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Mechanical deformations of DNA such as bending are ubiquitous and have been
implicated in diverse cellular functions'. However, the lack of high-throughput tools
to measure the mechanical properties of DNA has limited our understanding of how
DNA mechanics influence chromatin transactions across the genome. Here we
develop ‘loop-seq’—a high-throughput assay to measure the propensity for DNA
looping—and determine the intrinsic cyclizabilities of 270,806 50-base-pair DNA
fragments that span Saccharomyces cerevisiae chromosome V, other genomic
regions, and random sequences. We found sequence-encoded regions of unusually
low bendability within nucleosome-depleted regions upstream of transcription start
sites (TSSs). Low bendability of linker DNA inhibits nucleosome sliding into the linker

by the chromatin remodeller INO80, which explains how INO80 can define
nucleosome-depleted regions in the absence of other factors®. Chromosome-wide,
nucleosomes were characterized by high DNA bendability near dyads and low
bendability near linkers. This contrast increases for deeper gene-body nucleosomes
but disappears after random substitution of synonymous codons, which suggests
that the evolution of codon choice has been influenced by DNA mechanics around
gene-body nucleosomes. Furthermore, we show that local DNA mechanics affect
transcription through TSS-proximal nucleosomes. Overall, this genome-scale map of
DNA mechanics indicates a‘mechanical code’ with broad functional implications.

DNA looping (or cyclization) assays have long been used to measure
DNA bendability**. Recently, asingle-molecule fluorescence resonance
energy transfer’ (smFRET)-based DNA looping assay was developed?®, in
which thelooping of an approximately 100 base-pair (bp) DNA duplex
flanked by complementary 10-nucleotide single-stranded overhangs
was detected by an increase in FRET between fluorophores located
at each end of the DNA (Fig. 1a). The looping rate obtained has been
interpreted as a measure of DNA bendability. In the smFRET-based
assay, chemically synthesized single strands of DNA had to be annealed
directly without PCR amplification to generate a duplex region flanked
by long10-nucleotide overhangs. We simplified the process by devel-
oping a nicking-based method that allows the in situ conversion of a
120-bp duplex DNA (which can be produced via PCR amplification) into
a100-bp duplex flanked by 10-nucleotide single-stranded overhangs
(Fig.1b). Using FRET®, we measured the looping times of ten DNA frag-
ments with different sequences (Supplementary Note 1). The looping
times varied by more than an order of magnitude (Fig. 1c), which con-
firmsthat the DNA sequence can have a profound effect on DNA looping
atthe100-bp lengthscale, as previously reported®’. However, looping
assays and previous methods to measure DNA bendability directly

have limited throughput, which greatly limits our knowledge of how
DNA mechanicsis modulated by sequence, varies along genomes, and
influences chromosome transactions.

Systematic enrichment of ligands by exponential enrichment (SELEX)
has been used to enrich DNA sequences that are more bent® or loop-
able’ through many rounds of selection of rapidly looping DNA and
PCR amplification of selected molecules. The distributions of certain
periodic dinucleotidesin the variable regions of highly loopable DNA
have been identified by these assays. However, direct measurements
ofthe bendability of specified sequences of interest, such as those that
span genomic regions, have not been reported in high throughput.

Toextend direct measurements of DNA bendability toamuch larger
sequence space, we established a sequencing-based approach termed
loop-seq, which builds on previous low-throughput single-molecule
looping®and SELEX selection methods’. Using the nicking approach,
we generated a library of up to approximately 90,000 different
specified template sequences immobilized on streptavidin-coated
beads. Library members had a central 50-bp duplex region of vari-
able sequence flanked by 25-bp left and right duplex adapters and
10-nucleotide single-stranded complementary overhangs (Fig. 1d).
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Fig.1|Ahigh-throughput method to measure DNA mechanics. a, Schematic
ofthe single-molecule looping assay. b, In situ nicking of120-bp duplex DNA 10
nucleotides from either end, followed by washing with buffer at 50 °C, results
inthe formation of 100-bp duplex molecules flanked by 10-nucleotide
single-stranded overhangs (Supplementary Note1). ¢, Percentage of DNA
moleculesinthe high-FRET (looped) state as afunction of time after adding
high-salt buffer, for ten DNA sequences (Supplementary Note1). Inset, looping
times (time constants of exponential decay fits (solid lines)). d, Schematic of a
typical DNA fragmentinalibrary just beforelooping. ndenotes the distancein
nucleotides (nt) of the biotin tether from the end of the molecule. e, Schematic
ofloop-seq performed onahypothetical library comprising only two
sequences: greenand pink. Thelibrary isamplified, immobilized on beads via
biotin-streptavidininteractions and nicked insitu to generate loopable

Looping was initiated in high-salt buffer for 1 min, after which unlooped
DNA molecules were digested by the RecBCD exonuclease® that
requires free DNA ends, thus preserving the looped molecules. The
enriched library was sequenced, and the cyclizability of each sequence
was defined as the natural logarithm of the ratio of the relative popu-
lation of that sequence in the enriched library to that in an identi-
cally treated control in which the digestion step was omitted (Fig. le,
Supplementary Note 2).

The looping times of the 10 sequences determined by smFRET
(Fig. 1c) were strongly anti-correlated with their cyclizability values
obtained by performing loop-seq on a large library containing those
10 (along with 19,897 other) sequences (Fig. 1f). This confirmed that
cyclizability isagood measure of loopingrate. In addition, varying the
time thatloopingis permitted before RecBCD digestion enabled usto
measure the full looping kinetic curves of all sequences in the library
(Extended Data Fig. 1, Supplementary Note 3). The looped popula-
tion could comprise closed structures with alternative shapes and
base-pairing geometries’®" (Extended Data Fig. 2). However, irrespec-
tive of looped geometry, control experiments indicate that mostlooped
molecules are protected from RecBCD digestion and validate several
other aspects of the assay (Extended Data Fig. 3).

We found that the distance of the biotin tether from the end of
each molecule (n; Fig. 1d) imposed an oscillatory modulation on
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molecules (d, Methods). After looping for Iminin high-salt buffer followed by
the digestion of unlooped molecules and amplification of surviving molecules,
therelative populations of green and pinkin the digested fraction (left) are
two-thirds and one-third, respectively. Inthe control fraction (right), the
corresponding values are half and half. The cyclizability of greenand pink are
thus:log, f//ﬁand loge(i;;) respectively.f, Left, cyclizabilities of two
sequences (listed in Supplementary Note 1) that were part of the ‘cerevisiae
nucleosomallibrary’ (see Supplementary Note 4) versus their looping times
obtained viasmFRET (c). 95% confidence interval (CI) =-0.99,-0.81. Pearson’s
rvalueisshown. Pvalue determined by two-sided t-test. Right, violin plot of the
cyclizabilities of all 19,907 sequences in the cerevisiae nucleosomal library. ‘x’
denoteslooping times of the ten sequences measured by smFRET (c).

cyclizability, possibly owing to a sequence-dependent preference for
therotational orientation of the biotin tether (Supplementary Note 7).
By varying n and repeating loop-seq several times, we measured the
mean, amplitude and phase associated with this oscillation for every
library sequence. We called the mean term the ‘intrinsic cyclizabil-
ity’ and showed that it is independent of the tethering geometry and
rotational phasing (Extended Data Fig. 4, Supplementary Notes 7, 8).
Both dynamic flexibility and static bending may contribute to intrinsic
cyclizability. Regardless of interpretation, intrinsic cyclizability is a
measurable mechanical property that can be compared to functional
properties of chromosomal DNA.

