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Abstract

Mechanical properties of DNA have been implied to influence many of its biological functions. Recently, a new high-throughput method, called
loop-seq, which allows measuring the intrinsic bendability of DNA fragments, has been developed. Using loop-seq data, we created a deep
learning model to explore the biological significance of local DNA flexibility in a range of different species from different kingdoms. Consis-
tently, we observed a characteristic and largely dinucleotide-composition-driven change of local flexibility near transcription start sites. In the
presence of a TATA-box, a pronounced peak of high flexibility can be observed. Furthermore, depending on the transcription factor investigated,
flanking-sequence-dependent DNA flexibility was identified as a potential factor influencing DNA binding. Compared to randomized genomic
sequences, depending on species and taxa, actual genomic sequences were observed both with increased and lowered flexibility. Furthermore,
in Arabidopsis thaliana, mutation rates, both de novo and fixed, were found to be associated with relatively rigid sequence regions. Our study
presents a range of significant correlations between characteristic DNA mechanical properties and genomic features, the significance of which

with regard to detailed molecular relevance awaits further theoretical and experimental exploration.

Introduction

The structure and mechanical properties of double-stranded
DNA (dsDNA) have been of interest since its discovery in
1869 (1). Since then, besides its primary double-stranded he-
lical structure, also known as B-DNA, a variety of differ-
ent secondary structures of DNA have been discovered. Dif-
ferent helical forms, such as A-DNA and Z-DNA, DNA G-
quadruplex and cruciform-DNA have been shown to have a
wide range of biological functions (2-5). In addition to the ex-
istence of distinct conformational variants, basic mechanical
properties of the dominating B-form of genomic DNA influ-
ence many aspects of genomic DNA maintenance within cells,
its functions, and interactions with other molecules, mainly
proteins. The eukaryotic genome is packaged in the form of
nucleosomes, which is formed by a ~150 bp stretch of DNA
wrapped around a histone protein complex. Nucleosome for-
mation has been linked to flexibility of genomic DNA, with
histones binding to more flexible DNA regions, while link-
ers and nucleosome-depleted regions (NDR) have been re-
ported to be more rigid (6-8). Specifically, NDRs have been
connected to long poly-dA:dT tracts with rigid structure re-
sistant to sharp bending (9-11). Variable DNA flexibility has
also been discussed in the context of nanotechnological appli-
cations (12).

With regard to interactions of genomic DNA with proteins,
transcription factor (TF) binding has long been considered
connected to DNA shape. Both, detection capabilities of pro-
teins for specific shape properties of DNA as well as bending
of the DNA upon protein binding have been reported (13-15),
reviewed in (16). A recent publication succeeded in predicting
DNA-protein interaction by explicitly considering DNA shape

as a determinant feature (17). A puzzling observation with re-
gard to TF-binding to genomic regions has been that some
loci with canonical TF-binding motifs present were found to
be bound by TFs, while others were not. Recently, it has been
suggested that the flanking regions of the binding motif of TFs
are key in determining binding efficiency. Since there is more
sequence variation in these flanking regions than in the con-
sensus motifs, it has been suggested that mechanical proper-
ties, specifically their flexibility, may play a major role in defin-
ing the binding site (18-20).

The mechanical flexibility of dsDNA is determined by the
constraints of its backbone, high charge density (negatively
charged phosphate groups), as well as its sequence of bases
and their stacking interactions (21,22). dsDNA was consid-
ered among the most rigid biopolymers with a persistence
length of ~50 nm, or approximately 150 bp (21). However, re-
cent studies showed that short DNA sequences under 100 bp
are able to loop spontaneously, indicating that DNA is much
more flexible on a short scale than previously assumed (23—
25). The underlying sequence determinants have hence been
intensively researched, for review see (26).

Based on the potential for looping of short DNA sequences,
several assays for measuring DNA flexibility of short se-
quences have been developed. For a recent review, see (27).
Loop-seq, developed recently by Basu et al. (28), uses a
sequencing-based approach, allowing a high-throughput mea-
surement of DNA mechanical properties. For this method, a
library of DNA fragments flanked by two adapter sequences
is immobilized and nicked. Then, the sequences are allowed
to loop for a specific amount of time. Afterwards, unlooped
DNA is digested, the library is amplified, sequenced and
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compared to a control treated identically, but without diges-
tion. Overrepresented sequences have a short looping time,
meaning they are more flexible, while underrepresented se-
quences are more rigid. The natural logarithm of the ratio of
the relative population of a sequence in the sample pool to
that in the control was termed ‘cyclizability’, with a low value
representing rigid, and a high value flexible sequences.

The study by Basu et al. (28) confirmed many previously
observed effects of DNA mechanics, such as being a key fac-
tor in nucleosome positioning. In addition, they were able
to show that codon usage might be influenced by DNA me-
chanics. Furthermore, their study also provided a large dataset
linking sequence and measured cyclizability, allowing the de-
velopment of machine learning prediction tools. An accurate
computational prediction model may find many applications
and may even potentially replace experimental methods, while
also leading to a higher base-pair resolution. Accordingly, sev-
eral attempts have been made and high prediction accuracies
have been reported (29,30).

In a follow-up study, Basu and co-workers (31) further in-
vestigated the sequence-flexibility relationships by developing
a prediction model that explicitly builds in surmised relevant
features, such as dinucleotide frequencies and their respective
pairwise distances, revealing the relevance of dinucleotides
as a determining factor of local DNA flexibility. Also, by in-
cluding additional experimental data, they showed that DNA
methylation generally leads to a stiffening of DNA.

In this study, a deep learning CNN/LSTM model, CycPred,
was developed and utilized to further explore the biological
functions of local DNA flexibility. Our work builds on the
previously published studies on experimentally measured (28)
and computationally predicted DNA cyclizability scores (29—
31). We investigated the potential significance of mechanical
flexibility in several species from different kingdoms, includ-
ing plants, with regard to magnitude relative to random ex-
pectation, underlying sequence determinants, sequence range,
and genomic features, such as transcription start sites, TF-
binding sites, single nucleotide polymorphisms (SNPs) and de
novo mutations, DNA-methylation-, and crossing-over sites.
We show that mechanical properties may indeed play a cru-
cial role in determining the sequence-structure-function rela-
tionships of genomic DNA.

Materials and methods

Utilized datasets

For training and validating the computational prediction
model, the datasets for intrinsic cyclizability in yeast as re-
ported by Basu et al. (28) were utilized. All intrinsic cycliz-
ability datasets consisted of sequences of length 100 bp, of
which 50 bp are actual probe-sequence, with 25 bp flank-
ing sequences on either side with their respective cyclizability
score, based on loop-seq experiments. The utilized sequences
were the 82 404 probe-sequence windows with step size 7 bp
for chromosome V, 19 907 sequences for the nucleosome li-
brary, 82 368 sequence windows with step size 7 bp for the
nucleosome tiling library, and 12 472 sequences for the li-
brary containing random sequences. The dataset of 92 807
sequences with the respective cyclizability score in unmethy-
lated and CpG methylated context were reported in a recent
study by Basu et al. (31).
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The Saccharomyces cerevisiae genome S288C and its anno-
tation was downloaded from the SGD database https://www.
yeastgenome.org/ (32). The genome of Arabidopsis thaliana,
TAIR10, and its annotation was obtained from https://www.
arabidopsis.org/ (33). The genome and annotation of Chlamy-
domonas reinhardtii was downloaded from Phytozome (https:
/Iphytozome-next.jgi.doe.gov/) (34). The genomes and anno-
tations of all other species were obtained from https:/www.
ncbi.nlm.nih.gov/.

Arabidopsis thaliana nucleosome position and occupancy
data was based on MNase-seq data by Jiming Jiang et al. (35),
downloaded from PlantDHS (http://plantdhs.org/) (36).

