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Abstract

Diverse DNA-deforming processes are impacted by the local mechanical and structural properties of DNA,
which in turn depend on local sequence and epigenetic modifications. Deciphering this ‘mechanical code’,
i.e., this dependence, has been challenging due to the lack of high-throughput experimental methods. Here
we present a comprehensive characterization of the mechanical code. Utilizing high-throughput
measurements of DNA bendability via loop-seq, we quantitatively established how the occurrence and
spatial distribution of dinucleotide, tetranucleotides, and methylated CpG, impact DNA bendability. We
use our measurements to develop a physical model for the sequence and methylation dependence of DNA
bendability. We validate the model by performing loop-seq on mouse genomic sequences around
transcription start sites and CTCF binding sites. We apply our model to test the predictions of all atom
molecular dynamics simulations, and to demonstrate that sequence and epigenetic modifications can

mechanically encode regulatory information in diverse contexts.

[ntroduction

The local structural, shape, and mechanical properties of DNA can regulate diverse phenomena
that require DNA deformation. Various techniques have revealed that these properties depend on local
sequence and epigenetic modifications. For example, structural data® have been used to predict various
shape parameters (twist/ roll/ tilt) associated with all dinucleotides. These models predict plectoneme
density along genomic DNA', and to some extent, nucleosome organization from DNA mechanics,
although they do not capture key features of nucleosome occupancy data®. All atom Monte Carlo (MC)
simulations have predicted the sequence-dependence of local DNA shape®*, while molecular dynamics
(MD) simulations have observed surprising polymorphic behaviors associated with the shape parameters
describing B-DNA®®. However, experimental validation of such predictions is extremely limited®.

Direct experimental methods to measure how DNA sequence impacts its mechanical properties

have mainly included low-throughput techniques such as measuring cyclization rates of short DNA
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molecules’, DNAse I accessibility of DNA minicircles'”!'" and DNA stretching'? via AFM or hydrodynamic

drag. Low-throughput has restricted their use to primarily studying the mechanics of isolated examples of

13,14 15-17

promoter sequences'>!*, nucleosomal sequences'>!’, or sequences involved in transcription activation'®,
High-throughput SELEX-based methods have identified sequence features that are more enriched or de-
enriched in highly loopable molecules by performing several rounds of selection from an initial random
pool of sequences'”?’. However, quantitative bendability values have not been assigned to any sequence,
and as a result, SELEX data have not led to quantitative measures of DNA mechanics, or quantitative
models.

Cytosine methylation in the CpG contexts is a form of epigenetic modification in mammalian
genomes, and is capable of altering gene expression during development and in disease through preventing

transcription factor binding and recruiting specialized proteins®'*

. CpG methylation has also been
suggested to impact transcription by altering the mechanical and structural properties of DNA and
chromatin: CpG methylation increases the rupture force necessary for DNA strand separation®, reduces

DNA bendability'’, alters the stability of nucleosomes'’****

, and enhances polyamine-mediated DNA-DNA
association®®. However, methylation-induced changes in DNA physics have not been characterized in
diverse sequence contexts.

We recently reported a high-throughput experimental method called loop-seq to determine the
‘intrinsic cyclizability’ - a measure of cyclization propensity or bendability - of as many as ~90,000
different 50 bp DNA sequences at a time*’. Here we apply loop-seq to a large library of randomly specified
sequences, correlate intrinsic cyclizability with sequence features and CpG methylation state, and develop
a comprehensive characterization of the mechanical code. Application of our predictive model in various
contexts suggests the functional relevance of DNA mechanics. Loop-seq provides a high-throughput

experimental platform to test the predictions of MD simulations regarding distortion energy penalty and

structural polymorphism.

Results
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We previously reported?’ the intrinsic cyclizabilities of 12,472 50 bp DNA fragments (this set of
randomly chosen sequences was termed the random library (supplementary note 1)). Here, we measured

the intrinsic cyclizability of all sequences in the random library after we enzymatically methylated all CpG
dinucleotides for a side-by-side comparison. Overall, DNA becomes more rigid upon CpG methylation,
thereby suggesting that in addition to sequence, DNA mechanics depends on epigenetic modifications (Fig.
la, Supplementary Note 2). We therefore use these two datasets as a starting point for understanding how

DNA sequence and epigenetic modifications influence DNA mechanics.

Sequence featuresthat influence DNA cyclizability
The overall G/C content is uncorrelated with intrinsic cyclizability except for its increase at very high G/C
content above 65% (Fig. 1b). To test if certain dinucleotides influence intrinsic cyclizability, we sorted the
random library members according to intrinsic cyclizability and divided them into 12 bins. The number of
times each dinucleotide occurs in individual bins after appropriate normalization (Supplementary Note 3)
(Fig. 1¢) varied monotonically with bin number (there are some exceptions we will discuss later). We used
a linear fit and defined its slope as the bendability quotient of each dinucleotide (Fig. 1d, Supplementary
Note 3). For example, the TA dinucleotide (TpA) has the most positive bendability quotient, meaning that
having more TpAs makes DNA more bendable on average. Conversely, the CG dinucleotide (CpG) has the
most negative bendability quotient. Previous studies have suggested that TpA is particularly flexible’*>!
and is associated with highly bent DNA in nucleosomes®>*. Less is known about the contribution of CpG
to DNA mechanics. A SELEX-based study found that CpGs are depleted among the highly loopable
sequences, but they did not find specific enrichment of TA dinucleotides over other T/A dinucleotides'’.
TT and AA dinucleotides are represented highly in both the highest and the lowest intrinsic
cyclizability bins (Fig. 1c), suggesting that their positional distribution could play a greater role in

determining intrinsic cyclizability than their overall content. Short stretches of dA:dTs bend DNA towards

the minor groove. These bend directions add in phase or cancel out if repeated at the helical or half-helical
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period, resulting in globally curved or straight molecules that would have high or low intrinsic cyclizability,
respectively>*>°.