DNA at yeast nucleosome-depleted regionsis rigid

We used loop-seq to determine the role of DNA mechanical properties
in establishing characteristic features of genes that regulate expres-
sion, such as nucleosome-depleted regions (NDRs) upstream of the
TSSs and well-ordered arrays of downstream nucleosomes positioned
atcharacteristic distances from the TSSs'. Although previous studies
have suggested that DNA mechanics, in addition to transcription fac-
tors and chromatin remodellers**, are involved in the regulation of
gene expression by altering the organization of nucleosomes®*>1,
the mechanical properties of DNA along promoters and genes have



a NDR b c
= Il +1 +2 SMB1 SGF11
@ [ — 1 2z — T — 1 .
1 ' = >
g ! 600bp ' 400 bp ! ﬁ 9% 0
L T e, N 2
Q- m— ! ' 5 2
% — Dyad ! 3 5 % 1
£ — ! b Eg
9] ' | B [3)
S | > T — ! o cY S NSt et RN SIS SRS R S S ———
gL 1isond T I P e ——
< o l<Tbp ! = © .80
g z ET
- c o c
il 28
d 3 23 40
Rigid DNA43 bp 8 ER
! o ol N 17
= —mga  E 300 0 400 -400 0 400
~INOS0 § ol M Position from +1 dyad (bp)
Attempted sliding direction TJJ -400 -200 0 200 400
of the +1 nucleosome z Position from +1 dyad (bp)

6®
601 <,

&>
%«@ —_—
5 Nucleosome
601 2
TS w0y formation
A pair of DNA Both fragments are Nucleosomes form on
fragments are added to the same the 601 part of the
synthesized tube fragments
Nucleosome sliding (INO80 + ATP)
— X Samegel Cy3 Cy5
- —S } imaged for
— " Cy3 and Cy5 A A
L3 _ - separately
. N B B

Centred nucleosomes
migrate slower

A/(A+B) and A/(A+B) are fractional
sliding extents of nucleosomes
formed on DNA with more and

less rigid linkers respectively

Fig.2|DNA mechanics contributes tonucleosome depletionatthe NDR
and modulatesremodeller activities. a, Schematic of the tiling library.
Theregionsaround the TSSs of 576 genes were tiled at 7-bp resolution
(Supplementary Note 9). DNA, blue bars; nucleosomes, ovals. b, Meanintrinsic
cyclizability (with (black) and without (grey) any smoothening) (top) and
nucleosome occupancy” (bottom) versus the position from the canonical
location® of the dyad of the +1 nucleosome, averaged over all 576 genesin the
tilinglibrary. Blue dashedline (at -73 bp) denotes the edge of the +1 nucleosome;
red dashedline denotes thestart of the rigid DNA region (approximated as the
midpointbetween the two red arrows). See Supplementary Note 10. ¢, Intrinsic
cyclizability and nucleosome occupancy versus position from the dyads of the
+1nucleosomes of two individual genes (see Extended DataFig. 5 for more
examples).d, INO80O attemptingtoslide a+1 nucleosome upstream of its

notbeendirectly measured. We measured the intrinsic cyclizabilities
of DNA fragments (Supplementary Note 9) that tile the region from
600 bp upstream to 400 bp downstream of the +1 nucleosome dyads
of 576 genesin S. cerevisiae at 7-bp resolution (Fig. 2a). We discovered a
sharply defined region of rigid DNA (that is, with unusually low intrinsic
cyclizability) located in the NDR" (Fig. 2b). Furthermore, our meas-
urements are sensitive enough to detect this region of high rigidity in
severalindividual genes (Fig. 2c, Extended DataFig. 5). As nucleosome
assembly requires extensive DNA bending, the low intrinsic cyclizabil-
ity of DNA around the NDR is likely to favour nucleosome depletion.

Chromatinremodellers sense DNA mechanics

Chromatinremodellers have been proposedto be crucialin establishing
thewell-ordered array of nucleosomes downstream of TSSs by stacking
nucleosomes against a barrier just upstream of the TSS™. What could
constitute suchabarrier hasbeenamatter of debate, and transcription
factors®™and paused polymerases™ have been suggested to contribute.
Notably, chromatin reconstitution experiments in vitro*showed that
the remodeller INO8O can both position the +1 (and —1) nucleosomes
and establish the NDRs in S. cerevisiae even in the absence of any such
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canonical locationwould be poised to contact therigid DNAregion viaits
Arp8?%. e, Schematic of the experiment comparing the extent of nucleosome
sliding by INO80 on a pair of constructs that consist of anucleosome attached
toarigid or flexible-linker region, and distinguished by different fluorophores
(Cy3and Cy5).Sliding resultsin centred nucleosomes, which then migrate
more slowly on gels?®. See Supplementary Note 11. f, Three nucleosome-sliding
experiments were performed, involving three pairs of nucleosome constructs
asdescribedineand Supplementary Note11. For each pair, four concentrations
of INO8Owereused:2,6,9 and 13 nM (lanes L1-L4, respectively). After sliding,
nucleosomeswererunalonga 6% TBE gel, which wasimaged separately for Cy3
and Cy5fluorescence. For each lane, the extent of nucleosome-sliding in the
two constructsin the pair was quantified (bar plots). See eand Supplementary
Notell.

factors. We therefore asked whether the sequence-encoded rigid DNA
regioninthe NDR can contribute to nucleosome positioning near pro-
moters by serving as a barrier to the sliding activities of INO8O.

To effect sliding, INO80 requires at least 40-50 bp of free extranu-
cleosomal DNA ahead of the nucleosome’®?. The region around 40-50
bpahead of the edge of the sliding nucleosome is engaged by the Arp8
module of INO80* %, and disrupting the DNA binding of the module by
mutation abolishes sliding and reduces +1 positioning genome-wide?.
Notably, we found that the region of rigid DNA also starts around 43 bp
upstream of the edge of the +1 nucleosome (Fig. 2b). This would place
the Arp8 module in contact with highly rigid DNAifINO80 were to slide
the +1 nucleosome upstream from its canonical position (Fig. 2d). If
highly rigid DNA interferes with binding of the Arp8 module, further
upstreamssliding of the +1 nucleosome would be hindered, helping to
position the +1 nucleosome and define the NDR.

To directly test the role of upstream DNA rigidity in +1 nucleosome
positioning by INO80, we biochemically measured the effect of rigid
DNA located approximately 40 bp ahead of a nucleosome. Using a
gel-shiftassay, we analysed the sliding of nucleosomes formed on the
147-bp 601 sequence into adjacent 80-bp linkers. We chose three pairs
of'such constructs, each containing one construct withalinker that was
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Fig.3 | DNA mechanicsimpacts chromosome-wide nucleosome
organization. a, b, Meanintrinsic cyclizability (top) and nucleosome
occupancy (bottom) versus position from the dyad of the +1 nucleosome,
averaged over185and 345genesinthetilinglibrary, which possess stable and
fragile -1 nucleosomes, respectively® (plotted asin Fig. 2b) (a), and averaged
overall227identified genes along S. cerevisiae chromosome V (Supplementary
Note 13) (b). Grey background denotess.e.m. ¢, Intrinsic cyclizability versus
position fromthe dyad, averaged over all 3,192 nucleosomes along
chromosomeV (top), or over nucleosomes sorted into quartiles (Q1-Q4) based
onreported nucleosome centre positioning (NCP) scores® (bottom). See also
Extended DataFig. 8a,b.Solid lines denote mean; grey shading denotess.e.m.
d, Intrinsic cyclizability (top) and nucleosome occupancy (bottom) (solid lines)
versus position along all chromosome V genes (blue), and among 34% of genes
with the highest (red) and lowest (green) +1 nucleosome NCP scores®. Plots

uniformly flexible and another with a linker that had a considerably
morerigid region near the middle (Extended DataFig. 6a, Supplemen-
tary Note 11). In all three pairs, the extent of sliding (Supplementary
Note 11) was lower for the nucleosome formed on the construct with the
rigid linker (Fig. 2f, Extended Data Figs. 6b, c, 7). Various factors could
cause this reduced sliding (Supplementary Note 11). Regardless, the
observation is consistent with a model in which the rigid DNA region
starting approximately 43 bp upstream of the edge of the canonical +1
nucleosome (Fig.2b) serves as a barrier that hinders further upstream
sliding of the +1 nucleosome by INO8O, possibly aided by other barriers
set up by factors such as the nucleosome-remodelling complex RSC,
gene regulatory factors, and transcription factors*. Further studies
are needed to define the structural details behind rigidity sensing by
the Arp8 module?.