Methylation calls for Arabidopsis thaliana were taken from
the 1001 genome project (37), as were the SNP and short indel
calls (38). With regard to de novo mutations, calls as reported
by Monroe et al. (39) were utilized.

Transcription factor binding site (TFBS) motifs were ob-
tained from JASPAR (40), and DAP-seq data, indicating tran-
scription factor binding events to ‘naked’ DNA, for Arabidop-
sis thaliana from O’Malley et al. (41).

The Spoll-oligo-seq Arabidopsis dataset utilized in this
study was published by Choi et al. (42) and kindly provided
by the study authors. It is reported in the from of log2(spo11-
oligonucleotides/gDNA), with spol1-olignucleotides repre-
senting number of reads mapped at a genomic position, and
gDNA representing number of single-end reads from genomic
DNA mapped to the same position as control. The data was
mapped to the Col-Cen genome (43), which was obtained
from https:/github.com/schatzlab/Col-CEN.

Design and training of the deep learning model

The Python package tensorflow-gpu 2.6 was used to create the
deep learning model for predicting the measured cyclizability
values (28) based on DNA-sequence (Figure 1). For optimiz-
ing the model architecture, the package kerastuner 1.04 was
utilized.

In all intrinsic cyclizability datasets, adapter sequences (25
bases at either terminus) were removed, resulting in sequences
of length 50 bp. The tiling library was split into training and
test sets with a 70% / 30% split. As the dependent variable,
the intrinsic cyclizability score denoted as CO was used as the
target variable. As the loss function, the mean squared error
(MSE) was applied. The model utilizes 1D convolution layers
with max pooling, followed by an LSTM layer with dropouts.
The last hidden layer is a dense layer followed by the output
layer (Figure 1). Due to the discrepancy between cyclizability
of forward and reverse sequences, which was also reported
in the original paper (28), both the forward and reverse-
complement of each sequence windows were predicted and
the mean was reported as cyclizability value.

For identification of potential motifs identified by the
model, we used DeepLIFT (44) for calculation of importance
scores, and TF-MoDISco (435) for the identification of poten-
tial motifs based on those importance scores.

Calculation of Cohen’s d effect size
Cohen’s d effect sizes were calculated as follows:
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Figure 1. Architecture of the prediction model. Input sequences of length 50bp are one-hot encoded and passed through a neural network with
sequential layers of a 1D-convolutional and LSTM layers ReLU activation function. Finally, a fully connected layer with ReLU activiation leads to the
output node with linear activation. ‘Adam’ was used as the minimizer. Kernel sizes, number of filters, and number of units and nodes are given as labels
in the schema. The schematic representation of the model was created with BioRender.com.

where %1, are the respective means of two distributions 1 and
2, s1,2 are the associated standard deviations, and ny,, their
respective numbers of observations.

Analysis of sequences around transcriptions start
sites (TSSs)

TSS positions were determined using available genome anno-
tations (gff files), with the position of the first base of the 5’
UTR taken as the TSS. For each gene, only one isoform, iso-
form 1, if available, was chosen.

Starting from position -525 bp (with the negative sign indi-
cating position towards the 5 of DNA, i.e. ‘upstream’) from
the TSS and ending at position +525 bp, the 1050 bp long se-
quence results in 1000 windows of length 50 bp. For each win-
dow, cyclizability was predicted using the trained model. Each
position in the respective profile plots represents the mean
of all windows with this position as their 25th base, where
the mean is taken across all determined TSSs in the respective
genome.

For grouping genes into TATA-box-containing genes and
genes without TATA-box, we used definitions as described
previously (46).

For investigating the effects of nucleotide/dinucleotide
composition on the cyclizability values, we applied a shuf-
fling and a sequence sampling approach. For shuffling, each
above-mentioned 50 bp sequence window was either ran-
domly shuffled at the single-nucleotide level or shuffled with
the fasta-dinucleotide-shuffle algorithm (47). In essence, se-
quences were shuffled ‘horizontally’. Alternatively, for sam-
pling, the nucleotide- and dinucleotide-probability at each po-
sition of the 1050 bp long sequences were calculated based on
actual sequences around all TSSs. Nucleotide-based sampling

involves simply drawing nucleotides according to their prob-
ability at each position. For dinucleotide sampling, a random
sequence was generated by adding nucleotides to a growing
sequence, initialized by a single base. Added nucleotides are
drawn based on the conditional probability of the four nu-
cleotides on the preceding base, initialized at the first position
according to the observed base probability at this site. Con-
ditional probabilities were determined based on all actual se-
quences around TSSs. The latter can be referred to ‘vertical
sampling’ across all TSS-centered sequences with considera-
tion of conditional probabilities, similar to a first-order hidden
Markov model.

Dinucleotide shuffling puts higher constraints on the se-
quence than random shuffling at the level of single bases, re-
sulting in dinucleotide-shuffled sequences having, on average,
a higher sequence identity to the original sequence. To account
for that we employed a modified shuffling method (horizontal
shuffling), in which, given a set of sequences to shuffle, we first
created a dinucleotide-shuffled version of each sequence in the
set and calculated the sequence distance as judged by the num-
ber of matching positions between those sequence pairs. We
then shuffled each original sequence at the level of single bases
by repeatedly exchanging two randomly selected bases in the
sequence until the resulting sequence had the same sequence
distance to the original sequence as the dinucleotide-shuffled
version. Thus, both the dinucleotide-shuffled and mono-
nucleotide-shuffled sequences were equally distant (sequence-
wise) from a given initial sequence, allowing a compari-
son of their respective cyclizability and accounting for dif-
ferences in sequence constraints. For both randomized se-
quence versions, their respective cyclizability values were pre-
dicted and the difference to the common parent-sequence was
recorded.



Statistical analysis of trends in cyclizability at a
genomic scale

For each organism, we tiled the respective genomes into se-
quence windows of length 50 bp at a 50 bp increment (step
size). Windows containing unresolved bases (IUPAC ambigu-
ity codes) were discarded. Each of the windows was randomly
sequence-shuffled horizontally five times respectively, and the
difference between the prediction of the actual genomic se-
quence and the predictions of the shuffled sequences was re-
ported. A resulting value below zero indicates that the ge-
nomic sequence has a lower predicted cyclizability, and is thus
‘stiffer’ than expected for randomly shuffled versions of the
same sequence, a value above zero indicates the opposite, i.e.
more flexible than expected.

Analysis of de novo mutations, fixed SNPs and
methylated positions in Arabidopsis thaliana

For each DNA-methylation sequence context (CG, CHG,
CHH), all sequence windows of length 50 bp containing a C-
position corresponding the respective sequence context and
observed to become methylated and located in promoter re-
gions (defined as 300 bp sequence window upstream of a
TSSs) were compared to all promoter windows containing un-
methylated versions of the same context with regard to their
predicted cyclizability.

For both naturally occurring (fixed) SNPs and de novo mu-
tations, all windows with a de novo/ fixed SNP were sam-
pled, their cyclizability was predicted and compared to the
predicted cyclizability of all windows with no reported muta-
tion in the respective dataset.

Analysis of cyclizability in relation to transcription
factor (TF) binding

TF binding was analyzed by comparing bound sequence mo-
tifs in the promoter region, defined as 1000 bp upstream of
the TSS, to unbound occurrences of the same motif. A TF
motif was considered ‘bound’ when there was an overlap be-
tween DAP-seq region reported for the respective TF (41) and
a FIMO (48) search with the motif-PWM (position weight ma-
trix) associated with the respective TF with a g-value < 0.1,
and unbound otherwise.

