift of DNA
over the dyad reverses the @
twist defect at the ATPase
binding site while creating a
new twist defect at another

site on the nucleosome

ATPase state

" exit remodeler open state s
entn .
y ATPase apo or ADP-bound) |
.

-/, s

A shift in the other strand
restores the canonical tilt of
nucleosomal DNA, absorbing
the additional base pair pulled
onto the nucleosomeas a

both DNA strands bulging by 1 bp at SHL2
has been observed in the SWR1-nucleosome
complex (11). In the final stage, after re-
modelers have successfully shifted the twist
defect toward the dyad, the DNA at SHL2
should return to its canonical structure on
the nucleosome (step 3). Such a post-shifted
state with canonical DNA twist at SHL2 has

eeseeet Nt

nucleosome state
A shift of only the tracking
strand of nucleosomal DNA
tilts base pairs, potentially
creating strain in the DNA
duplex on the entry side

closed state
@) bo

full twist defect

Figure 1. A model of how twist defects, stimulated by the remodeler ATPase, shift DNA around nucleo-
some. Twist defects are not expected to form when the ATPase binds in the ATP-bound state (step 3). After
a full cycle (steps 1->2->3), creation and passage of additional twist defects from subsequent cycles push

DNA out the exit side.

defects. An intriguing question for future
studies is whether such DNA buffering and
changes in twist enable communication be-
tween pairs of remodelers on opposite sides
of the nucleosome (7).

Recently, key stages in the nucleosome
sliding cycle have been captured by cryo-
EM, adding essential mechanistic insight in-
to how repositioning is achieved. In the ini-
tial stage, the open state of the ATPase
bound at SHL2 remarkably creates a bulge
in only the tracking strand of the DNA du-
plex, but not the complementary guide
strand (8) (Fig. 1, step 1). A consequence of
pulling only one of the two DNA strands is
base tilting, necessary to maintain base
pairing between strands. Interestingly, a
similar tilting of base pairs was observed in
the DNA-RNA hybrid cradled by RNA poly-
merase (9, 10), and may create strain in the
duplex. For remodelers, strain from bp tilt-
ing would prime the duplex for the next
stage, when a compensatory shift of the
other strand creates a full twist defect (step
2). An example of a full twist defect with

been visualized in remodeler-nucleosome
complexes with the ATPase bound to
ADP-BeFs3 (8, 12, 13). In addition to
ADP-BeF3,, canonical DNA twist is also fa-
vored by the ATPase bound to the transition
state mimics ADP-AlFx and ADP-MgFx (4).
Since nucleosomal DNA with a canonical
twist aligns with the transition state of the
ATPase, elimination of the twist defect may
be sufficient to trigger ATP hydrolysis,
which would initiate a new round of sliding
and enforce directionality of twist diffusion.
With the core mechanism of nucleosome
sliding finally coming into focus, this recent-
ly developed framework provides a launch-
ing point for exploring a host of new exciting
questions. In addition to DNA geometry and
energetics, to what extent is twist diffusion
dependent on other characteristics of the
nucleosome? The histone core has been
shown to have dynamic properties (14, 15),
and an important goal is determining the
degree that plasticity of histone structure
may impact formation and propagation of
twist defects within the nucleosome. His-

tone proteins come in a variety of flavors,
and it will be of great interest to identify
whether distinct biophysical properties of
histone variants can determine or bias the
outcomes of remodeling reactions.

The ability of remodeler-type ATPases to
create twist defects is used for more than
just sliding nucleosomes. The SWR1 remod-
eler, for instance, does not reposition the
histone core but instead is specialized for
swapping out canonical histone H2A/H2B
dimers for variant H2A.Z/H2B dimers. A key
issue for this system will be uncovering the
connection between twist defects and dimer
exchange. More strikingly, remodeler-type
ATPases also include enzymes that act on
non-nucleosomal substrates: Motl (TBP/
DNA), Rad54 (Rad51/DNA), the bacterial
RapA (RNA polymerase/DNA), and CBP
(RNA polymerase/DNA as well as nucleo-
somes), with each disrupting otherwise sta-
ble protein-DNA complexes. As remodeler-
type ATPases, they likely act by distorting
duplex DNA, creating high-energy interme-
diates analogous to twist defects on the nu-
cleosome. Just as insights for SF1 and SF2
ATPases have facilitated thinking about nu-
cleosome sliding, the discovery that remod-
elers create and eliminate twist defects on
the nucleosome will likely advance under-
standing for these related yet functionally
distinct ATPases, which all wrestle the dou-
ble helix to transiently blaze a trail through
the energetic landscape of duplex DNA.
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