DNA mechanics arranges nucleosomes

As nucleosomes involve extensive DNA bending, we asked whether
modulationsinintrinsic cyclizability may directly contribute to nucleo-
some organization, in addition to the stacking action of remodellers™.
Indeed, DNA at the canonical dyad locations of the +1 nucleosomes,
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Position from dyad (bp)
were obtained asinb. Dashed lines denotes edges and dyad of the +1
nucleosome. Shaded backgrounds denotes.e.m. e, Intrinsic cyclizability
around nucleosomal dyads that lie within the transcribed region of all
identified 227 genes along chromosome Vin S. cerevisiae. Solid lines denote
mean; grey shading denotes s.e.m. See Supplementary Note 13 for nvalues.
f, Intrinsic cyclizability ina 50-bp window around the dyads (blue) and edges
(red, from position =73 till -56 and from +56 till +73) of gene-body nucleosomes
asidentifiedine.Dataaremeanands.e.m.Nvaluesasine.g, Intrinsic
cyclizability of the native sequences around the dyads of the 500 +7
nucleosomesrepresentedinlibrary L (Supplementary Note 14), and along four
setsof codon-altered sequences generated by randomly selecting synonymous
codons while considering (the first two) or not considering (the next two) the
natural codon-usage frequency. Solid line denotes mean, smoothened over a
7-fragment rolling window; grey shading denotess.e.m.

and to a lesser extent the +2, +3 and +4 nucleosomes, have markedly
higher intrinsic cyclizability than surrounding DNA (Fig. 2b). Consist-
ent with this observation, promoters classified as having a fragile -1
nucleosome® have more rigid DNA at the location of the -1 nucleo-
some (Fig. 3a).

Several previous studies have shed light on the role of DNA mechanics
in nucleosome formation®. The fact that bendable DNA forms good
substrates for nucleosomes, and vice versa, has been demonstrated for
various selected sequences*” ., Furthermore, DNA selected for high
loopability from alarge random pool possess periodic distribution in
dinucleotide contents’, whichis also a feature found in approximately
3% of native yeast nucleosomal sequences®. However, the mechani-
cal properties of known nucleosomal DNA sequences have not been
directly measuredin high throughput. To achieve this for nucleosomes
along an entire yeast chromosome, we measured the intrinsic cycliz-
ability along . cerevisiae chromosome V at 7-bp resolution (Extended
Data Fig. 8, Supplementary Note 12). We first confirmed that intrin-
sic cyclizability shows the characteristic pronounced dip around the
NDR when averaged over the 227 genes along chromosome V that
have both ends mapped with high confidence? (Fig. 3b). We found
that chromosome-wide, DNA at nucleosomal dyad locations tends
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to have higher intrinsic cyclizability than the surrounding linker DNA
(Fig. 3¢), which suggests that sequence-dependent modulations in
DNA mechanics contribute to global nucleosome organization. We
also found that nucleosomes are better positioned in vivo on more
intrinsically cyclizable DNA (Fig. 3¢, Extended Data Fig. 9a-c). Among
TSS proximal nucleosomes, the correlation is strongest for +1 nucle-
osomes (Fig. 3d, Extended Data Fig. 9d, e).

Nucleosomes located at distal downstream regions have a greater
difference in intrinsic cyclizability between the dyad and the edges
than nucleosomes at promoter-proximal regions (Fig. 3e, f). Thisisin
contrast to expectation, because TSS-proximal nucleosomes are known
tobebetter positioned than TSS-distal nucleosomes™** and primarily
organized by chromatin remodellersinto ordered arrays via stacking
against the NDR barrier***. However, beyond the +4 nucleosome, the
stacking effect has been shown to dissipate, whereas our data show
that modulations inintrinsic cyclizability become more prominent
(Fig.3e, ). Thus, nucleosomes that lie deeperin gene bodies may rely
more on sequence-encoded modulations to intrinsic cyclizability for
positioning.

DNA mechanics affects codon selection

We next asked whether the strong modulation inintrinsic cyclizability
for nucleosomes deep in the gene body would be preserved if the
sequences were altered by using alternative codons that code for
the same amino acids. We selected 500 +7 nucleosomes in S. cerevi-
siae and generated four sets of codon-altered sequences spanning
the region around these nucleosomes, while preserving the amino
acid sequences encoded. The natural codon usage frequency was
considered when choosing synonymous codons in the first two sets
and was ignored in the next two (Supplementary Note 14). By per-
forming loop-seq (Supplementary Note 14), we measured intrinsic
cyclizability at 7-bp resolution in the 200-bp region flanking the 500
+7 nucleosome dyads and their codon-altered sequences. Native

fragments) in S. cerevisiae that have the highest NCP scores. ¢, Mean intrinsic
cyclizabilities of the 50-bp DNA fragments that lieimmediately adjacent to the
TSS proximal (red) or distal (blue) side of the dyads of various categories of
nucleosomes (-9 to +9) (see Supplementary Note 17). Error bars are s.e.m. See
Supplementary Note 17 for the number of nucleosomes in each category over
which datawasaveraged. d, A subset of the datainc, in which the means were
calculated considering only genes among the 10% most (left) or least (middle)
expressedinS. cerevisiae. Theright panelisidentical toc, except foranaltered
y-axisscale.Errorbars ares.e.m.See Supplementary Note 17.

sequences have a characteristic intrinsic cyclizability pattern—that
is, high near the dyads and low near the edges—whichis absentin the
four codon-altered sets (Fig. 3g). Thus, naturally occurring codons
are optimized to establish sequence-dependentintrinsic cyclizability
modulations along genes that are favourable to the organization of
gene-body nucleosomes, which suggests that the evolution of codon
choicein S. cerevisiae has been affected by a selective pressure to
preserve such modulations. The observation also points to a hith-
ertounappreciated importance of positioning nucleosomes that lie
deeperin the gene body.

TSS-proximal nucleosomes are asymmetric

Several crucial processes such as transcription and DNA replication
require the unravelling of nucleosomes. DNA could potentially peel
offfrom either end, inamanner modulated by bendability. Asymmetry
in DNA bendability across the 601 nucleosome leads to asymmetric
unravelling under tension*. Biochemical analysis has shown that yeast
RNA polymeraselltranscribing a 601 nucleosome produces four times
more full-length transcripts when it enters the nucleosome through
the ‘TA-rich’side that contains the phased TA repeats®. Using loop-seq,
we also found that the TA-rich side has markedly higher intrinsic cycliz-
ability (Fig. 4a, Supplementary Note 18). This observationis consistent
withtheideathat RNA polymerase might better negotiate with anucleo-
somal barrier when it first interacts with the side of the nucleosome
that contains DNA with higher intrinsic cyclizability. We constructed a
library containing the 50-bp DNA fragmentsimmediately to the leftand
right of the dyads of approximately 10,000 well-positioned . cerevisiae
nucleosomes (Fig. 4b, Supplementary Note 4). We found that DNA at
well-occupied +1and +2 nucleosomes has, on average, higher intrinsic
cyclizability on the promoter-proximal face than the distal face (Fig. 4c),
which suggests that this asymmetry may favour polymerase transloca-
tion. Consistently, this asymmetry is accentuated among the highly
expressed genes and absent among poorly expressed genes (Fig. 4d).
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Conclusions

Intrinsic cyclizability is, to our knowledge, the only mechanical prop-
erty of DNA to be directly measured in high throughput, and will
improve our understanding of how DNA mechanics influences chro-
matin transactions involving diverse factors such as topoisomerases,
transcription factors, polymerases, and the structural maintenance
of chromatin proteins. The large dataset enabled by loop-seq should
make it possible to develop comprehensive models to predict intrin-
sic cyclizability and other physical properties from DNA sequences.
Preliminary analysis showed that simple sequence features such as
GC content, poly(A) tracts, and dinucleotide parameters are generally
weak orinsufficient predictors of intrinsic cyclizability (Extended Data
Fig.10, Supplementary Note 16).

Our measurements suggest that intrinsic cyclizability is function-
ally important and must have applied selective pressure throughout
the evolution of genomes. It remains to be determined how genetic
information content and the mechanical properties of DNA are linked,
and how the sequence-dependent mechanical response of DNA to
molecular-scale forces in its immediate environment may have influ-
enced both the slow divergence of organisms and rapid mutations in
contexts such as cancer.
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Methods

No statistical methods were used to predetermine sample size. The
experiments were not randomized, and investigators were not blinded
to allocation during experiments and outcome assessment.

smFRET based single-molecule DNA looping assay

Templates were purchased (IDT DNA) and converted into loopable
molecules with10 bp complementary overhangs oneither side, Cy3 and
CyS5 fluorophores at the ends, and a biotin molecule (Supplementary
Note1) via PCR amplification with KAPA Hi Fi Polymerase (Roche) and
nicking near the ends by the site-specific nicking enzyme Nt.BspQ1
(NEB). Molecules were immobilized on a PEG-coated quartz surface
(JHU slide production core for microscopy) functionalized with a
small amount of biotin-PEG, via a streptavidin sandwich, as previously
described®. Immobilized molecules were incubated with T2.5(2.5mM
NaCl, 10 mM Tris-HCI pH 8) for 1.5 h. Low-salt imaging buffer 20 mM
Tris-HCIpH 8,3 mM Trolx, 0.8% dextrose, 0.1 mg ml™ glucose oxidase,
0.02 mg ml™ catalase) was flowed into the channel and the molecules
wereimaged on a TIRF microscope to determine the initial histogram
of FRET values. High-saltimaging buffer (1M NaCl, and all components
ofthe low saltimaging buffer) was thenintroduced into the channel at
time 0, and FRET histograms were measured at various time points as
done previously®. The plot of the percentage of molecules with both
donor-acceptor pairs in high FRET as a function of time was fit to an
exponential. Its time constant was defined as the looping time. The
inverse of this was defined to be the looping rate.