Analysis of Spo11 oligonucleotides

Spo-11 oligonucleotide mapping in Arabidopsis were taken
from Choi et al. (42). For each non-zero value of log, (spo11-
olignucleotide/gDNA), provided on a per-base basis, and ex-
cluding the centromere region on Arabidopsis chromosome 1,
left arm, interval base positions 1 bp:13 Mb, cyclizability for
a 50 bp window centered on the respective position was pre-
dicted. The Col-Cen reference genome as downloaded from
(https://github.com/schatzlab/Col-CEN), to which the Spo11
data was mapped, was utilized. Pearson correlation coeffi-
cients between Spo11 values and predicted cyclizabilities were
calculated.

Results

We first report on the performance of our computational pre-
diction method with regard to predicting cyclizability, and
thus local genomic DNA mechanical flexibility/ rigidity. Af-

NAR Genomics and Bioinformatics, 2023, Vol. 5, No. 4

ter having established high accuracy and examining the un-
derlying sequence-determinants of cyclizability, we apply the
model to investigate differences between the genomes of sev-
eral species from different kingdoms and the potential rele-
vance of local DNA rigidity on a range of different phenom-
ena, such as transcription initiation and transcription factor
binding, specific genomic sites including methylation sites, se-
quence variants, double-strand DNA breaks, and with a par-
ticular focus on the genome of the plant Arabidopsis thaliana,
for which rich annotation and additional genomic-variant in-
formation is readily available. Of note, the actual target vari-
able, on which the model was trained, is ‘cyclizability’, i.e. the
ability to form closed-loops. As we take this parameter as a
surrogate of ‘flexibility’, we use this term, as well as its logical
complement, ‘rigidity’.

The CNN/LSTM-based CycPred model

Our computational prediction model, termed CycPred, uses
1D Convolutional neural network (CNN) layers with max
pooling followed by an LSTM layer and two fully-connected
dense layers (Figure 1). The model DNAcycP by Li et al. (29),
published during our work on this project and with identical
objective and underlying input datasets, has a similar architec-
ture, utilizing a CNN based Inception-ResNet structure and
an LSTM layer.

Best performances were obtained when trained on the
tiling-library (28), also when applied to other datasets (i.e.
random, yeast chromosome V) and also better than models
trained on those particular datasets. DNAcycP and our model
performed equally well. All analyses reported in this study
were performed using our prediction model CycPred. In the
case of prediction of the 12 742 sequences in the random li-
brary, both yielded a correlation between predicted and actual
cyclizability score of 0.93 (Pearson correlation coefficient),
with a median distance between predicted and actual score
of 0.092 for DNAcycP and 0.089 for our model. In case of
the chromosome V library data, both models show a corre-
lation of 0.77, with DNAcycP having a median distance of
0.176 and our model of 0.178.

Recently, Basu and co-workers published an new loop-
seq experimental dataset using sequences derived from the
mouse genome (31). They created two libraries, one contain-
ing 92 807 unmethylated sequences and another containing
CpG methylated versions of the same sequences. Predicted
values of our model showed a correlation (Pearson correla-
tion coefficient, 7) to the unmethylated dataset of r = 0.69,
and 0.77 for the methylated dataset, with median distance be-
tween predicted and experimental cyclizability values of 0.212
and 0.159, respectively. These results are comparable to the
prediction accuracy achieved for the yeast chromosome V li-
brary, showing that the model is able to generalize. Interest-
ingly, our model seemed to be more accurate for the methy-
lated library, which CycPred was not trained on. To investigate
this further, we also trained models with the methylated and
unmethylated mouse datasets, respectively, with the same ar-
chitecture as used for the base-CycPred model. We observed
that the models showed very little difference in prediction,
with both models having a higher correlation between pre-
dicted and actual values for the methylated dataset (r = 0.735,
r = 0.78) than for the unmethylated dataset (r = 0.67,
r = 0.67).
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Pronounced changes of cyclizability around
transcription start sites

The study by Basu et al. (28) showed that in yeast, sequence
windows located approximately 150 bp upstream of the so-
called ‘+1 dyad’, i.e. the position of the first location of high
nucleosome occupancy downstream of the TSS, has a pro-
nounced lower cyclizability relative to neighboring sequence
locations. Given that this region of significantly lowered nu-
cleosome occupancy is located approximately 20-50 bp up-
stream of TSSs, this result was interpreted as an indication
of genomic DNA being rigid in locations of low nucleosome
occupancy, so-called nucleosome depleted regions (NDRs),
thereby facilitating access of transcription factors to their re-
spective target sites in gene promoters, an observation that
agreed with previous considerations to this effect (49). By also
developing and applying a computational prediction tool, Li
et al. (29) were able to demonstrate that also in mouse, nucle-
osome positions in general coincide with increased flexibility.
However, unlike in yeast, where a rigid region was observed
upstream of the TSS, in mouse, a rigid region was found down-
stream of the TSS.

To further investigate the potential role of DNA mechanical
properties in transcription initiation, we examined the char-
acteristic profile of cyclizability around TSSs in eight differ-
ent species, three plants (Arabidopsis thaliana (Ath), Orzya
sativa (Osa), Nicotiana tabacum (Nta)), one single-cell alga
(Chlamydomonas reinbardtii (Cre)), yeast (Saccharomyces
cerevisiae (Sce)), two mammals (Mus musculus (Mmu), Homo
sapiens (Hsa)), and the invertebrate Caenorbabditis elegans
(Cel) (Figure 2). Noticeably, in all species pronounced changes
of cyclizability near the TSS are apparent. Six of the eight
species (all but Sce and Cre) show very similar profiles with a
pronounced and TSS-downstream-sided dip of cyclizability. In
yeast (Sce), a pronounced dip was found ~0-150 bp upstream
of the TSS, thus approximately where it had been reported
previously (28,50). In addition to the observed dips, regions
of increased cyclizability, noticeably flanking the dips, are also
apparent (upstream of the dip: Ath, Osa, Nta, Cel or symmet-
rical around it: Sce). The pattern of change of cyclizability in
the alga Cre stands out, exhibiting a cyclical behavior.

Autocorrelation of cyclizability shows no
large-scale patterns

As we observed a characteristic and pronounced change of cy-
clizability locally around TSSs (Figure 2), we tested whether
cyclizability exhibits long-distance patterns in the genome. Us-
ing the genome of Arabidopsis thaliana as a test species, we
computed the autocorrelation function (ACF) of cyclizabil-
ity for chromosome 1. With autocorrelation, the persistence
length of similar cyclizability as well as the presence of pe-
riodic patterns would be detectable. However, there was no
long-range pattern discernible (Figure 3A, B). ACF-values de-
creased rapidly with positional distance (lag) from the refer-
ence position, dropping off to near zero shortly before 50 bp,
incidentally the size of windows used to predict local cycliz-
ability. Performing an autocorrelation analysis on the previ-
ously published experimental cyclizability values of a 7 bp-
resolution tiling sequence set of chromosome V of Saccha-
romyces cerevisiae (28), both experimental and predicted val-
ues, yielded the same results (Figure 3B). Notably, the ACF
values of the experimental set decay even faster, possibly ex-
plained by experimental variance, smoothed out by the Cy-

cPred prediction model. This shows that due to high local
variance, there is no longe-range persistence length of local
cyclizability (see further discussion on this point below).