The availability of high-throughput data now permits us to quantitively evaluate how phased
repeats of any sequence motifs (not just short dA:dT stretches) influence DNA mechanics. There are 136
NN-NN dinucleotide pairs (such as AA-TT, AC-GG, etc.). For a given pair in a sequence, we define the
pairwise distance distribution function, p(i), as the number of times that the two dinucleotides appear
separated by a distance i, appropriately normalized (Supplementary Note 4). For example, the AA-TT
dinucleotide pair shows striking oscillations in p(i) when averaged over thousands of sequences: these
dinucleotides tend to more likely be separated by 10, 20 or 30 bp (i.e. multiples of the helical repeat) and
less likely be separated by 5, 15 or 25 bp (i.e. odd multiples of half the helical repeat) among the 1,000 most
cyclizable sequences (Fig. le, red curve) and vice versa among the 1,000 least cyclizable sequences (blue
curve). These observations are consistent with the known fact that short dA:dT stretches repeated every 10
bp result in curved molecules®”.

We discovered that other dinucleotide pairs can also influence intrinsic cyclizability depending on
their mutual distance (Fig. 1e). The CG — GC pair shows a similar behavior to AA-TT pair. The TT — GC
pair shows the reverse effects: sequences with high cyclizability have more instances of TT — GC separation
at 5, 15, or 25 bp, and vice versa. Several other pairs, such as CA — CA, show no oscillatory patterns. To
quantify these effects, we define a metric called the helical repetition index (HRI) of a given dinucleotide
pair in a given sequence as follows:

HRI= )" max(pi—D,p@,p(+ D)= Y max(p(i - 1),p(0),p(i + 1))
i=10,20,30 i=5,15,25

A high HRI of a dinucleotide in a sequence implies that, in that sequence, the dinucleotide pair in

question is more often separated by multiples of the helical repeat than by odd multiples of half the helical

repeat. HRI of each dinucleotide pair showed a linear dependence on intrinsic cyclizability, and we defined

the slope as a measure of the pair’s contribution towards intrinsic cyclizability (Fig. 1f). Dinucleotide pairs
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with all As or Ts make a positive contribution to intrinsic cyclizability (Fig. 1f). A similar effect was
observed for some of the dinucleotide pairs made of Gs or Cs only (Fig. 1f) and this is not a result of
exclusion of A/Ts (supplementary note 7), but is in fact consistent with an earlier suggestion that G/C
dinucleotides tend to bend DNA towards the major groove’. These curvatures might similarly add in phase
or cancel out in sequences where G/C rich dinucleotides occur every helical or half helical repeat,
respectively. In the case of hybrid pairs, where one dinucleotide is purely A/T containing and the other
purely G/C containing, DNA sequence with high HRI is less cyclizable. Consecutive bend directions
towards the minor and major groove every half-helical repeat or helical repeat would add in phase and
cancel out respectively, presumably contributing to this effect. These findings are consistent with SELEX
experiments which noted that A/T rich stretches separated by 5 bp from G/C rich stretches, on average, are
more represented in highly loopable molecules'. In addition, there are several hybrid pairs, such as AG-
GG, or GT-AG, which make significant positive or negative contributions to intrinsic cyclizability, which
could not have been predicted from prior literature.

Both dynamic flexibility as well as static bends may contribute to intrinsic cyclizability as noted
previously®’. Speculatively, the helical repetition index of dinucleotides determines intrinsic cyclizability
mainly by altering the static bent structure of DNA and determining whether alternate static bend directions
add in phase or cancel out. On the other hand, bendability quotients, by virtue of being independent of
nucleotide distribution, may reflect how dinucleotides contribute to dynamic flexibility.

We next asked whether the sequence features linked to high or low intrinsic cyclizability are found
in genomic landmarks. Genes are characterized by a well-ordered array of downstream nucleosomes
(labeled +1, +2, etc, depending on their distance from the TSS) and an upstream Nucleosome Depleted
Region (NDR)*°. Via loop-seq on S. cerevisiae, we discovered a narrow well-defined region of unusually
low intrinsic cyclizability co-centric with the NDR and regions of high local intrinsic cyclizabilities at the
locations of the downstream nucleosomes?’.

Averaged over 4,912 genes in S. cerevisiae that have previously been annotated as ORFs and both

ends mapped with high confidence’!, G/C content shows no special features around the TSSs, other than a
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general dip near the NDR (Fig. 1g), likely because NDRs are A/T rich. However, CpG content peaks at the
NDR and dips at nucleosomal dyads (Fig. 1g, supplementary note 8), contrary to the overall G/C content
distribution, but consistent with CpG having the most negative bendability quotient (Fig. 1d). Likewise,
TpA content peaks at +/-1 nucleosomal dyads and dips near the NDR (Fig. 1g, supplementary note 8),
consistent with TpA having the highest bendability quotient (Fig. 1d). The sum of the helical repetition
index of the 10 dinucleotide pairs that make the most negative contribution to intrinsic cyclizability peaks
near the NDRs and dips near the dyads of the +1 nucleosomes (Fig. 1g). In other words, such pairs tend to
more often be separated at the helical repeat (or less often at half the helical repeat) near the NDRs of genes,
and vice versa near the dyads of +1 nucleosomes. Likewise, the sum of the helical repetition index of the
10 dinucleotide pairs that make the most positive contribution to intrinsic cyclizability (such as AA-TT,
GC-GC, etc, Fig. 1f) averaged over all genes, peaks at the dyads of +1 nucleosomes and dips near the NDRs
(Fig. 1g). Therefore, the sequence features for high or low intrinsic cyclizability, identified from the random
library, are indeed found in genomic regions where we have independently measured?’ intrinsic cycliability
to be high or low, respectively. The low intrinsic cyclizability at the NDRs, and other shape properties of
DNA in this region, may contribute to nucleosome depletion by impacting the nucleosome sliding activities
of chromatin remodelers, as suggested earlier’”***. The high rigidity of DNA may also reduce nucleosome

32,44-48

occupancy by energetically disfavoring extensive DNA bending , although its effect may be

overshadowed by the action of chromatin remodelers.