Loop-seq

Instead of individual templates, entire libraries representing as many
as approximately 90,000 individual DNA sequences, with the central
50 bp variable and flanked by identifcal 25 bp adapters, were obtained
(Genscript), and amplified using KAPA Hi Fi polymerase (Roche) in
20 cycles of emulsion PCR* (ePCR) using the Micellula DNA emulsion
and purification kit (CHIMERX). The manufacturer’s guidelines were
followed during ePCR. ePCR prevents improper annealing among
different template molecules via the common adaptor sequences.
Amplification converted the library into 120 bp duplex molecules
with a biotin near one end, and the recognition sequence for the nick-
ing enzyme Nt.BspQ1 (NEB) near both ends (Supplementary Note 1).
Twenty microliters of streptavidin-coated magnetic beads (Dynabeads
MyOne Streptavidin T1, Thermo Fisher Scientific) was washed twice
with 400 pl T50 BSA (1 mg mI™ BSA (Invitrogen) in T50 (50 mM NaCl,
10 mM Tris-HCI pH 8.0)) and resuspended in 20 pl T50 BSA. Ampli-
fied DNA (2 ul of approximately 4 ng pl™) was mixed with 5 pl of water,
and 20 pl of the washed magnetic beads were added. After incuba-
tion for 10 min, the DNA-bound beads were washed twice with 200 pl
T50BSA and once with 200 pl TIOBSA (1 mg mlI™ BSA (Invitrogen) in T10
(10 mM Tris-HCI pH 8.0, 10 mM NacCl)). Digestion mix (84 pl water,
10 ul10x NEB buffer 3.1, 6 ul Nt.BspQ1 (NEB)) was prepared and heated
to50 °Cfor 5min. Digestion resulted in animmobilized library, inwhich
every DNA molecule has a central 50-bp duplex variable region, flanked
by 25-bp left and right adapters and 10-nucleotide complementary
single-stranded overhangs (Fig.1d, Supplementary Note1). The beads
were pulled down and incubated with the heated digestion mix for
25minat37 °C. Thebeads were then washed twice with100 pl of TIOBSA
preheated to 50 °C, followed by 200 pl of T2.5BSA (1mg mI™ BSA (Invit-
rogen) in T2.5 (10 mM Tris-HCI pH 8.0,2.5 mM NacCl)). The beads were
incubated in 200 pl T2.5BSA for 1.5 h on arotor at room temperature.
Thebead sample was then splitinto two 95 pl fractions denoted ‘sample’
and ‘control’. The beads in the sample fraction were pulled down and
resuspended in 200 pllooping buffer (1M NaCl,1mg mI™ BSA, 10 mM
Tris-HCI pH 8) for 40 s. High-salt buffer (1 M NaCl) initiates looping,
which allows the complementary single-stranded overhangs at the
ends to stably hybridize®. Apparent DNA bendability has been shown

to be independent of the salt concentration used®.The tube contain-
ingthe sample was then placed on magnets for an additional 35s. The
looping buffer was replaced with 200 pl of digestion buffer (6.66 pl of
RecBCD (NEB), 20 I 10x NEB buffer 4, 20 pl of 10x ATP (NEB), 154 pl
water) for 20 min. This was defined as looping for 1 min. In general,
looping for n minutes indicates incubation in looping buffer for up to
20 sbefore the completion of n minutes, followed by 35 s over magnets
before the solution was replaced with digestion buffer. After 20 min,
digestion buffer was removed by pulling down the beads and replaced
with 200 pl of looping buffer. The control was treated in exactly the
same way, except the digestion buffer had 6.66 pl of water instead of
RecBCD. Beads in the sample and control fractions were then pulled
down and thelooping buffer was replaced with 50 pl of PCR mix (25 pl
2x HiFi KAPA Hot Start ready mix (Roche), 1l each of 100 M primers
(Supplementary Note 1), 23 pl water) and PCR amplified (16 cycles). If
the library contained less than 20,000 sequences, the products were
sequenced onan Illumina MiSeq machine. For more complexlibraries a
HiSeqmachinewasused. Library preparation for sequencing was done
using the Nextera XT primer kit and followed a protocol similar to the
Illumina protocol for 16S metagenomic sequencing library preparation.

Sequencing results were mapped to the known sequences in the
library using Bowtie 1. The number of times each sequence was rep-
resented in the sample and control was obtained and 1was addedtoall
counts. The relative population of each sequence in the digested and
control pools was calculated. Cyclizability of a sequence was defined
as the natural logarithm of the ratio of the relative population of a
sequenceinthe sample pooltothatinthe control. Inaddition to Bow-
tie1¥, SAMtools®, smCamera, and MATLAB (MathWorks) versions 9.0,
9.2,9.4,9.6 were used to analyse the data.

Purification of INOSO

INO8O was purified according to a protocol published earlier®. In brief,
S.cerevisiae cellswere grownin121of YPD medium to anoptical density
(OD) of 1.5. Frozenyeast cellswere lysed in a SPEX freezer mill (15 cycles:
precool 2 min, runtime 1min, cool time 1 min, rate 15 cps). INO80-3Flag
was affinity-purified from whole lysate using anti-Flag M2 agarose
beads and eluted with Flag peptide (0.5 mg mI™). The complex was
further purified by sedimentation over a20-50% glycerol gradient. Peak
INOS8O fractions were pooled and concentrated using Centricon filters
(50 kDa cut off), and buffer changed to 25 mM HEPES-KOH (pH 7.6),
1mMEDTA,2 mMMgCl,,10%glycerol, 0.01% NP-40,0.1MKCI. Aliquots
of purified INO80 were flash-frozen and stored at -80 °C. Recombinant
INO8O was also purified as per earlier protocols®.

Nucleosomessliding by INOSO

Nucleosome preparation and sliding by INO80 was performed under
conditions as reported earlier”. Sliding in the presence of various con-
centrations of INO8O as reported in Fig. 2f (for 1 min) and Extended
DataFig. 7 (for 1min and 2.5 min) was performed in 10 pl reaction vol-
umes containing 8 nM nucleosomes (nucleosomes formed on both
constructs in the pair were present in equimolar proportion), 2 mM
ATP,24 mM Tris-HCI pH7.5,43 mMKCl, 2.86 mM MgCl,, 0.55% glycerol
and indicated concentration of INO80. The mixture was incubated
without ATP at 30 °C for 7 min. After addition of ATP, the reaction was
allowed to proceed for 1 min at 30 °C, and was then quenched by the
addition of lambda DNA and ADP to final concentrations of 66.7 ug
ml™and 20 mM respectively. For all sliding experiments reported in
Extended DataFig. 6b (time course of INO80 sliding), conditions were
the same exceptincubations before ATP addition and the subsequent
sliding reaction were carried out at room temperature. The reaction was
continued for theindicated amounts of time in presence of saturating
INO8O before quenching. Quenched reactions were loaded on to 6%
TBE (Tris-borate-EDTA) gels (Invitrogen) in presence of 10% glycerol
andrun at150 V for 1.5 h. The gel was imaged separately for Cy3 and
CyS5 fluorescence.



Article

Statistics and reproducibility

All presented loop-seq datain figures (unless explicitly comparing
between multiple loop-seq runs on the same library, as in Extended
DataFig.3c) were compiled fromasingle run of loop-seq onthelibrary
in question. However, some sequences in every library were included
as part of at least one other library. Pearson’s coefficient of correla-
tion for the intrinsic cyclizability values of these common sequences
(and the 95% confidence interval and P values), as obtained via the
two independent loop-seq runs on the two libraries, was measured
to confirm reproducibility (Extended Data Fig. 3a-c, Supplementary
Notes 4-6,9,12,14). All such Pearson’s correlation coefficients were
greater than or similar to the correlation coefficient of cyclizability
values of the two sets of reverse complement sequences in the ‘mixed
reverse complement of the random library and the random library’
(Extended Data Fig. 3f). Furthermore, measurements of intrinsic
cyclizabilities of common sequences in different libraries constitute
completely independent measurements starting fromindependently
purchased libraries from the manufacturer.