Dinucleotide composition is a driving factor of
averaged local DNA-rigidity profiles

Previous studies (29,30) as well as the model created in this
study showed a high accuracy of computationally predict-
ing cyclizability values of the loop-seq data (r = 0.94, Pear-
son correlation of actual versus observed cyclizability), sug-
gesting that there is a set of ‘rules’ determining the rigidity
of DNA that the model was able to learn and that rigidity
is determined by sequence. Previous studies concluded that
base composition is not a good indicator of DNA rigidity, ex-
cept for mono-base or two-base repeats (51). This was con-
firmed by the two existing computational models (29,30) as
well as by our model, CycPred. Shuffling random sequences
(each base assumed with equal frequency (25%) and shuf-
fling at the level of individual bases) leads to a large vari-
ance of predictions. Performing 1000 repeats of shuffling of
random sequences, 1000 times, respectively, led to a median
standard deviation of 0.313 of predicted cyclizability. How-
ever, when shuffling at the level of dinucleotides, performing
the same experiment on the same set of random sequences,
yielded a significantly different set of standard derivations
(P < 0.0001, Cohen’s d = -0.64), with a median of 0.273,
and thus significantly smaller than obtained for single-base-
level shuffled sequences. In part, this difference may be ex-
plained by a higher sequence similarity of the dinucleotide-
shuffled sequence to an original sequence vs. a randomiza-
tion at the level of single bases. Accounting for this possibil-
ity by employing an alternative shuffling method that given a
common seed sequence, generated two shuffled versions (one
single-shuffled, one dinucleotide-shuffled) of similar sequence
divergence (see Materials and methods), yielded the same re-
sult. Thus, the smaller variance associated with dinucleotide-
shuffling appears to be indeed by a true signal and not an ar-
tifact of smaller sequence divergence of dinucleotide-shuffled
sequences.

To assess the importance of sequence and composition for
cyclizability with regard to single bases and dinucleotides, we
compared predicted cyclizability values of actual genomic se-
quence windows to randomized versions, randomizing either
at the level of single bases or dinucleotides. We employed two
different randomization strategies, ‘horizontal’ and ‘vertical’
shuffling, see Methods.

When employing the horizontal shuffling protocol, i.e. shuf-
fling sequence windows of length 50 bp horizontally at the
level of single bases or dinucleotides), the signal of a charac-
teristic change of cyclizability around TSSs was completely
lost (i.e. flat) for single-base-sampling in all three inspected
species (Arabidopsis thaliana, yeast, and human) (Figure 4A,
C, E). By contrast, dinucleotide sampling yielded barely dis-
tinguishable cyclizability change profiles compared to the ac-
tual profiles (Figure 4B, D, F). However, with regard to ab-
solute level, species differed. While single-base shuffling led
to increased values in Arabidopsis thaliana and yeast (Fig-
ure 4A, C), lowered values were obtained for human (Figure
4E). With dinucleotide shuffling, actual and randomized se-
quences tracked one another in all three species (Figure 4B, D,
F). Applying the vertical shuffling protocol, in which random
sequences were generated by statistically sampling from the
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Figure 2. Comparison of predicted cyclizability around transcription start sites (TSSs) of different species. Mean predicted cyclizability around the TSS of
all annotated genes containing a 5" UTR of (A)Arabidopsis thaliana, (B)Oryza sativa, (C)Nicotiana tabacum, (D) Chlamydomonas reinhardltii,
(E)Saccharomyces cerevisiae, (FYMus musculus, (G)Homo sapiens, (H)Caenorhabditis elegans, (I) summary of all species.
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Figure 3. Autocorrelation shows no long-range patterns. Autocorrelation function (ACF) of predicted cyclizability Arabidopsis thaliana chromosome 1

(10 Mb segment on left arm (positions 1-11 Mb) and right arm (positions 16-26 Mb) to avoid the centromer with unavailable sequences), window size 50
bp, step-size 1 bp, (A) with maximum lag of 10 000 bp, (B) with a maximum lag of 100 bp. Also included are ACF values obtained on
loop-seg-experimentally determined cyclizabilities of chromosome 5, Saccharomyces cerevisiae (cyclizability values at 7 bp resolution, (28)) as well as
corresponding predicted values using CycPred (Pearson correlation coefficient, r, between predicted and observed values: r = 0.77). Notably, the ACF
values of the experimental set decay even faster, possibly explained by experimental variance, smoothed out by the CycPred prediction model.
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average composition at specific position near TSSs, either on
a single or dinucleotide basis, similar observations were made
(Supplementary Figure S1). Mononucleotide-based sampling
led to flat profiles, while dinucleotide-based stamping repro-
duced the profiles associated with actual sequences.

Both shuffling-type experiments indicate that dinucleotide
composition plays an important role in explaining character-
istic intrinsic cyclizability patterns of genomic DNA around
specific genomic features (such as TSSs). This agrees with
previous studies that linked dinucleotides as key determi-
nants of certain DNA mechanical properties (30,31,52,53).
Of note, at the level of individual sequences (length 50 bp),
the correlation of cyclizability values obtained for the ac-
tual and dinucleotide-shuffled version was r = 0.14 (Pear-
son correlation coefficient, r) only. Yet, when averaged over
many sequences, the characteristic profile observed for ac-
tual sequences is faithfully reproduced from the dinucleotide-
shuffled set (r = 0.8).

When comparing the cyclizability signal to the distribution
of all 16 possible dinucleotides at each position normalized
to their random expectation, we found that their relative fre-
quencies change markedly around the TSS and that TA fre-
quency, in particular, correlated strongly with the cyclizabil-
ity pattern found in Arabidopsis (Figure 5). In agreement, the
correlation between dinucleotide content and measured cy-
clizability in the random library reported by Basu er al. (28)
was found strongest for TA (Pearson correlation coefficient,
r = 0.19). As the next two strongest correlated (absolute)
dinucleotides, TC (r = -0.09) and GA (r = -0.081) were
found negatively correlated with cyclizability, which also can
be observed in the dinucleotide composition around the TSS
(Figure 5). Similar observations can be made in S. cerevisiae
(Supplementary Figure S2) and Homo sapiens (Supplementary
Figure S3).

Two composition peaks, one about 30-40 bp upstream of
the TSS and one exactly on the TSS can be observed for most
dinucleotides (Figure 5). The latter reflects a high relative oc-
currence of AT and TG. It seems therefore likely that this peak
is largely due to a subset of translation start sites (start codon
ATG) being annotated as TSS. GT, which would be part of
the alternate start codon GTG/GUG (54), is also found in high
frequencies at that position. The TSS-upstream peak coincides
with the reported position of the TATA box motif that is fre-
quently found (~29% (55)) upstream of TSSs in Arabidopsis
thaliana. The TATA-box is a conserved feature found in many
eukaryotic promoters. It is bound by the TATA binding pro-
tein (TBP), which recruits the proteins for transcription initi-
ation (56). As the name suggests, the TATA-box consists of a
AT/TA rich motif, TATAWAWR. When comparing the cycliz-
ability profile around the TSS of genes containing a TATA-
box (n = 5369) to genes without TATA-box (7 = 14 364),
we found that TATA-box genes show a pronounced peak of
high flexibility upstream of the TSS, which is nearly absent in
the other genes (Figure 6A, B). Consistent with that finding,
TBPs are known to recognize the high flexibility of its cognate
binding motif (57).

It has been reported that plants have a higher number of
TATA-box genes compared to vertebrates, which could ex-
plain why they show a more pronounced high cyclizability-
peak preceding the TSS compared to human or mouse (58).
This is consistent with reports from Basu et al. (31), who
reported a small flexible peak at the TATA-box position in
S. cerevisiae.
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We then compared the nucleosome occupancy around TSS
of TATA-box and TATA-box-less genes. No strong difference
could be observed (Figure 6). Both sets show low nucleosome
occupancy leading up to the TSS, coinciding with the so-called
nucleosome depleted region (NDR), and high occupancy in
the gene body, with peaks of high occupancy spaced ~150 bp
apart, which is about the expected size of sequences wrap-
ping around a nucleosome without linker (147 bp) (35). The
first peak, representing the +1 nucleosome being the most well
defined, consistent with established understanding of nucleo-
some positioning (11). Interestingly, the reported positive as-
sociation of cyclizability and nucleosome occupancy (25,59)
is evident in the gene body more strongly for TATA-containing
genes (Figure 6B) and not (or barely) in TATA-less genes (Fig-
ure 6A).