Intrinsic cyclizability isrelated to DNA shape

DNA shape plays a fundamental role in determining the extent of protein-DNA interactions*’ and
the binding specificities of transcription factors™® and nucleosome formation®'. It is described by parameters
such as twist, roll, propeller twist, etc>’. Propeller twist is the angle between the planes of the two bases in
a base pair (Supplementary Note 9). High propeller twist has been suggested to be an attribute of rigid
DNA®. Indeed, we found that sequences with low measured intrinsic cyclizability have high predicted

propeller twist values (Fig. 2a).



179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203

204

Twist is the angle by which one base pair rotates relative to the adjacent base pair around the DNA
duplex axis. The CpG step transitioned between high and low twist conformations in MD simulation with
their relative populations depending on its tetranucleotides context’ and even within a defined
tetranucleotide context their relative weights depended on the identities of the flanking nucleotides™‘. To
provide an experimental test of these predictions® we first estimated the bendability quotients of all 256
NNNN tetranucleotides (Fig. 2b, supplementary note 10). NCGN and NTAN tetranucleotides tend to have
low and high bendability quotients, respectively, consistent with CpG and TpA having the lowest and
highest bendability quotients, respectively (Fig. 2b). NCGNs with stronger weight toward the low twist
conformation in MD simulations also showed low measured bendability quotients and vice versa (Fig. 2c¢),
lending experimental support to the polymorphic twist behavior of CpGs® and suggesting that low
bendability of CpGs arises from their low twist conformation.

Roll measures the rotation of a base pair plane around its long axis and may influence DNA
bending®®. All-atom MD simulations have reported the equilibrium roll angles associated with all NNNN
tetranucleotides’®. However, when a tetranucleotide occurs as part of a cyclized molecule, its roll angle has
to deviate from the unstressed value (supplementary note 11). We tested if the large variation in bendability
even for those sharing the same central dinucleotides is caused by variations in roll energy penalty incurred
upon cyclization. Indeed, for 16 different NCGN tetranucleotides, the energy penalty calculated from MD
simulations was higher if the experimentally determined bendability quotient is lower (Ipearson = -0.83)
(Supplementary Note 11) (Fig. 2d). Expanding the analysis to all 16 dinucleotides (NNs) showed several
other NNs where the 16 bendability quotients of tetranucleotides that contain the NN in the middle are
significantly anti-correlated with the corresponding roll energy values (Supplementary Note 12). Therefore,
roll energy penalty is a major determinant of DNA bendability in a broad sequence context.

Overall, MD simulations provided atomic level insights into the sequence-dependence of DNA

bendability derived from loop-seq analysis.

CpG methylations stiffens DNA in all sequence contexts
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CpG methylation has been proposed to affect transcription by altering the relevant physical
properties of chromatin'’**%>, However, there has been no high-throughput characterization of how DNA
mechanics is impacted by CpG methylation in a broad sequence context. Recently, DNA cyclization
measurements and MD simulations suggested that CpG methylation can make DNA more rigid'*°. These
experiments, however, were performed on a single DNA sequence, and require reevaluation because they
did not account for the surface tethering position that sets the phase of preferred bending?’. Intrinsic
cyclizability, which is determined from loop-seq data with three different tethering positions, showed that
CpG methylation, averaged over all sequence contexts, makes DNA more rigid (Fig. 1a). CpG methylation
decreases the bendability quotients of all tetranucleotides that contain at least one CG (Fig. 2e), indicating
that CpG methylation stiffens DNA in all sequence contexts.

We next examine the effect of CpG methylation on how the spatial distribution of dinucleotides
influences intrinsic cyclizability. Higher helical repetition index of unmethylated CG-NN pairs make DNA
more cyclizable if N = G or C, and more rigid if N = A or T (Fig. 1f). CpG methylation de-emphasize the
importance of phased dinucleotide pairs: CG-NN pairs with G/C rich and A/T rich NNs decrease and
increase, respectively, their contribution to intrinsic cyclizability as a result of CpG methylation (Fig. 2f).
Because contributions of dinucleotide pairs towards intrinsic cyclizability likely arise from the directions
of consecutive static bending every helical repeat either adding in phase or canceling out, we propose that
CpG methylation suppresses DNA bending towards the major groove at CpG steps. It has indeed been
suggested, based on crystal structures, that methylation increases steric hindrance at the major groove,
thereby widening the major groove and suppressing bending®’. Overall, loop-seq provides evidence that

CpG methylation decreases dynamic flexibility and buffers sequence-dependent static curving of DNA.

Modelsto predict intrinsic cyclizability
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After identifying sequence features that impact intrinsic cyclizability, we aimed to build a unified
physical model that predicts DNA mechanics from sequence by incorporating the effects of NN content
and NN-NN helical repetition indices (HRIs) (Fig. 1). A 50 bp DNA sequence can be described by a set of
16 NN contents (the number of times each of the 16 dinucleotides occurs in the sequence) and 136 NN-NN
HRIs. We built linear models that treat intrinsic cyclizability as a linear combination of firstly just the NN
contents, then just the NN-NN HRIs, and finally all the 152 parameters (16 NN contents and 136 NN-NN
HRIs (supplementary note 13, Figs. 3a-b). The best fit coefficients are obtained through multivariant linear
regression, using the Tiling Library as the training dataset. We tested the models by predicting the intrinsic
cyclizabilities of sequences in the Random, ChrV and Cerevisiae Nucleosomal Libraries (Fig. 3c).
Correlation coefficients between measured and predicted values obtained by the combined linear model are
in the range 0.52 — 0.54 (Fig. 3c), which are significantly higher than those obtained using NN contents
alone or NN-NN HRIs alone and are close to what we obtained using neural nets (Supplementary Note 14).