All Pearson’s r values have been calculated using the ‘corrcoef”
function in MATLAB (MathWorks). For two random variables A and
B, Pearson’s ris the covariance of A and B, divided by the product of
their standard deviations. Pvalues have always been calculated using
the MATLAB (MathWorks) function ‘corrcoef’, which calculates the
Pvalue by transforming the correlation to create a ¢-statistic having
n-2degrees of freedom, where n is the number of measurements.
The test was always two-sided. Further, extremely small Pvalues have
always beenindicated as P<0.00001.

Reproducibility of the result that nucleosome sliding by INO8O is
favoured by flexible linker DNA was verified by repeating one condi-
tion for each of the three pairs shownin Fig. 2f fiveindependent times
(Extended DataFig. 7a, c). The same preparations of nucleosome con-
structs and INO80 enzyme were used, although all subsequent steps
were performed independently. However, swapping the Cy5 and Cy3
fluorophores between the two constructs in pair 1 (Extended Data
Fig. 7b) required re-preparing of nucleosome constructs.

Direct reproducibility of smFRET experiments to measure looping
kinetics (Fig.1c) was limited to repeating the measurement oncein the
case of one of the sequences (Extended Data Fig. 3i). Our goal was to
establish correlationbetween alarge number of smFRET measurements
on different sequences and their corresponding cyclizability values
derived by loop-seq. Thus every time we performed a new smFRET
experiment, we used a different sequence, rather than repeat an ear-
lier measurement. High correlation between looping times measured
via smFRET and cyclizability measured via the independent loop-seq
method (Fig. 1f) establishes cyclizability as an accurate measure of
looping time.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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tions and NCP scores along the genome of S. cerevisiae as previously
reported have been accessed from NCBI Gene Expression Omnibus
(GEO) under accession number GSE36063. Nucleosome occupancy
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Extended DataFig.1| Time courseloop-seq.a, Loopingkinetic curves of two
individual sequences that were part of the cerevisiae nucleosomal library
(Supplementary Note 4), obtained by performing two individual smFRET
experiments (Fig. 1a-c) as well as timecourse loop-seq (Supplementary Note 3)
onthelibrary.b, Looping times of 10 sequences that were part of the cerevisiae
nucleosomal library obtained from 10 individual smFRET experiments (Fig. 1c)
versus looping times obtained by performing time-course loop-seqonthe

library. Pearson’sr=0.84;95% Cl=0.44,0.96; P=0.002, two-sided t-test.
c,Looping barriers (natural logarithm of the looping times; see Supplementary
Note 2) of all 19,907 sequences in the cerevisiae nucleosomal library obtained
by performingtime-course loop-seq versus the corresponding cyclizability
values obtained by performing regularloop-seqinvolving1min of DNAlooping
before RecBCD digestion. Pearson’sr=0.833;95% Cl=0.829,0.837;
P<0.00001, two-sided t-test.
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Extended DataFig.2|Pre-looped and looped geometries. Before annealing
ofthe ends, the DNA rapidly samples various configurations where the ends are
farapartor closer together, described here for simplicity asarapid equilibrium
between two representative states. As previously described®, annealing
capturesthe stateinwhichthe ends are close together. Thus, the rate of
looping as measuredinthe FRET based assay reports on the equilibrium
population fraction of the state where the ends are close but not annealed,
irrespective of the exact shape and geometry of the subsequent annealed state.
Itthus addresses the biological question of how quickly regions of DNA can
approach, which canthenbe stabilized by protein binding®. However, the
formation of nucleoprotein complexes may require notjust the ends to
approach, buttheintervening DNAto also adoptacertainshape,andthe
readout of looping rate does not distinguish between these possible shapes.
Various shapes have been proposed for the subsequent annealed state, such as
ateardrop configuration where the nicks are open and base-pair stacking
across nicksis disrupted, and asmooth state in which base-pair stackingis
preserved across the nicks'. Other non-canonical geometries may also be
possible, suchasaU-turn geometry, where the sticky overhangs interact via
reverse Watson-Crick base-pairingin a parallel stranded configuration.
Conventional Watson-Crick base pairing between the overhangs, butina
geometry similar to the U-turn configuration, has been achieved in the past
(hairpinloop'). Presence of mismatches or transient defects in the duplex
region may influence whether suchageometry is preferred over the teardrop
or smooth configuration’®. Because allmembers of various libraries in our
study used the same overhang sequences, relative differences between themin
their looping kinetics are unlikely to be affected by a potential conformational
heterogeneity of the looped state.
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Extended DataFig. 3| Controls pertaining to the loop-seqassay. a, Seven of
thetensequences whose looping times were measured using sSmFRET
(sequences1-7inFig.1c,andlisted in Supplementary Note 1) were combined to
formasmalllibrary. Plotted are the cyclizability values obtained by performing
loop-seqonthislibrary versus the looping times obtained from the individual
smFRET experiments. Pearson’sr=-0.977;95% Cl=-0.848,-0.997;
P=0.0002, two-sided t-test. This plot is similar to thatin Fig. 1f, except that
loop-seqwas performed onamuch smaller library comprising only these seven
sequences. This controlserves to revalidate the anti-correlative relation
betweenlooping time and cyclizability and confirm reproducibility of loop-seq
measurements. b, Regular PCR of the entire library containing multiple
templates cangenerateincorrectly annealed products that are annealed via
the 25-bpidentical adapters at the ends but have 50-bp bubblesin the middle.
Such constructs would probably be extremely flexible and be protected from
digestion owingtorapid cyclization. Emulsion PCR separates the templatesin
individual droplets, thereby preventingincorrect annealing between different
templates. We performed a control experiment to verify that emulsion PCR of
thelibrary does not affect the measured value of cyclizability. In one case,
seventemplatesequences (sequences1-7 aslisted in Supplementary Note 1
and Fig.1c) were mixed and then asingle round of ePCR was performed to form
asmalllibrary.Inanother case, seven separate regular PCR amplifications were
carried out for the seven template molecules. The amplified products were
then mixed in equimolar proportions to formthelibrary. Loop-seqwas
performed onthese two 7-member libraries and two sets of cyclizabilities of
the seven sequences were measured. Asindicated, these values are highly
correlated. Pearson’sr=0.992;95% Cl=0.951,0.999; P=8 x10°°, two-sided
t-test.c, Technical replicates of loop-seq performed on the cerevisiae
nucleosomallibrary (Supplementary Note 4). Pearson’s r=0.869; 95%
CI=0.865,0.872; P<0.00001, calculated using two-sided t-test. Pvalue was
obtained from atwo-sided t-test. The same original library as provided by the
manufacturer (Genscript) was used, but all subsequent steps were performed
independently.d, This control was performed to verify the expectation that
DNA sequences which are more bendable and thus loop quickly under high salt
conditions are slow tounloop under low salt conditions. Inred is the looping
kinetics of sequence 6, andingreenisthat of sequence 7 (Fig. 1c) measured
using SmFRET. For the unlooping measurements, the slide containing nicked
DNAwas incubated for 2 h with high-saltimaging buffer containing1M NaCl.
After that, low-saltimaging buffer containing noadded NaCl was flowed inand
the percentage of moleculesin high FRET as afunction of time was measured.
e, This control was performed to verify that while performing loop-seq,
molecules do notsignificantly unloop during the 20 min of digestion with
RecBCD (Methods). If they do unloop, they would beimmediately digested,
which would affect the measurement of cyclizability. Sequence 5
(Supplementary Note 1) was used in this experiment. We find that digestion
buffer (without the RecBCD enzyme) isinitself capable of looping molecules,
andthattoo ataslightly faster rate thanin the presence of looping buffer
(whichhas1MNaCl, see Methods). This is owing to the presence of Mg* ions in
the digestion buffer, which we know to also effect looping by allowing stable