Besides dinucleotide compositions, more complex motifs
than dimers can be expected to impact DNA mechanics. Using
DeepLIFT (44) importance score, we tried to identify poten-
tial motifs with TF-MoDISco (45). However, no motif beyond
dimers was identified. Khan et al. (30) and using their visi-
ble CNN model were able to identify several motifs affecting
bendability of a DNA sequence, particularly GAAGAGC and
its reverse complement, which was a strong indicator for high
flexibility. This effect was confirmed using our own model.
Random sequences containing this motif (10 000 sequences,
compared to shuffled versions of these sequences) were on
average significantly more flexible than dinucleotide-shuffled
versions of the same sequence (Cohen’s d = 2.01, P < 0.001).

Taken together, our results indicate that while dinucleotide
composition is not sufficient to explain local flexibility at the
level of single sequences, it appears to be the dominating factor
explaining characteristic flexibility profiles around genomic
landmarks such as the TSS and emerging as average-profiles.

Genomic DNA of many eukaryotes is significantly
more rigid than expected by random chance

When comparing the rigidity of sequences close to the TSS
to shuffled versions (single-base level) of the same sequence
in Arabidopsis, we noticed that the original sequences were,
on average, more rigid than their randomized versions. Sim-
ilarly, when we compared predicted cyclizability around the
TSS of different species, the investigated vertebrates (mouse
and human) showed a consistently higher flexibility (Figure
21). A similar observation was made by Li et al. (29), who re-
ported that mammals and thermophilic archaea had, in gen-
eral, a more flexible genome than yeast, E. coli and T4 Phage.

We tested whether these observations are statistically signif-
icant, and if the genomes of the respective organisms are gen-
erally more flexible or rigid than expected by chance. We tiled
genomic sequences of each organism into non-overlapping
windows of length 50 bp, and compared their predicted cycliz-
ability to predicted cyclizability values of the same sequences
randomly shuffled (single-base shuffling, five repeats). Thus,
we considered a locally shuffled genomic sequence as a ‘ran-
dom genome’. This preserves locally the base composition,
while keeping larger compositional differences across longer
genomic regions intact. This revealed that in all eukaryotic or-
ganisms investigated, except vertebrates, genomic sequences
were significantly more rigid than the randomly shuffled se-
quences (t-test, P << 0.0001, please see comment on P-values
at the end of this paragraph) (Figure 7A). In all non-vertebrate
eukaryotes, the effect size between original and randomized
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sequences ranged from 0.183 in C. elegans to 0.101 in yeast.
In the case of vertebrates, the opposite was true, with all of
them being, on average, more flexible than randomly shuf-
fled sequences, however with considerably smaller effect sizes,
ranging from 0.08 in salmon (Salmo salar) to 0.029 for hu-
man. When comparing the distributions of differences be-
tween genomic vs. shuffled, the largest interspecies difference
was found between salmon and C. elegans, with an effect size
of 0.3, the smallest between zebrafish and mouse, with an ef-
fect size of 0.0026.

To exclude composition-based effects, we compared the
randomly shuffled sequences to each other. While all differ-
ences were significant (P << 0.001), the effect sizes were
small, with the largest difference being between Chlamy-
domonas reinbardtii and C. elegans with an effect size of
0.047 and the smallest between maize and rice, with ef-
fect size smaller than 0.001. Chlamydomonas was generally
an outlier, with the highest mean cyclizability of all shuf-
fled sequences. This is most likely an effect of its very high
GC content of Chlamydomonas of around 64% (60) com-
pared to the other eukaryote species (~35-40%). Exclud-
ing Chlamydomonas, the highest effect size between ran-
domly shuffled sequences was 0.031. Therefore, it seems likely
that the difference in mean cyclizability between genomes
is an effect that is unrelated to genome-specific sequence
composition.

The occurrence of repetitive DNA-elements could be an-
other possible explanation for differences between species.
Vertebrates are known for their large genomes, containing
high percentages of repetitive sequences, while most chosen
non-vertebrate organisms have relatively short, gene-dense
genomes (61). As a test for a potential effect, we compared
sequences lying in exons to non-exon sequences in Arabidop-
sis and human, respectively, following the rationale that exons
are generally devoid of repetitive sequences. While the respec-
tive differences were significant (P < 0.001) due to the large
sample size, the very small effect sizes of 0.015 and 0.013 indi-
cated that there were no relevant differences in either species
(Figure 7B).

When analyzing three selected archaea species, two ther-
mophiles also investigated by Li et al. (29), Methanother-
mobacter thermautotrophicus and Thermococcus kodakaren-
siss, and the mammalian commensal Methanobrevibacter
smithii, we found a strong difference between the species, simi-
lar to what we observed in eukaryotes. The two thermophiles
(M. thermautotrophicus and T. kodakarensiss) were signifi-
cantly more flexible than expected (P << 0.001), with ef-
fect sizes of 0.21 and 0.11, respectively. Methanobrevibacter
smithii however was significantly less flexible than expected
(P < 0.05), albeit with a small effect size of 0.013.

Please note, with regard to the reported #-test P-values
reported in this paragraph, we wish to point out that the
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Figure 6. TATA-box genes have a distinct cyclizability pattern. Predicted cyclizability and nucleosome occupancy around transcription start sites (TSSs) of
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Figure 7. Mean genomic cyclizability of different species relative to randomized versions of the same sequence. (A) Distribution of differences between
predicted cyclizability of genomic sequences and randomly shuffled versions of the same sequences for different eukaryotes and three archaea (Mth,
Tko, and Msm) species. The individual values were derived by predictions of cyclizability of 50 bp windows at 50 bp step-size (spacing between
windows) from the respective genomes, randomly shuffling those sequences five times, and then calculating the difference, D, in cyclizability between
shuffled and original sequence with D = C, — C,, C = cyclizability, a = actual, r = randomized. All individual differences are represented by their
frequency distributions. Positive values indicate genomic sequences to be more flexible than their randomized versions, negative values the opposite.
(B) Distribution of differences between predicted cyclizability of exon/non-exon sequences and randomly shuffled versions of the same sequences for
Homo sapiens and Arabidopsis thaliana. Values were calculated as described under (A).
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P-values are heavily influenced by the large number of obser-
vations, N (millions of prediction windows and the five shuf-
fles) allowing even small differences of mean values to be sig-
nificant. Hence, the effect sizes should be taken as the more
informative measure, as it compares the difference of mean
values to the averaged standard deviations, which are not in-
fluenced by N, and thus are informative with regard to the
magnitude of difference. Roughly, an effect size of 0.1 suggests
that the difference of means is 10% of the average standard
deviation.

A subgroup of Arabidopsis thaliana transcription
factors shows distinct DNA rigidity patterns at their
target site when observed occupied compared to
non-occupied locations of the same motif

The binding of transcription factors (TFs) to DNA is one of
the most investigated instances of the role of DNA mechan-
ics. Of particular interest has been the observation that some
instances of a TF binding site motif are bound by the respec-
tive TFE, while for other instances of the same motif, the re-
spective TF shows a much lower affinity. One possible reason
could be the local flexibility of DNA, promoting or inhibiting
protein binding. Local flexibility is not only dependent on the
sequence of the motif, but also the flanking regions. The flank-
ing regions of motifs, while less conserved, play an important
role in TF motif recognition and binding (62). Recently, this
has been linked to the shape and flexibility of these regions
(17,18).