Predicted intrinsic cyclizability around 576 genes in S. cerevisiae captures all essential features that
were identified using the measured intrinsic cyclizability values — a well-defined region of unusually low
intrinsic cyclizability co-centric with the NDR, and local peaks in intrinsic cyclizability around the dyads
of downstream nucleosomes (Fig. 3d). The absolute values do not match between prediction and
measurement because the measured intrinsic cyclizability is defined only up to an additive constant which

depends on other sequences present in the library?’.

Theimpact of DNA mechanicsin promotersand CTCF sites

To explore relations between DNA mechanics and nucleosome organization, we compared
predicted intrinsic cyclizability with measured nucleosome occupancy around the TSSs in four different
organisms (Fig. 4a). For S. cerevisiae, predicted intrinsic cyclizability patterns broadly agree with what was
measured from a subset of genes (576 genes)”’ (Fig. 3d) — there is a well-defined region of rigid DNA
upstream of the +1 dyad, which coincides with the NDR (Fig. 4a). Additionally, flexibility peaks are visible

at the location of the +1 and -1 nucleosomes, and to a lesser extent, the +2 nucleosome. For S. pombe, we
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observed two marked differences™ (Fig. 4a). First, there is no special region of rigid DNA upstream of the
+1 nucleosome, and second, intrinsic cyclizability shows much stronger oscillations in phase with the
nucleosome occupancy oscillation, at least up to +7 nucleosome. It is possible that in the absence of a well-
defined region of rigid DNA at the NDR, paused polymerases’, transcription factors®® or other bound
factors may serve as a similar barrier to nucleosome sliding in S pombe. The more prominent oscillations
in intrinsic cyclizability are indicative of a greater importance of DNA mechanics in evenly spacing gene
body nucleosomes in S pombe than in S. cerevisiae, although the overall contribution of such an effect in
either species could be dwarfed by the action of chromatin remodelers. Future experiments involving
altering DNA flexibility via genome editing would be necessary to understand differences in how either
species translates genomic information into nucleosome positioning. In drosophila and mouse, our
predictive models suggest that, as in S. cerevisiae, there exists a sharply-defined region of rigid DNA near
TSSs. Further, in drosophila, small peaks in intrinsic cyclizability are also visible at the locations of the +1
and +2 nucleosomes.

We next predicted how CpG methylation would change the mechanical landscape around TSSs. In
S cerevisiae, S. pombe, and D. melanogaster, CpG methylation does not cause any significant change in
the overall predicted landscape of intrinsic cyclizability around TSSs (Fig. 4a). CpG methylation also does
not occur in these organisms. In contrast, our model predicts that methylation significantly alters the
landscape around TSSs in mouse (Fig. 4a): the characteristic sharply-defined region of rigid DNA near
TSSs becomes broadened and less well-defined. To test the prediction, we measured the intrinsic
cyclizabilities near the TSS of 649 randomly selected genes in mouse with or without CpG methylation.
The measured mechanical landscape indeed confirmed that CpG methylation results in the broadening and
dilution of the rigid DNA region (Fig. 4b, Supplementary Note 17). It is therefore possible that methylation-
induced changes in DNA mechanics near mouse promoters contributes to transcriptional silencing by
altering promoter-proximal nucleosome positioning and the action of chromatin remodelers which we have

shown to depend on DNA mechanics®’.
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Nucleosomes are also well organized around other genomic landmarks, one notable example being
the binding sites of the transcription factor CTCF®. CTCF sites are surrounded by well-ordered

nucleosomes and the sites themselves are either free of nucleosomes or bound by fragile nucleocomes®®,

Our model predicts that CTCF binding sites in mouse embryonic stem cells®*®*

are characterized by a
prominent peak in intrinsic cyclizability (Fig. 4c). The width of the peak extends significantly beyond the
20 bp CTCF consensus motif, and this is not caused by averaging (supplementary note 18), consistent with
the report that a structured DNA region exceeds the CTCF consensus motif®®. The sharp peak in intrinsic
cyclizable may aid in the known positioning of nucleosomes at CTCF sites. Indeed, our model predicts that
this peak cyclizability value, as well as the contrast in cyclizability between the peak and the surrounding
DNA is higher for sites with higher nucleosome occupancy (Fig. 4d). G/C content alone cannot explain
these observations (Supplementary Note 20).

We tested these model predictions on CTCT sites using loop-seq. The measured mechanical
landscape shows a prominent peak in cyclizability at CTCF sites which extends beyond the 20 bp consensus
motif (Fig. 4e). Further, we observed two flanking peaks in cyclizability which were not captured by the
predictive model and align with nucleosome occupancy®, suggesting that they might aid in the positioning

of the flanking nucleosomes (Fig. 4¢). The 5 upstream flanking peak in cyclizability is somewhat further

from the CTCF motif than the corresponding peak in nucleosome occupancy, consistent with the
requirement of the chromatin remodeler SNF2H for reduced nucleosome repeat length®. We further
experimentally verified the prediction that CTCF sites with higher nucleosome occupancy have a higher

contrast in intrinsic cyclizability (Fig. 4f).

Impact of DNA mechanicsin non-nucleosomal contexts
Next, we examined DNA mechanics in several non-nucleosomal contexts.
Groups of Ay/Ty nucleotides present in a periodic fashion, extending for hundreds of nucleotides,

has been reported in eukaryotes genomes®®®’. Such hyperperiodic DNA is particularly pronounced in the
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C. elegans genome at ~10 bp periodicity, and recent structural studies have revealed that it is curved®®. The
intrinsic cyclability predicted across the hyperperiodic segment using the NN-NN phased repeat model
indeed shows much higher values than when the nucleotide order in the ~900 bp region is scrambled,
suggesting that hyperperiodic phase repeats are responsible for the curved DNA observed (Fig. 4g). The
functional consequences of hyperperiodic DNA extending for hundreds of nucleotides are unclear®® and
require future experiments.