hybridization of the ends®. Thus, molecules loopedinthe presence of 1M NaCl
inlminareexpectedtostaylooped during the subsequent 20 min of digestion
with RecBCD. f, This control was performed to understand the effect of the
orientation of the central 50 bp sequence on the measured value of
cyclizability. First the random library was constructed (where the sequence of
DNAinthe 50 bp central variableregionare randomly selected; Supplementary
Note5). Thenalibrary called ‘mixed reverse complement of the random library
andrandom library’ was constructed by mixing therandom library with
anotherlibrary,inwhich every sequencesinthe randomlibrary was present,
buthadits central 50-bp variable region flipped (Supplementary Note 6). Loop-
seqwas performed on this new library. We found that the cyclizability of a
sequencerepresentedinthe Random Library half of this new library was
correlated with that of the corresponding sequence in the other half, where the
central 50-bp region was flipped. Pearson’s r=0.73;95% Cl=0.72, 0.74;
P<0.0000]1, calculated using atwo-sided t-test. g, This plot serves to confirm
theexpectations that RecBCD does not digest looped molecules, and that over
sufficient time, most molecules, evenrigid ones, willloop. During time-course
loop-seq (Supplementary Note 3), the original sample was splitinto eight
identical fractions. Looping for various amounts of time and subsequent
digestion was carried out for seven of the eight fractions, and one fraction was
notsubject to any digestion. All fractions were then PCR amplified (16 cycles)
under identical conditions (see methods). Plotted are the concentrations of
DNA obtained after PCR versus the corresponding times the samples were
subjecttothe looping condition. These data points were fit toan exponential
curve (solid line). The DNA concentration was obtained when no digestion was
performed is represented as the dashed horizontal line. The fact that the fitted
exponential approaches the dashed line indicates that for very longlooping
times, almost allmolecules, even very rigid ones, have had sufficient time to
loop and hence are protected from digestion. Thus, in this case, the
concentration of DNA obtained after PCR of all surviving molecules
approachesthat of the fraction where no digestion was performed at all.
Whether RecBCD would digest molecules sealed vianon-canonical parallel
base-pairing or other geometries (Extended Data Fig.1) is not known. However,
this controlsuggests that either it does not, or such unconventional base-
pairings arerare. h, These plots serve to further demonstrate thatif the library
ispermitted toloop for averylongtime, most molecules, even very rigid ones,
willloop, and thatlooped molecules are protected from subsequent digestion
with RecBCD. In this case, the relative populations of various sequences
measured after digestion should be similar to the case where no digestion was
performed at all. We find thistoindeed be the case: thereis good correlation
between the relative population ofasequenceinsample1oftime-courseloop-
seq (no digestion) and sample 8 (2 h of looping followed by digestion). However,
correlationbetween therelative population of asequence insample 1and that
ofasequenceinsample 2 (1minoflooping before digestion) is much weaker.
Thisisbecauseinsample 2, only those molecules whose sequences render
thembendable enoughtoloop under1minare protected from subsequent
RecBCD digestion. i, Technical replicates of the looping kinetic curve of
sequence number 3 (Supplementary Note 1) measured using smFRET.
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Extended DataFig. 4 |Dependence of cyclizability on tether geometry and
rotational phasing. a, Loop-seqwas performed on therandomlibrary
(Supplementary Note 5). Plotted is the mean A/T content as a function of
positionalongthe central variable 50 bp region, where the meanis calculated
by averaging over the 1,000 most cyclizable (red) or least cyclizable (blue)
sequences. The value of n (n=26) is the distance in nucleotides of the biotin
tether fromthe end of each moleculeinthelibrary (Fig.1d). b, Inan untethered
geometry, sequence features such as the phase of the oscillationsin A/T
contentmayresultinthelooped configuration havinga preference for a
certain poloidal angle (rotation along the long axis of DNA). Preference for a
certain poloidal angle translates to a preference for acertain orientation of the
biotin-streptavidin tether. Shown above are two extreme cases—in one case,
the poloidal angle preference of the sequence results in a preferential
orientation of the tether onthe outside, whilein the other case, the tether
pointstotheinside at the point of contact with the DNA. As the biotin-
streptavidin-complexis quite large, the outside orientation may be more
favoured for looping owing to steric considerations. The outside orientation
canbeconverted to theinside orientation by moving the biotin tether point to
abasethatis halfthe DNA helical repeat away. This may explain why the phase
oftheoscillation of A/T contentamong the most or least cyclizable sequences
shifts by halfthe helical repeat of DNA when the tether pointis also shifted by
halfthe helical repeat of DNA (about 5 bases) (compareaandc).c, Therandom
library was re-prepared, placing the biotin 31 nucleotides away from the ends
(n=31)and loop-seq was performed. Plotted are the same quantitiesasina,
exceptthe1,000 most andleastcyclizable sequences of the library were
identified based on the newly obtained cyclizability values under the n=31
condition.d, e, See contextinwhich these panelsarereferredtoin

Cyclizability (n = 0) Intrinsic cyclizability

(55 bp variable region)

Supplementary Note7.Ine, Pearson’sr=0.987;95% Cl=0.986,0.987;
P<0.00001, two-sided t-test.f,Mean A/T content as a function of position
along the variableregion of therandomlibrary, where the averaging is
doneoverthe1,000sequences that have the highest (red) or lowest (blue)
values of intrinsic cyclizability. The scale of the axesis the sameasinaand c.

g, Amplitude spectraobtained from the fast Fourier transforms of the plots
inf(solid lines) and a (dashed lines). h, 2D histogram of the scatter plot of
measured cyclizability of sequencesinthe randomlibrary prepared with the
biotinatthe very end of the molecule (n =0 condition) vsits predicted value
based onthe oscillatory model (equation (1) in Supplementary Note 7).
Pearson’sr=0.787;95% Cl=0.78,0.793; P<0.00001, two-sided t-test. i-k, 2D
histogram of scatter plot of measured cyclizabilities of sequencesin the
random library prepared atn=0vs prepared atn=26,29,31nucleotides.

Ini, Pearson’sr=0.38;95%Cl=0.37,0.40; P<0.00001, two-sided t-test.

Inj, Pearson’sr=0.70;95% Cl=0.69,0.71; P<0.00001, two-sided t-test.In

k, Pearson’sr=0.77;95% CI=0.76,0.78; P<0.00001, two-sided t-test.l, The use
oflong10-nucleotide overhangs has been shown to eliminate the need for
ligaseandtoreduce the dependence of looping on rotational phasing between
the ends®. Shown hereisa2D histogram of the scatter plot of intrinsic
cyclizability of asequenceinthe random library (which had 50 bp of DNA along
thecentral variableregion) versus the corresponding sequenceinlibrary L
(Supplementary Note 8),in which 5bases were added to the variableregion. A
correlation coefficient only slightly poorer than the correlationbetween
cyclizability values of the random library and the reverse complement of the
random library (Extended Data Fig. 3f) suggests that rotational phasing of the
ends does not significantly influence intrinsic cyclizability. Pearson’sr=0.63;
95%Cl=0.61,0.65; P<0.00001, two-sided t-test. See Supplementary Note 8.
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Extended DataFig. 6| DNA pairselectionand timecourse of INOSO
remodelling. a, Intrinsic cyclizability as a function of position from the +1
nucleosomal dyad, along the 334th, 75th and 301st genes in the list of 576 genes
alongwhichintrinsic cyclizability was measured (Supplementary Note 9). The
80-bp linker regions of both constructs (withrigid and flexible linkers
extending from the 601sequence) in pairs1,2 and 3 along whichINO80 sliding
extent was measured, were selected from the 334th, 75th, and 301st genes
respectively. Genes areoriented in the upstream to downstreamdirection. Red
andgreen denote the selected 80-bp less rigid and more rigid linker regions,
respectively. See Supplementary Note11. b, ¢, Theremodelling reactions
showninFig.2f wereall performed for 1 min of remodelling, under various
enzyme concentrations. Here we show, instead, remodelling reaction time
courses at saturating concentrations of INO8O0 for all three pairs. Conditions
areidentical to Fig. 2f, except that saturating (30 nM) INO80 isused and
remodellingis permitted to progress for various amounts of time after
addition of ATP (Methods). Inall cases, the two constructsina pair are present