To investigate this further, we used available DAP-seq data
for Arabidopsis TFs (41) and their reported motifs, repre-
sented by their position weight matrices (PWM) available on
JASPAR, to find bound (or occupied) and unbound (non-
occupied) motif occurrences in the region 1kbp upstream of
any transcription start site (TSS). DAP-seq data were taken
as evidence of TF-binding, while absence thereof at respec-
tive motif locations were taken as an indication of no binding.
The opposite can be observed when looking at TRP2, which
showed a flexible binding site. In this analysis, in order to in-
vestigate whether the mechanical properties of the bound re-
gions are actually promoting TF binding, or are only a byprod-
uct of the specific binding sequence, we compared bound mo-
tifs to unbound motifs with a g-value <0.1 identified by the
program FIMO. For each motif, all bound instances including
their =200 and +200 bp flanking region were selected, and its
cyclizability profile was predicted. Inspecting the 25 TFs, for
which sufficient data was available (Figure 8), we observed
that while the majority of TFs showed no clear signal at their
binding site with detected binding, others (seven, based on vi-
sual inspection: ARID6, ATHB-23, CDF5, NAC017, TCX3,
TRB2 and TRp2) have a distinct pattern of predicted rigid-
ity at their binding motif relative to all motif instances. For
example, TCX3 shows a distinct pattern of strong negative
cyclizability, indicating a preference for rigid binding sites.

Taken together, this indicates that the significance of me-
chanical properties around the binding site may depend on
the specific TE.

Sites that can undergo methylation in Arabidopsis
thaliana show no preference in local cyclizability
DNA methylation is an epigenetic modification, in which the
CS5 position of a cytosine is modified by addition of a methyl
group. It regulates a wide variety of functions, including gene

"

expression and chromatin regulation. In plants, it can appear
in three different sequence contexts, CG, CHG and CHH.
DNA-methylation, in turn, has also been shown to decrease
DNA flexibility (31,63). Since Basu et al. were able to show
that certain chromatin remodelers were sensitive to local DNA
flexibility (28), it is reasonable to hypothesize that establish-
ing DNA methylation might also be influenced by local me-
chanical DNA properties, such that DNA methyltransferases
may have a preference for either low or high local DNA flex-
ibility. Using the methylation calls for Arabidopsis thaliana
(accession, Col-0) from the 1001 epigenome project (37), we
predicted the cyclizability of all sequence windows contain-
ing C-positions that have been observed to undergo methyla-
tion and compared them to random sequence windows with
the same consensus context (CG, CHG or CHH), but no
reported methylation. To eliminate differences in overall se-
quence composition and functional relevance as a possible
confounding factor, we confined this comparison to sequence
windows falling into promoter regions. Sequence windows
with methylated positions had a slightly higher cyclizabil-
ity value in all three sequence contexts than sequence win-
dows containing the same sequence context but without ev-
idence of being methylated. However, the effect sizes were
small (d = 0.039, 0.059, 0.053, respectively), indicating that
these effects may not be biologically relevant (Figure 9A).
When inspecting all individual sequence contexts covered un-
der the CHG and CHH motif descriptions, the effects were
still small, however, some contexts such as CCT, CGC and
CAT had slightly larger effect sizes of 0.102, 0.084 and 0.075
(Figure 9B).

De novo mutations and fixed SNPs in Arabidopsis
thaliana appear more frequently in rigid genomic
DNA contexts

A recent paper by Monroe et al. revealed that mutations, un-
like previously assumed, do not occur at random, but are
themselves biased reflecting natural selection (39). Mutations,
accruing de novo in the experimental series, were found to oc-
cur less often in functional constrained regions of the genome,
i.e. gene bodies. This suggests that DNA modifications, DNA
accessibility as well as intrinsic properties of certain functional
genomic regions could influence the likeliness of de novo mu-
tations. They reported that the region upstream of the TSS
showed significantly higher mutation rate than the gene body.
The mutation rate profile around TSSs behaved very similarly
to the predicted cyclizability observed in this study (39).

This led us to surmise that DNA flexibility might be a fac-
tor influencing the de novo mutation rate. Using the provided
data from Monroe et al., we examined all sequence windows
containing an observed de novo mutation and compared them
to all sequence windows with no reported de novo mutation.
Again, to exclude any composition and position related ef-
fects, we focused on gene promoters. Considering all sequence
windows up to 300 bp upstream of a TSS, windows contain-
ing de novo mutations were significantly more rigid than win-
dows not containing de novo mutations (P < 0.001), with an
effect size of 0.161. When comparing all windows (i.e. not
only near TSSs) with and without de novo mutations on Ara-
bidopsis chromosome 1, i.e. without focusing on any specific
functional genomic region, the same trend was observed, with
an effect size of 0.134. This implies that rigid regions are gen-
erally more susceptible to de novo mutations.
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Figure 8. Comparison of bound and unbound instances of transcription factor binding site motifs in gene promoter regions in Arabidopsis thaliana. Mean
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Next, we grouped sequence windows into four classes
based on presence/absence of particular de novo sequence
variants—no mutation, only single nucleotide polymorphism
(SNP) mutation, only indel (insertions/deletions) mutation
and SNP and indel mutation. Compared to sequence win-
dows with no mutations, sequence windows of all three mu-
tation classes had lower cyclizability, and are therefore pre-
dicted to be less flexible, consistent with the results reported
above. However, the strength of the effect varied among the
groups (Figure 10A). In promoter regions, sequence windows
with only SNPs had the lowest effect size of 0.121 when com-
pared to windows without mutations. Windows containing
only indel mutations had an effect size of 0.182. Lastly, the
strongest effect could be observed when comparing windows
containing both SNP and indel mutations, with an effect size
of 0.334. When performing the same experiments on all win-
dows on chromosome 1, we found similar results, with effect
sizes of 0.106, 0.143 and 0.258 for only SNP, only indel and
both SNP and indel mutations, respectively.

We then investigated whether this effect can also be ob-
served for fixed SNPs, i.e. naturally occurring SNPs, and short
indels, as reported by the 1001 genome project (38), again re-
stricting the analysis to 300 bp promoter regions to avoid po-
tential differences of conservation due to a different functional

relevance of particular genomic regions. When comparing all
sequence windows containing mutations to all windows with-
out mutations, we found that SNP-containing windows were
significantly more rigid than non-SNP windows, as observed
with de novo mutations. The effect size was smaller (0.023)
compared to the de novo mutation effect sizes, potentially in-
dicating that there is no relevant, or a lesser contribution of
mechanical factors in fixed than in de novo variants. The dif-
ferent mutation types (SNP, indel, SNP + indel) behave simi-
larly as observed for de novo mutations, with effect sizes of
0.022 for SNPs, 0.125 for indels and 0.124 for SNPs and in-
dels relative to sequence windows devoid of mutations.

Sites of high Spo11 oligonucleotide accumulation
in Arabidopsis thaliana showed no correlation with
DNA flexibility

During meiosis, crossing-over is initiated by double-strand
breaks and subsequent DNA repair. These double strand
breaks are introduced by Spo11, a relative of topoisomerases
(64). Since it has been shown that Spol1-induced breaks are
associated with nucleosome depleted regions (65), we sus-
pected that Spo11 might have an affinity for rigid DNA. Us-
ing the Spo-11 oligonucleotide mapping in Arabidopsis from
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all specific methylation contexts. Horizontal dashed lines denote 25, 50 and 75 percentiles, respectively. Note that it is not the effect of methylation that
is examined, but whether a cytosine with a particular sequence context was observed to undergo methylation.
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as a reference.

Choi et al. (42), we compared those values to the cyclizabil-
ity values for sequence windows of length 50 bp centered on
the same position. Again, we focused on promoter regions
(1000 bp upstream of TSSs) to study a particular genomic re-
gion, thereby reducing the effect of confounding factors, no-
tably nucleosome occupancy as upstream regions tend to be
depleted of nucleosomes. Spol1-oligonucleotides and cycliz-
ability showed no relevant correlation (r = 0.002), and hence
no evidence for an association of DNA flexibility and double-
strand breaks was found.