TATA binding protein (TBP) binds to promoter DNA, about 30 bp upstream of the TSS in S
cerevisiae™, during transcription initiation”’. The TATA-box — a consensus sequence to which TBP binds,
is present in only 15% of promoters, although TBP binding is universally required for transcription’'. TBP
binding to the TATA-box induces DNA bending by ~90° ™. Consistent with this observation, sequence-
dependent curvature of DNA is linked to transcription efficiency’®, and TBP binds less efficiently to poly-
A tracts. Our predictive model, averaging across all categories of TSSs’*, showed a local peak about 25 bp
upstream of the TSSs (Fig. 4h). This coincides with the location of the TBP® and of the TATA box in
TATA-containing promoters. Our findings suggest that genome-wide, DNA mechanics might influence
DNA bending by TBP regardless of the presence of the TATA-box.

DNA bending is also ubiquitous in bacteria. The E. coli RNA polymerase 670 (RNAP) open
promoter complex has 300° wrapping of about ~90 bp of DNA around the RNAP". Our predicted intrinsic
cyclizability averaged around E. coli TSSs’® show a sharp peak from -35 to 0 position relative to the TSS,
and an overall region of elevated intrinsic cyclizability extending from about position -100 to about +150
(Fig. 41). It is possible that such an extended region of flexible DNA might aid in extensive DNA bending
required to form the open promoter complex and for DNA wrapping around RNAP although verification
requires future experiments.

Negative supercoiling of DNA by DNA gyrase is critical for bacterial life. Gyrase bends DNA at
its cleavage site and extensively wraps DNA up to 80 bp away’’. Strong Gyrase Sites (SGSs) in some
genomes have been proposed to allow extensive DNA bending’®. FluMu is a prophage whose 35kb genome

79,80

is found inserted within the Haemophilusinfluenza genome™*, and contains one SGS®'. Predicted intrinsic
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cyclizability along the entire genome has three most prominent peaks all within 200 bp of the cleavage site
of the SGS (Fig. 3j). One of the peaks coincides with the cleavage site, where gyrase must bend DNA. The
second peak lies within 80 bp of the cleavage site — this region is where the wrapping of DNA occurs, in
turn requiring extensive bending. Thus the mechanical properties of DNA around SGSs may have evolved
to facilitate gyrase activity.

Looping of 100 — 140 bp of DNA is required for efficient communication between enhancers and
o>*-dependent promoters in bacteria®. The bacterial protein IHF extensively bends DNA™®. Low-
throughput DNA cyclization experiments have revealed that in IHF-dependent 6>*-promoters, DNA cannot
intrinsically bend to support this loop formation, although it can in IHF-independent promoters. Applying
our predictive model, we found that indeed among the eight 6>*-dependent promoters on which cyclization
experiments were performed earlier®?, the two that did not contain an IHF-binding site were more cyclizable
than the rest in the region between the enhancer and the promoter (Fig. 4k). This is consistent with the

proposal®

that a function of IHF might be to overcome a communication block set up by the rigid
mechanical properties of the IHF binding site. In certain promoters, intrinsically flexible DNA may take

over the role of IHF in facilitating DNA bending.

Discussion

We obtained a comprehensive characterization of the mechanical code of the genome and
epigenome using high-throughput experimental measurements. Using high-throughput loop-seq
measurements, we quantified the contributions of short sequence features (such as all dinucleotide contents
and HRIs) to intrinsic cyclizability and measured, in a broad sequence context, how these contributions are
altered by CpG methylation. We demonstrate loop-seq to be a powerful experimental platform for testing
the predictions of structural studies and MD simulations in a broad sequence context, and making new
testable predictions about the structural dynamics of nucleic acids. We integrated our data into regression

and machine learning based models for predicting how local sequence and epigenetic modifications impact
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DNA mechanics. Applications of our predictive model, and its confirmation via new loop-seq
measurements, broadly suggests that DNA mechanics may have evolved to facilitate processes that require

DNA bending in both eukaryotes and bacteria.

Physical deformations of DNA are not restricted to bending, but include twisting, supercoiling, or
unzipping, during, for example, transcription initiation® and elongation®’, the binding of various

187 and global scales®. Future high-throughput

transcription factors®, or 3D folding of the genome at loca
experimental and computational methods to understand how DNA sequence impacts such diverse modes
of DNA deformability will expand our understanding of how regulatory information is encoded via the

mechanical code, and how this information can be evolved, adapted, or controlled by processes that

chemically alter DNA via sequence mutations, epigenetic modifications, or DNA damage.
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Figure L egends:

Figure 1: (a) The ordinate depicts mean intrinsic cyclizabilities of sequences in the random library (blue)
and in the methylated random library (red) that have at least the number of CpGs as specified by the
abscissa. Intrinsic cyclizability values of the methylated random library have been adjusted to allow for
comparison with those of the random library (Supplementary Note 2). For each color, from left to right, N
= 12,472, 12,036, 10,451, 7,620, 4,516, 2,147, 864, 282. Error bars are s.e.m. (b) Mean intrinsic
cyclizability of sequences in the random library as a function of G/C content. Mean is calculated only over
those sequences in the random library whose G/C content is as specified by the abscissa. Error bars are
s.e.m. From left to right, N = 30, 77, 110, 214, 324, 500, 746, 984, 1239, 1353, 1403, 1316, 1210, 982, 749,
487, 307, 201, 120, 53, 27. (c) The 12,472 sequences in the random library were sorted according to
increasing intrinsic cyclizability and grouped into 12 bins with 1,039 sequences each. 4 remaining
sequences were ignored. Within each bin, the normalized number of times each of the 16 dinucleotides
occur is color coded and depicted (see supplementary note 3). (d) Bendability quotient for a dinucleotide is
defined as the slope of the linear fit to the plot of the normalized number of times it occurs among sequences
in each of the 12 bins in panel ¢, vs the mean intrinsic cyclizability of sequences in the 12 bins
(supplementary note 3) (e) Pairwise distance distribution functions vs separation distance, averaged over
the 1,000 sequences in the random library that have the most (red) or least (blue) values of intrinsic