\
pair 3
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30 60 Time since addition of ATP (sec)
pair 1
(repeated)

simultaneously, and distinguished by imaging the gel once for Cy3 and once for
Cy5fluorescence. Thus, although the sliding extent can be very sensitive to
sliding time (especially for short sliding times), robust comparisons of sliding
extents canbe madebetween the two constructsina pair. Quantificationis as
describedinSupplementary Note11. Sliding on the constructsin pair 1was
repeated inaseparate experimentin presence of 30 nM enzyme, and also side
bysideinpresence of 60 nM enzyme. Near identical extents of sliding indicate
saturation hasbeenreached at30 nMINOS8O. d, Ratio of the fractional sliding
extentinthe construct formed on the more flexible linker to that formed on the
morerigid linker, at various time points since addition of ATP, and in presence
of30nMINO8O0. The dashed lineindicates aratio of 1. The ratio iscomputed
fromthe datainb. The extent of sliding under saturating enzyme conditionsis
consistently higher for the constructinvolving more flexible linker (except, as
expected, when thesliding extent approaches100%). Solid lines connect
observations that were made from the same initial reaction volume by
samplingits fractions at various time points.
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Extended DataFig.7|Control experiments pertaining to the
INO80-mediatedsliding of nucleosomes. a, To assess our confidenceinthe
resultthat INO80 mediated slidingis greater in the construct with the less rigid
linker, we performed nucleosome-sliding experiments similar to those
reported in Fig. 2f five times for each pairin the presence of 9 nMINO80 and for
2.5minofsliding. These constitute technical replicates. The products of
sliding were analysed ona 6% TBE gel as done in Fig. 2f. Each gel wasimaged
separately for Cy3 and for Cy5 fluorescence and quantified to calculate the fold
differenceinsliding extent between the flexible and the rigid constructin each
pair. The measurements of fold-differences for each pair are displayed in the
box plots, along with the actual data points. The central mark in each box (red)
represents the median and the bottom and edges represent the 25th and 75th
percentile respectively. The whiskers extent to the most extreme datapoints.
Alsoindicated arethe meanands.d.,and upper limit of the Pvalue (defined
here as the probability of obtaining a fold-difference of 1if the distribution of
fold differences has the same mean and s.d. as that of these 5measurements) as
obtained by the application of Chebyshev’sinequality. Dashed linerepresentsa
fold-difference of 1. b, In the experiment described in Fig. 2f, the more rigid
constructinall pairswas labelled with Cy3, while the less rigid construct was
labelled with Cy5. This control verifies that the result that sliding extentin
greaterinthelessrigid constructis notinfluenced by different dye properties.
We swapped the dyes between the two constructs in pair 1. We then performed
nucleosome-sliding experiments on this modified pair 1 constructs for the
three INO8O concentrations thatyielded detectible sliding in Fig. 2f (6, 9,13
nM), and for 1min of sliding as in Fig. 2f. The products of sliding were analysed
ona6%TBEgel, and the sliding extents quantified asin Fig. 2f. Weindeed find
thatevenwhenthe dyesare swapped, sliding extentis greater for nucleosomes
formed onthelessrigid construct. c, To obtain better statistics of sliding
alongthe dye-swapped pair1constructs, we repeated one of the conditions
inb (13nMINO80, 1 min of sliding) five times. These constitute technical
replicates. The measured fold-difference values are displayed in the box plot.
Thecentralmarkineachbox (red) represents the medianand the bottom and
edgesrepresent the 25th and 75th percentile respectively. The whiskers extent
to the most extreme datapoints. Alsoindicated are the mean, s.d. and upper
limit of the Pvalue (defined asin a) as obtained by the application of
Chebyshev’sinequality. Dashed line represents a fold difference of 1.
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chromosome Vlibrary (Supplementary Note 12).
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Extended DataFig. 9 |Intrinsic cyclizability along nucleosomes.

a, Distribution of NCP scores® of all 3,192 S. cerevisiae chromosome
Vnucleosomes. Quartile and octile boundaries of the distribution are shown as
dashed linesand numbered (1to 4 for quartiles and 1to 8 for octiles). b, Mean
intrinsic cyclizability of DNA as a function of position from the dyads of
nucleosomes along yeast chromosomeV, averaged over nucleosomesin each
octileindicatedina. Errorextents (shaded background) ares.e.m.c, Mean
intrinsic cyclizability as afunction of position, averaged overall 3,192 S.
cerevisiaechromosome V nucleosomes (solid line). Height of the shaded region
isthestandard deviation of measurements. d, Scatter plot of the NCP scores of
the 227 +1 nucleosomes of the 227 genes identified along chromosome Vvs the

+1 -mean intrinsic cyclizability

Position from +1 dyad (bp)

meanintrinsic cyclizabilities of DNA along the 147 bp that span these
nucleosomes. Intrinsic cyclizability values were obtained by performing
loop-seqonthechromosome Vlibrary. Pearson’s r=0.28.95% Cl=0.15, 0.39.
P=2.6x107%, t-test, two-sided. e, Plot of intrinsic cyclizability as a function of
positionalongallthe 576 genesin the tiling library (red), and among 34% of
these genesthat had the highest (black) or lowest (green) NCP score value of
thegene’s +1nucleosome. Plots were obtained inamanneridentical tothatin
Fig.2b. Intrinsic cyclizability on either side of the dyad of +1 nucleosomes of
genes that have high +1nucleosome NCP score (black) isasymmetric, being
higher onthe TSS proximal (thatis, ‘left’) side of the dyad.
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Extended DataFig.10|See next page for caption.
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Extended DataFig.10|Loop-seq measurements compared to expectations
based on earlier measurements and models. a, Two sets of 1,000 plots each
of A/T content as afunction of position along the central 50 bp variable region
of1,000 sequencesintherandom library with the highest and lowest values of
intrinsic cyclizability were generated. Fast Fourier transforms of these two sets
of1,000 plots were taken individually and used to calculateatotal of 2,000
amplitude spectra. Plotted is the mean of the 1,000 amplitude spectrafor the
1,000sequences that have the highest (red) or lowest (blue) intrinsic
cyclizability values. The plotindicates that sequences that have very high or
lowintrinsic cyclizabilities also tend to be characterized by enhanced or
suppressed periodic modulations in AT content respectively at the DNA helical
repeat.b, We consider a poly(dA:dT) stretch which hasatleast/consecutive A
or Tnucleotidestobeapoly(dA:dT) tract. For various values of [, plotted are
intrinsic cyclizability (top), poly(dA:dT) tract content (middle), and
nucleosome occupancy (bottom) vs position from the dyad of the +1
nucleosome, averaged over all 227 identified genesin S. cerevisiae
chromosomeV (blue) or over aselected subset of genes that show no peakin
poly(dA:dT) contentatthe NDR (red; 30%, 62%, and 86% of genes for (=4 bp, 7
bp,10 bprespectively). See Supplementary Note 15 for plotting details,
including how poly(dA:dT) contentis defined. c, 2D histogram of the scatter
plotbetween the number of poly(dA:dT) tractsin the 50 bp variable region and
intrinsic cyclizability of sequencesinthe chromosome Vlibrary. Any stretch of
lormore consecutive As or Ts (here [=4) is considered a poly(dA:dT) tract.
Thusasequence with onestretch of 5As, and noother Asor Ts, in the 50 bp
variableregionhas2 poly(dA:dT) tractsifis considered tobe 4. The scatter
plotindicates that the overall correlation between intrinsic cyclizability and
poly(dA:dT) contentis very poor. Only non-overlapping sequencesinthe
chromosome Vlibrary were considered. Pearson’sr=-0.07.95% CI=-0.09,
-0.05.P<0.00001, t-test, two-sided. d, Binned histogram of the datainc
(whichrepresentsthe/=4Dbp case), as well as for more restrictive definitions of
poly(dA:dT) stretches ({=5to 10 bp). The y-axis values are the meanintrinsic
cyclizabilities of those sequencesin the chromosome Vlibrary that contain the
number of poly(dA:dT) tractsin the central 50 bp variable region as specified
alongthexaxis. Errorbarsares.e.m.For[=4,thereweren=5,081,2,801,1705,