Discussion

The investigation of mechanical properties of genomic DNA
and their possible functional implications has a long research
tradition. The recent development of novel experimental tech-
niques that allow probing for mechanical properties at a
whole-genome scale, such as loop-seq (28), has spawned re-
newed interest as it allowed addressing possible functional
consequences of mechanical properties of DNA at an unprece-

dented scale (31). The generated loop-seq dataset also per-
fectly lent itself to the development of machine learning meth-
ods that predict mechanical bendability (cyclizability) from
sequence, allowing to expand the analysis scope beyond the
examination of actual experimental data, but to apply the re-
spectively developed algorithms to other species and a broad
range of genomic contexts (29-31). As a main premise of
such generalization, the assumption has to be made that the
sequence-structure relationships of genomic DNA are univer-
sal, an assumption that seems plausible. Following this ratio-
nale, we aimed to expand the analysis to a range of particu-
lar associations between mechanical properties and functional
sites in genomes not addressed previously For this, we devel-
oped, CycPred, a computational artificial neural network pre-
diction model on the basis of available experimental data of
genomic sequence cyclizability (28). CycPred was observed to
perform at high accuracy levels, fast, and stably across diverse
input sequence sets. As part of their study, Basu et al. also
developed a linear prediction model that incorporates deliber-
ately chosen features such as dinucleotide pair frequencies and
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their distances, yielding correlation levels of predicted versus
observed data of around r ~0.51-0.55 (31). While a model
with interpretable, engineered features allows for direct in-
terpretation, the neural network architecture employed here
proves more accurate, though posing challenges with regard
to interpretation. Applying CycPred, we systematically exam-
ined how different aspects and characteristic loci of eukaryotic
genomes may be affected by DNA flexibility.

Observed for several and diverse species, transcription start
sites seem to be associated with pronounced changes of local
DNA flexibility (Figure 2). It needs to be asked whether this
characteristic profile is itself functionally relevant or a conse-
quence of an overrepresentation of particular sequence motifs
signifying TSSs and for reasons other than mechanical prop-
erties. In particular, the region immediately upstream of TSSs,
the core-promoter, is known to harbor characteristic motifs
(such as frequent occurrences of TATA-boxes) and, further-
more, in Arabidopsis was shown to exhibit characteristic din-
ucleotide orientational preferences (66). Thus, the observed
profile of mean cyclizability near TSSs may result for those
motifs, and whether the associated flexibility itself is of func-
tional relevance will have to be determined. As an indication
of the direct significance of flexibility, Basu et al. showed that
chromatin remodelers (INO80) may sense DNA mechanical
properties near TSSs (28).

We observed that the average TSS-cyclizability profile is de-
termined almost entirely by dinucleotide composition (Figure
4, Supplementary Figure S1). Similarly, dinucleotide composi-
tion has been found correlated with the specific cyclizability
profiles at nucleosome positions (29). The important role of
dinucleotides has also been illuminated by Basu et al. (31).
Training a linear model on dinucleotide frequencies and their
pairwise sequence-distance distributions, predictions of cycliz-
ability values at the level of individual sequences was possi-
ble at a correlation level of ~0.55 (Pearson correlation coef-
ficient). Our results seem to suggest a possibly minor signif-
icance of pairwise distances of dinucleotides when averaged
over many sequences aligned on TSSs. Horizontally shuffling
the sequences at the dinucleotides, i.e. preserving composi-
tion, but destroying pairwise distances, resulted in a near faith-
ful reproduction of average cyclizability profiles around TSSs
(Figure 4). Yet, while, on average, the profiles obtained for
actual and dinucleotide-randomized sequence versions were
very similar (» = 0.8), their actual mean correlation over pair-
wise (shuffled vs. actual) windows was detected at » = 0.14
only, i.e. individually, substantial scatter is present. Also, at
the level of individual sequences, local variance of cyclizabil-
ity along the sequence seems very high as indicated by the
rapid decay of the autocorrelation function (Figure 3). Thus,
any importance of DNA flexibility may become apparent only
when averaging over many sequences (aligning on the TSS, for
example). While then, a clear characteristic profile is evident
(Figure 2), it can be reproduced based on dinucleotide compo-
sition alone, irrespective of pairwise sequence separation. We
conclude that while at the level of individual sequences, pair-
wise distances may play a role (as convincingly shown by Basu
et al. (31)), for their importance as a characteristic around ge-
nomic landmarks, local composition alone may be the domi-
nating feature.

Particular dinucleotides have already been reported to im-
part special mechanical properties. For example, TA, fre-
quently referred to as a pyrimidine—purine step, has been im-
plied to be associated with high flexibility (26,31) and to
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introduce local kinks (67), possibly involving a switch of
base pairing from ‘Watson—Crick’ to ‘Hoogsteen’ (68). Given
the TATA-box (literally containing the core motif sequence
TATA), the high flexibility observed for regions upstream of
the TSS may be explainable.

Here, we focused on dinucleotides as the next higher level
of k-mers relative to mononucleotides and observed that al-
ready at this first complexity increment, average cyclizability
profiles are captured much better than obtained with mononu-
cleotides (Figure 4). A search for higher-order motifs per-
formed in this study did not identify motifs, except confirm-
ing the reported GAAGAGC motif and its reverse complement
(30). Evidently, when referring to ‘mono’ or ‘di’-nucleotides,
their respective actual canonical base-pairs of length one or
two are meant.

In the seminal paper on the experimentally determined
DNA-cyclizability in yeast (28), which forms the basis
of this study, a region of lowered flexibility upstream of
TSSs has been reported in yeast, and confirmed here us-
ing our computational prediction method (Figure 2E). This
region was reported as a stiff region, in which nucleo-
some binding/formation is impaired, thereby facilitating TF-
binding. Surprisingly, this pattern was not observed in any of
the other species examined here (Figure 2). Rather, we ob-
served lowered cyclizability right on or immediately down-
stream of the TSS. Assuming the prediction method as well
as the TSS annotation to be reliable, this may either point to
the yeast genome to be special, or that the stiffness of the TSS
itself may be relevant for transcription initiation.

Interestingly, several investigated eukaryotic genomes, but
not vertebrates, were significantly more rigid compared to ran-
domized sequences (Figure 7A). This effect was largely base-
composition-independent. The significance of this observation
is not yet clear. It could serve some functional reason, or be
the result of some underlying factor unrelated to rigidity, like
repetitive sequences. However, there were only minimal dif-
ferences between exon and non-exon sequences in both Ara-
bidopsis or human (Figure 7B), indicating that repetitive se-
quences may not be the reason. Of note, as there many con-
ceivable ways to randomize genomic sequences, here we al-
ways performed the comparison of actual to randomized se-
quences locally, averaged over the whole genome under study.

While we observed that actual genomic sequences are often
more rigid than their randomized versions, with cyclizability
taken as a surrogate of flexibility, DNA as a whole still ap-
pears to be mechanically very flexible, as was discussed be-
fore (23-25). Interestingly, the ~50 bp autocorrelation decay
distance of cyclizability (Figure 3) is even shorter than the re-
ported persistence length of DNA, around 150 bp (69). The
cyclization of short DNA sequences (25) can thus not be ex-
plained with the standard worm-like chain model from which
the persistence length was derived (23). However, to explain
many functions of DNA, such as TF binding or other protein
DNA interactions, a model allowing higher flexibility of DNA
may indeed be biologically very important, and thus, the mea-
sured cyclizabilities real and relevant. Several explanations for
the observed discrepancy, like the formation of single-stranded
bubbles (70), or kinks (71,72) have been suggested.

Using autocorrelation as an indicator, no long-range per-
sistence of predicted cyclizability was found (Figure 3A, B).
However, this conclusion does not contradict earlier find-
ings that cyclizability exhibits a periodic behavior related
to periodic nucleosome positions (29,73), and found here in
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Arabidopsis thaliana as well (Figure 6B), but indicates that
any systematic trends with regard to flexibility as measured by
local cyclizability are revealed only, when multiple instances
of alignable sequences are averaged, with alignable meaning
that sequences can be positioned relative to specific landmark
sign-posts, e.g. dyads or transcription start sites. Then, and
as shown before (28,29,31), averaged over many sequences,
systematic trends of local flexibility can be revealed. But at
any given individual site, local variability of cyclizability will
be very high, in fact, higher than the signal discerned from
averaging.