cyclizability, for four different NN-NN pairs. See Supplementary Note 5 for plotting details. (f) For a given
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NN-NN dinucleotide pair, the best fit linear relationship between its helical separation extent in a sequence
and the intrinsic cyclizability of that sequence, for all sequences in the random library, was obtained. The
heatmap here depicts the slopes of these linear relationships for all 136 NN-NN pairs. See Supplementary
Note 6 for details. (g) Nucleosome occupancy and various sequence parameters as functions of position
from the dyad of the +1 nucleosome, averaged over all identified 4,904 genes in S cerevisae (see

supplementary note 8 for plotting details). To calculate },;4iq Oyy—nn» the ten NN-NN pairs that make

the most negative contribution to intrinsic cyclizability were identified (supplementary note 8). The sum of
the helical separation extents of these pairs over a 50 bp DNA fragment centered around the ordinate value

was calculated for each gene. The values were averaged to obtain the abscissa value. Y. rexipie Ony—ny Was

similarly calculated. See supplementary note 8 for heatmaps of TpA and CpG contents.

Figure2: (a) Mean propeller twist as a function of position averaged over N = 1,000 50 bp DNA sequences
in the random library that had the most (red) and least (blue) values of intrinsic cyclizability. Sequences
were tiled as a series of pentamers and the associated propeller twist of the central base in the pentamer was
assigned on the basis of earlier reports*. Error bars are s.e.m. (b) The 12,472 sequences in the random library
were sorted according to increasing intrinsic cyclizability and grouped into 12 bins with 1,039 sequences
each. 4 remaining sequences were ignored. Within each bin, the normalized number of times each of the
256 tetranucleotides occur is color coded and depicted (Supplementary Note 10). Tetranucleotides
containing a CG in the middle (ie of the form NCGN) are indicated by a magenta circle, while those
containing a TA in the middle are indicated by a green circle. (c) Bendability quotients of all 16 NCGN
tetranucleotides as obtained from loop-seq of the random library (see Supplementary Note 10) vs the
weighted average of the high-twist and low-twist conformations that the central CG step samples, as
obtained from MD simulations®. Pearson’s r value is shown. 95% confidence interval (CI) = 0.33, 0.89. P
value determined by t-test (two-sided). (d) Bendability quotients of all 16 NCGN tetranucleotides vs roll
energy. Roll energy is the energy penalty associated with the tetranucleotide having to deviate from its

equilibrium roll angle when adopting a constrained conformation after looping, i.e., the tetranucleotide
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being part of a circle of circumference 110 bp (Supplementary Note 11). Pearson’s r value is shown. 95%
confidence interval (CI) =-0.57, -0.94. P value determined by t-test (two-sided). (e) Bendability quotients
for all 256 NNNNs obtained from the measured values of intrinsic cyclizability of the 12,472 sequences in
the random library vs those obtained from the measured values of intrinsic cyclizability of the sequences in
the methylated random library (which contain the identical set of 12,472 sequences, except all occurring
CpG are cytosine methylated). Dashed line represents x=y. NNNNs are marked in red if at least one CG
occurs in it (such as ACGA, CGCG, CGAC, etc). Other NNNNs (such as AAGC, GGGC, etc) are marked
in blue. (f) Heatmap representing the contributions of all NN-CG dinucleotide pairs towards intrinsic
cyclizability, obtained by considering the intrinsic cyclizability values of sequences in the random library
(first column, identical to the 15™ column in figure 1f except for the color scale), and obtained from
measurements on the methylated random library (second column). Contribution towards intrinsic

cyclizability of a NN-CG pair is calculated as done in the case of figure 1f.

Figure 3: (a) 2-D histogram of the scatter plot between measured intrinsic cyclizabilities of sequences in
the random library and the associated predicted intrinsic cyclizability. Here, prediction was made via a
model where intrinsic cyclizability of a 50 bp sequence is a linear combination of the number of times each
of the 16 dinucleotides occur in the sequence and a constant term (supplementary note 13). Best fit
coefficients of the linear model were derived by training the model using the measured intrinsic cyclizability
values of sequences in the tiling library (Supplementary Note 1). Pearson’s r value is shown. 95%
confidence interval (CI) = 0.34, 0.37. P = 0.0000 (determined by two-sided t-test). (b) Same as panel a,
except that prediction was made using a linear model where intrinsic cyclizability of a 50 bp sequence is a
linear combination of the 136 helical separation extent values in the sequence of the 136 NN-NN pairs, and
a constant term (supplementary note 13). Pearson’s r value is shown. 95% confidence interval (CI) = 0.36,
0.39. P =0.0000 (determined by two-sided t-test). (¢) 2-D histogram of the scatter plots between measured
and predicted intrinsic cyclizability values of sequences in the random, chrV, and cerevisiae nucleosomal

libraries (Supplementary Note 1). Here, prediction was made using a model were intrinsic cyclizability of
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a 50 bp sequence is a linear combination of a constant term and the 16 dinucleotide contents (subject to the
constraint that their sum = 49) and 136 helical separation extents that describe the sequence®
(supplementary note 13). Coefficients were derived by training the model against the tiling library.
Pearson’s r values are shown. 95% confidence intervals (Cls) are (0.51, 0.53), (0.52, 0.55), and (0.52, 0.55).
P = 0.0000 (determined by two-sided t-test) in all cases. (d) Measured intrinsic cyclizability, predicted
intrinsic cyclizability, and nucleosome occupancy as functions of position from the dyad of the +1
nucleosome, averaged over 576 genes in S cerevisiae. Mean occupancy values” and positions® were as
reported earlier. Prediction was performed using the linear physical model trained using the measured

intrinsic cyclizability values of the random library. See supplementary note 15 for details.