948,521,268,170 non-overlapping sequencesinthe chromosome Vlibrary
which hadapoly(dA:dT) contentofO0,1,2,3,4,5, 6 respectively.For/=5, the
corresponding Nvalues were 8,771,1,594, 695,323,150, 89,36.For [=6, the
corresponding Nvalues were 10,523, 655,295,117, 62,25,32.For[=7,the
corresponding Nvalues were 11,203, 290,109, 56,27,30,16.For [=8, the
corresponding Nvalues were 11,497,109, 58,23,30,17,11.For [=9, the
corresponding Nvalues were11,608,57,23,29,19,13, 7. Because the count of
poly(dA:dT) =6isless than10, this point was left out from the plot. For /=10, the
corresponding Nvalues were11,665,23,30, 21,11, 6,1. Again, the intrinsic
cyclizability for poly(dA:dT) content =5, 6 were left out from the plot because
thenvalue for these were less than10. e, 2D histogram of the scatter plot of
mean GC content along the central 50 bp variableregion of sequencesinthe
chromosome Vlibrary vs their intrinsic cyclizabilities. Pearson’s r=0.026.95%
CI=0.019,0.033.P<0.00001, t-test, two-sided. f, A plot of mean poly(dA:dT)
content (/=4) asafunction of position around the dyads of gene-body
nucleosomes along chromosome VinS. cerevisiae. The points along the
horizontal axis where the nucleosome categories (+1,+2, and so on) are marked
represent the dyads of the nucleosomes. Light shaded regionrepresentss.e.m.
Poly(dA:dT) content was calculated as described in Supplementary Note 15.
g,Mean poly(dA:dT) content (/=4) and AA/TT/TA vs position along the native
and codon-randomized nucleosomal DNA sequences of the same 500 +7
nucleosomes along whichintrinsic cyclizability profilesare reportedin Fig. 3g.
h, Predicted plectoneme density (PPD) (see Supplementary Note 16) (top),
intrinsic cyclizability (middle) and nucleosome occupancy (bottom) vs
position from the +1 nucleosomal dyad, averaged over all 576 genesin the tiling
library (Supplementary Note 9). PPD along each gene was first smoothened
using arollingwindow of 51bp. The smoothened PPDs were then averaged at
each positionacross all 576 genes, normalized by the mean, and plotted as the
solidlineinthe top panel. The shaded background representss.e.m. Intrinsic
cyclizability and nucleosome occupancy were plotted asin Fig. 2b. For the plot
ofintrinsic cyclizability, the solid blue and black lines represent data without
and with a7-fragment smoothening respectively (asin Fig.2b). The shaded blue
backgroundrepresentss.e.m.of intrinsic cyclizability valuesin the
unsmoothed data.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a | Confirmed

E The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
E A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

E The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XX O [0 XX OO

XOO X X O

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  smFRET data acquisition was carried out by custom scripts that can be obtained from “http://ha.med.jhmi.edu/resources/” or upon request.

Data analysis No sequencing analysis in this study depends on the use of specialized code. Bowtie 1 and SAMtools were used to analyze sequencing data.
Simple scripts written in MATLAB (Matworks) versions 9.0, 9.2, 9.4, 9.6 were also used and will be made available upon request.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability
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All sequencing data obtained as part of this study are deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) under
accession number PRINA667271. Nucleosome positions along the genome of S. cerevisiae as reported earlier have been accessed from NCBI Gene Expression
Omnibus (GEO) under accession number GSE36063. Nucleosome occupancy data in S. cerevisiae as reported earlier have been accessed from NCBI GEO under
accession number GSE97290. Figs. 1 - 4, as well as Extended Data Figs. 2-5, 8-10 have associated raw data. There are no restrictions on data availability.
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Sample size

Data exclusions

Replication

For all loop-seq measurements, the number of different sequences in a library was largely determined by the available options as provided by
the library manufacturer (Genscript). The manufacturer offered two library sizes: 12,472 sequences or 92,918 sequences. Accordingly, for
most libraries used in this study, the number of sequences were close to either of these two numbers. The only exception was the Cerevisiae
Nucleosomal Library, where two libraries (each ordered using the 12,472 size option) were mixed to construct the final 19,907 sequence
library. This number reflects the number of nucleosomal DNA fragments over which we could measure intrinsic cyclizability. The various N
values for the number of nucleosomes in each category (-9 through +9) in Fig. 4 merely reflects how many such nucleosomes were present in
the library.

In the Tiling library, tiling each gene at a resolution of 1 bp would have covered just a few genes, given the limitation of library size. Further,
we did not want to tile every 5 or 10 bp, because of potential phasing effects owing to the helical repeat. Hence, two viable options were 3 bp
and 7 bp. We chose 7 bp to allow us to cover more genes. Given the library size (92,918) this limited us automatically to 576 genes. A few
spots were still free, which we filled in with other test/ trial sequences.

Likewise, in the case of the ChrV library, we chose yeast chromosome V because upon tiling it at 7 bp resolution, the number of resulting
fragments would be close to the library size limit. The number of genes and nucleosomes over which data have been averaged in Fig. 3 are
not selected, but merely reflect the genes and nucleosomes present along yeast chromosome V.

In the case of Library L, we chose 500 nucleosomes to randomize gene sequences along, reflecting the fact that in the tiling library, there were
~500 genes we had measured flexibility along, and the averaging was sufficient to see distinct intrinsic cyclizability peaks associated with the
500 +1 nucleosomes. As described above, tiling was done at a resolution of 7 bp. Remaining spots in the library were filled with other
sequences for important control experiments, as described in Supplementary Note 14.

The number of DNA fragments for which we measured smFRET looping times (Fig. 1c) was so chosen, so as to sufficiently cover the broad
range of intrinsic cyclizability values of sequences in the Cerevisiae Nucleosomal Library (Fig. 1f).

For sliding experiments involving INO80, we chose to perform the experiment on 3 pairs of constructs. We were not attempting to build
quantitative kinetic models for how intrinsic cyclizability influences sliding rate. Our goal was to consistently ascertain whether rigid DNA
hinders INO8O0 sliding. We did so by measuring sliding rates on these three pairs under various conditions of [INO80], sliding time, or dye
labeling strategies (Fig. 2f, Extended Data Figs. 6, 7). The low-throughput nature of these measurements, the high costs associated with trying
out each new pair of sequences, and the nature of our goals, lead to us limiting the number of different pairs to 3.

No data were excluded.

All presented loop-seq data in figures (unless explicitly comparing between multiple loop-seq runs on the same library, as in Extended Data
Fig. 3c) were compiled from a single run of loop-seq on the library in question. However, some sequences in every library were included as
part of at least one other library. Pearson’s coefficient of correlation for the intrinsic cyclizability values of these common sequences (and the
95% confidence interval and p values), as obtained via the two independent loop-seq runs on the two libraries, was measured to confirm
reproducibility (Extended Data Fig. 3a-c, Supplementary Notes 4, 5, 6, 9, 12, 14). All such pearson’s correlation coefficients were greater than
or similar to the correlation coefficient of cyclizabilit values of the two sets of reverse complement sequences in the “Mixed Reverse
Complement of the Random Library and the Random Library” (Extended Data Fig. 3f). Further, measurements of intrinsic cyclizabilities of
common sequences in different libraries constitute completely independent measurements starting from independently purchased libraries
from the manufacturer.

All Pearson’s r have been calculated using the corrcoef function in MATLAB (Matworks). For two random variables A and B, Pearson’s r is the
covariance of A and B, divided by the product of their standard deviations. p values have always been calculated using the MATLAB
(matworks) function corrcoef, which calculated the p value by transforming the correlation to create a t-statistic having n-2 degrees of
freedom, where n is the number of measurements. The test was always two-sided. Further, extremely small p values have always been
indicated as p < 0.00001.

Reproducibility of the result that nucleosome sliding by INO8O is favored by flexible linker DNA was verified by repeating one condition for
each of the three pairs shown in Fig. 2f 5 independent times (Supplementary Note 7). The same preparation of nucleosomes were used,
though all subsequent steps were independent for these 5 replicates. Further, swapping the Cy3 and Cy5 dyes in one of the pairs required re-
preparing the nucleosome constructs.

Direct reproducibility of smFRET experiments to measure looping kinetics (Fig. 1c) was limited to repeating the measurement once in the case
of one of the sequences (Extended Data Fig. 3i). Our goal was to establish correlation between a large number of smFRET measurements on
different sequences and their corresponding cyclizability values derived by loop-seq. Thus every time we performed a new smFRET
experiment, we used a different sequence, rather than repeat an earlier measurement. High correlation between looping times measured via
smFRET and cyclizability measured via the independent loop-seq method (Fig. 1f) establishes cyclizability as an accurate measure of looping
times.

o]
Q
==
(=
=
(D
=
D
wn
D
Q
=
@)
o
=
D
°
©)
3
-]
«Q
wn
C
Q
=
S

0202 1Ay




Randomization  There was no allocation of samples into experimental groups, and hence the question of whether such allocation was random or not does not
arise.

Blinding There was no subjective investigation involved, or any investigation that could be influences by bias. All results were derived from sequencing
data, which is publicly available. Also, there was no group allocation involved, and so the question of whether investigators were blinded to it
or not does not arise.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

o]
Q
==
=
=
D
=
D
wn
D
Q
=
@)
o
=
D
©
©)
=
=5
-]
(@]
wn
C
3
3
Q
=
S

Materials & experimental systems Methods
Involved in the study n/a 7 Involved in the study
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