Figure 4: (a) Nucleosome occupancy, predicted intrinsic cyclizability in absence of CpG methylation,
predicted intrinsic cyclizability in presence of CpG methylation, and G/C content, as a function of distance
from the dyad of the +1 nucleosome (in the case of S. cerevisiaeand S pombe) or from the TSS (in the case
of drosophila and mouse), averaged over a large number of genes in these four organisms. Nucleosome
occupancy metrics were obtained from previous publications. See supplementary note 16 for details. (b)
Measured intrinsic cyclizability as a function of position from the TSS, averaged over 629 mouse genes, in
absence and presence of CpG methylation. See supplementary note 17 for details. (¢) Top panel: Predicted
intrinsic cyclizability (predicted by using the linear physical model trained against the random library) as a
function of position from the start of the 20 bp CTCF consensus motif, averaged over 19,900 reported
CTCF binding sites in mouse embryonic stem cells®*. Bottom panel: same as the top panel, except DNA
outside the 20 bp concensus sequence motif was chosen at random and not obtained from the mouse
genome. See Supplementary Note 18 for details. (d) Predicted intrinsic cyclizability as a function of position
(where 0 is the start of the CTCF consensus motif), averaged over the two groups of 1,000 sites that have
the highest (blue) and lowest (red) nucleosome Center Weighted Occupancy (CWO®) at the CTCF motif.
See supplementary note 19 for details. (¢) Measured intrinsic cyclizability and nucleosome occupancy vs

position from the edge of the CTCF motif, averaged over 433 randomly selected CTCF binding sites. See
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supplementary note 21 for details. Nucleosome occupancy is the nucleosome CWO®. (f) Measured mean
intrinsic cyclizability vs position from the edge of the CTCF motif, averaged over two sets of 433 CTCF
binding sites that have the least and greatest mean nucleosome CWO® at the CTCF motif. See
supplementary note 21 for details. (g) Predicted intrinsic cyclizability as a function of position along the
923 bp Q4 region of the C. elegans genome®® (blue), and along three more 923 bp DNA sequences obtained
by randomizing the order of nucleotides that occur along the native Q4 sequence (black, green, red). (h)
Predicted intrinsic cyclizability as a function of distance from TSSs in S. cerevisiae. Data is averaged over
all 11,102 annotated TSSs™ that were more than 500 bp away from chromosome edges. The red arrow
points to a local peak in intrinsic cyclizability coinciding with the known location of the TATA box. The
black arrow indicates the flexibility peak associated with the +1 nucleosome dyad, as reported earlier*’ (i)
Predicted intrinsic cyclizability as a function of distance from TSSs in E. coli. Data is averaged over 14,860
annotated TSSs’®. (j) Predicted intrinsic cyclizability along the 35 kb genome of the MU-like prophage
FluMu found inserted within the H. influenza genome. Arrow points to the region of the gyrase cleavage
site. Right panel: zoomed view of a 1 kb region around the strong gyrase binding site in the FluMu genome.
The red dashed line corresponds to the gyrase cleavage site. The dashed grey lines demarcate 80 bp from
the cleavage site. (k) Predicted intrinsic cyclizability as a function of position along the 220 bp DNA
fragment encompassing the enhancer and promoter of the eight 654-promoters on which earlier DNA
cyclization experiments have been reported. In bold are the two promoters (K. pneumonia nifLA promoter
and E. coli gInAp2 promoter) among the eight which lack an THF binding site. Plotted on the x-axis is the

position along the 220 bp fragment from the enhancer to the promoter.
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Methods:

Primer and adapter sequencesfor loop-seq

25 nt left adapter: 5' - TTTCTTCACTTATCTCCCACCGTCC - 3'

25 nt right adapter: 5' - GGCAGAAGACAAGGGAACGAAATAG - 3

Example sequence is a loop-seq library: 5 — Left adapter — 50 nt variable region — Right adapter — 3’

Primer P1: 5> — CAGAATCCGTCGAAGAGCCTTATCTCCCACCGTCC -3’

Primer P2: 5 — ACGGATTCTGCGAAGAGCTTCCCTTG/iBiodT/CTTCTGCC - 3°

Primer P2-Biotin26: 5° —= ACGGATTCTGCGAAGAGCTTCCCTTG/iBiodT/CTTCTGCC — 3’

Primer P2-Biotin29: 5° - ACGGATTCTGCGAAGAGCTTCCCTTGTCT/iBiodT/CTGCC -3’

Primer P2-Biotin31: 5° - ACGGATTCTGCGAAGAGCTTCCCTTGTCTTC/iBiodT/GCC - 3’
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Primer SP1: 5° - TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAGAATCCGTC
GAAGAGCCTTATCTCCCACCGTCC -3’
Primer SP2: 5 — GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGACGGATTCTGC

GAAGAGCTTCCCTTGTCTTCTGCC -3’

Nucleotide sequences

All DNA sequences that were part of various libraries where loop-seq was performed in this study,
or were sequences around genomic loci where intrinsic cyclizability values were predicted as part of this
study, are reported in Supplementary Tables 1 — 21. Please refer to the Key for a description of each table’s

content.

L oop-seq

Loop-seq was performed according to protocol published earlier’'. Libraries of ssDNA, containing ~90,000
different sequences, with the central 50 nt variable and flanked by 25 nt left and right adapters were obtained
(Genscript), amplified via emulsion PCR (Micellula DNA Emulsion and Purification Kit (CHIMERX))
using primers P1 and P2-Biotin26, using KAPA polymerase (Roche). These primers introduce a biotin
molecule, as well as the binding site for the site specific nicking enzyme Nt.BspQ1 (New England Biolabs
(NEB)). The amplified library DNA fragments were bound to streptavidin-coated magnetic beads
(Dynabeads MyOne Streptavidin T1, Thermo Fisher Scientific). Whenever buffer exchange was required,
the magnetic beads were pulled down with rare earth magnets. The library molecules immobilized on the
beads were nicked near the ends using Nt.BspQl to general 10 nt single-stranded complementary
overhangs. The nicking solution was replaced with buffer T2.5BSA (2.375 mM Sodium Chloride, 9.5 mM
tris HC1 pH 8, 1 mg/ml BSA). Looping was initiated by replacing T2.5BSA with looping buffer (1M
Sodium Chloride, 20 mM tris pH 8, 1 mg/ml BSA). After 1 minute incubation in looping buffer, the beads

were incubated for 20 minutes in digestion buffer (1x NEB Buffer 4 (NEB), 1 mM ATP, 0.333 units/ml
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RecBCD (NEB)), which digests those molecules that failed to loop in the prior looping step. Digestion
buffer was then replaced with looping buffer and prepared for sequencing. The above protocol was also

repeated for an identically prepared control where the digestion enzyme RecBCD was omitted.

The libraries (sample and control) were then prepared for sequencing. DNA was PCR amplified
off the beads using primers P1 and P2, followed by PCR amplification using primers SQ1 and SQ2,
followed by index primers available in the Nexters XT Index Kit (24 Indices 96 Samples) (Illumina).
Sequencing was performed on Illumina MiSeq (for libraries with less than 20,000 sequneces) or HiSeq
platforms. Sequencing results were mapped to the known sequences in the library using Bowtie 1 and
SAMotools version 1.12. Cyclizability of a sequence was defined as the ratio of the relative population of
the sequence in the amplified library after loop-seq, to that in the control sample, where all steps were
identical except that unlooped molecules were not digested. These calculations were performed using

simple MATLAB (Matworks) versions 9.0, 9.2, 9.4, and 9.6 scripts that were developed previously®'.

For any given library, loop-seq was repeated three times for three different biotin locations®’ (where
primers P2-Biotin29 and P2-Biotin31 were used in the initial amplification step instead of P2-Biotin26).
For each sequence, cyclizability was modeled to have a sinusoidal dependence on the position of the biotin,
with periodicity equal to that of the helical repeat. The constant term of the sinusoid was defined as the

intrinsic cyclizability*'.

CpG Methylation of libraries

Libraires to be methylated were first amplified via emulsion PCR as done as part of the regular loop-seq
protocol’’. Prior to immobilization on streptavidin-coated magnetic beads, CpG methylation of the
amplified library was carried out using CpG Methyltransferase (New England Biolabs, product number
M0226S), by following the manufacturer’s protocol. The methylation mixture involved amplified DNA

library (~120 ng), 10x methyltransferase reaction buffer (New England Biolabs) (5 ul), 1600 uM SAM (5

ul), Methyltransferase (4 New England Biolabs units), and water (up to 50 pl). The reaction mixture was
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incubated at 37 °C for 1 hour. Heat inactivation was not performed in order to prevent denaturation and

incorrect annealing of the library.

Statistics and reproducibility

All presented loop-seq data in figures were compiled from a single run of loop-seq on the library in question.

The reproducibility of the loop-seq technique has been established earlier™.

All Pearson’s 1, and associated P values, were calculated using the ‘corrcoef’ function in MATLAB

(Matworks), as described earlier™>.

Data Availability:

All new sequencing data reported as part of this study are deposited in the National Center for
Biotechnology Information (NCBI) Sequence Read Archive (SRA) under accession number
PRINA746342. All measurements of intrinsic cyclizabilities obtained from our earlier study?’ were based
on sequencing data that is deposited in the National Center for Biotechnology Information (NCBI)
Sequence Read Archive (SRA) under accession number PRINA667271.

The following datasets usen in this study were downloaded from the NCBI Gene Expression
omnibus (GEO) using the following accession numbers: GSE97290 (nucleosome occupancy data around
+1 nucleosome dyads in S. cerevisiae); GSE46957 (nucleosome occupancy data around +1 nucleosome
dyads in S. pombe); GSE69336 (nucleosome occupancy data in D. melanogaster around TSSs); GSE82127
(nucleosome occupancy in M. musculus around TSSs and CTCF binding sites); GSE11431 (location of
CTCF binding sites in mouse embryonic stem cells); GSE147927 (location of TSSs in S. cerevisiae);
GSES55199 (TSS locations in E. coli);

S cerevisiae (sacCer3), S. pombe (spo2), D. melanogaster (BDGP5/ dm3) and M. musculus
(mm9) genome sequences were downloaded from the UCSC Genome Browser

(https://genome.ucsc.edu/cgi-bin/hgGateway). The E. coli MG1655 genome was downloaded from NCBI
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(accession number NC_000913.2). The H. influenza genome was downloaded from NCBI GeneBank
(L42023.1). The sequence of the Q4 region of the C. elegans genome was downloaded from the
supplementary material of this publication: Moreno-Herrero, F., Seidel, R., Johnson, S. M., Fire, A.
& Dekker, N. H. Structural analysis of hyperperiodic DNA from Caenorhabditis elegans. Nucleic
Acids Research 34, 3057-3066 (2006).

Supplementary Tables 1 — 21 provide the following data: Sequences and intrinsic cyclizability
values in all libraries on which loop-seq was performed either in this study or earlier’’; All sequences and
predicted intrinsic cyclizability values around all genomic loci where we applied our predictive models to
predict intrinsic cyclizability; The values of all parameters that quantify the contribution of short sequence

features and their distributions to intrinsic cyclizability, as obtained in this study.

Code availability:

Custom MATLAB codes developed as part of this study for predicting intrinsic cyclizability based
on linear regression models or neural nets have been deposited in Zenodo®’: Basu, A. Intrinsic-

Cyclizability-Prediction-Codes: v1.0.0. Zenodo. https://doi.org/10.5281/zenodo.7031125. (2022, Aug

29).

M ethods only refer ences:

91 Basu, A. in Methods in Enzymology Vol. 661 305-326 (Elsevier, 2021).
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