Temperature is a known evolutionary factor shaping
genome composition and structure. Thermophilic bacteria
and archaea have been reported to have high GC content,
which has been linked to thermal adaptation due to higher
thermostability and potentially increased DNA repair effi-
ciency (74). Li et al. (29) reported high average cyclizabil-
ity, and thus high mechanical flexibility, for Methanother-
mobacter thermautotrophicus and Thermococcus kodakaren-
siss, two thermophilic archaea. This can partly be explained
with their high GC content of 50% and 52% respectively,
since long poly(dA:dT) stretches have been found associated
with rigid DNA sections (29,75,76). When we compared ge-
nomic sequences of those two archaea to randomly shuf-
fled versions of these sequences, we could show that their
genome was significantly more flexible than expected by ran-
dom chance (Figure 7A). However, Chlamydomonas, with an
even higher GC content of 64%, has a significantly lower me-
dian cyclizability and is more rigid than expected by random
chance. Li et al. suggested that the nucleosome structure of
thermophile archaea species, wrapping only 60 bp around nu-
cleosomes (77), requires their genomes to be more flexible. In
contrast to the thermophiles with high flexibility, we found
that the genome of Methanobrevibacter smithii, an archaea
commensal, was observed to be overall less flexible (Supple-
mentary Figure S4), and showed no strong difference com-
pared with randomized sequences (Figure 7A). Assuming that
flexible DNA is required for the tight nucleosome wrapping
observed in T. kodakarensiss and M. thermautotrophicus, it is
less likely to find this nucleosome organization in M. smithii.
This may reflect the large variability of genome organization
found in archaea compared to eukaryotes (78).

Investigations of transcription factor binding showed a dis-
tinct preference for rigid/flexible areas of DNA for some tran-
scription factors (Figure 8). By comparing bound and un-
bound motifs, we could show that some TFs had a more pro-
nounced flexibility motif in bound instances. Since transcrip-
tion factor binding site motifs are relatively short sequences
(~6-15 bp), the flanking regions have a large impact on the
flexibility profile. This agrees with previous reports that the
sequence of TF motif flanking regions, while not forming dis-
tinct motif themselves, have a large impact on TF binding
specificity. Specifically, DNA-shape and flexibility of the flank-
ing regions have been suggested as major contributors to this
effect (18-20,79). It would be interesting to further investi-
gate, which TFs show these preferences, and explore, which
mechanism is potentially responsible.

DNA modification by methylation is a key feature of eu-
karyotic genomes. Our investigation found no strong con-
nection between rigidity surrounding cytosines (in CG, CHG,
CHH sequence context, respectively) and whether or not they
have been observed to be methylated. This implies that the
methyltransferases establishing DNA methylation show no
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particular dependence on the flexibility of DNA, at least not in
the plant Arabidopsis thaliana (Figure 9). Please note, we did
not test for the effect of methylation on DNA flexibility, but
whether the target sites of DNA methylation themselves show
characteristic DNA flexibilities. We applied a model that was
trained on unmethylated data. With regard to the effect of an
actual DNA-methylation on the flexibility of genomic DNA,
Basu et al. (31) reported that generally, CpG-methylation leads
to a stiffening of DNA.

By contrast, de novo mutations as reported by Monroe
et al. (39) have been found located in rigid sequence contexts.
Specifically, sequence windows containing both SNP and indel
mutations were found with increased rigidity (Figure 10). This
effect is also observable, albeit less pronounced, in fixed SNPs
and indels from the 1001 genome project. This effect could
help to explain the different mutation rates observed among
different species (80), as we observed different median cycliz-
ability values in genomes of different species (Figure 7A). For
naturally occurring polymorphisms in Arabidopsis thaliana,
which we found associated with slightly stiffer sequences, a
sequence window that contains SNPs will correspond to dif-
ferent genotypes (actual sequences) in different Arabidopsis
accessions, and thus different cyclizabilities. However, it is ex-
tremely unlikely that the representative accession used here
(Col-0) always corresponds to the stiffer of the various occur-
ring sequences in the different accessions.

It has been previously reported that DNA bound to nu-
cleosomes accumulate more SNP mutations due to an inhibi-
tion of certain DNA repair pathways, while linkers showed a
higher indel mutation rate. In this context, mechanical proper-
ties may play a role as linkers have been reported by previous
studies to be more rigid (28,29). Non-homologous end join-
ing (NHE]) repair of double-strand breaks has been associ-
ated with indel mutations (81,82). It is therefore possible that
rigid DNA sections are more susceptible to lesions resulting in
double-strand breaks, or more prone to errors during DNA re-
pair. Topoisomerases are enzymes that introduce single- and
double-strand breaks into DNA. Their main function is re-
duction of torsion by reducing positive/negative supercoil-
ing, for example during transcription, which itself could be
linked to local DNA mechanics. Therefore, if topoisomerases
show a preference for certain local DNA mechanical prop-
erties, a higher mutation rate at those positions due to more
frequent DNA double strand breaks could be a possible ex-
planation. There have been reports that Topoisomerase 1 is
associated with transcription dependent mutagenesis (83,34).
However, our investigation of Spol1, a relative of topoiso-
merase, yielded no indication of a preference for rigid regions
of DNA.

With regard to technical aspects, we developed a computa-
tional prediction model, and reported results obtained by ap-
plying it, based on experimental data from yeast. For the orig-
inal data, our prediction accuracy proved very high (r = 0.93,
with regard to true versus predicted cyclizability obtained for
the reported ‘random sequence set’, 7 = 0.77 for chromosome
V). We then applied the model to other species, i.e. different
genomic sequences. In as much as (i) DNA is universally the
same polymer following the same sequence-structure relation-
ships, (ii) the experimental data were obtained for ‘naked’ and
synthetic DNA, i.e. without chemical modifications or bound
proteins that could be species-specific and (iii) the model was
trained on very large sequence datasets, and showed high per-
formance on a random library thus we believe a transfer to
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other species is plausible and will likely generate valid predic-
tions even if the sequences will differ.

Our results are based on statistical associations. Experimen-
tal evidence is needed to confirm them as association does not
imply causation, and other sequence constraints could partly
explain the reported observations.

Furthermore, our results rely on the genomic sequence and
annotations to be correct. In particular with regard to the posi-
tion of transcription start sites, this is, for principle—given al-
ternative start sites—and technical reasons, challenging. How-
ever, we believe that the fact that we did observe characteris-
tic profiles around TSSs in all species examined (Figures 2, 5,
Supplementary Figures S2 and S3), even in view of potential
sources of error, suggests that indeed a signal is present.

Conclusions

Our study explored a range of sequence-structure-function re-
lationships of genomic DNA that may be influenced by local
DNA flexibility. We found a characteristic change of flexibil-
ity near transcription start sites that was found consistently
across multiple species and largely driven by dinucleotide
compositional effects. Unlike previously discussed as an indi-
cation of facilitated access of transcription factors to gene pro-
moters, no evidence of a generally present region of lowered
flexibility upstream of transcription start sites was found. Yet,
with regard to transcription factor binding, depending on the
actual transcription factor, flanking-sequence-dependent flex-
ibility was observed as a potentially important factor influenc-
ing binding. Compared to randomized genomic sequences, de-
pending on species and taxa, actual genomic sequences were
globally observed both with increased and lowered flexibility.
Lastly, our analysis suggests that mutation rates may be linked
to local DNA mechanical properties, with rigid areas being
more susceptible to SNPs (de novo and fixed) and, in partic-
ular, indel mutations. Sites of double-strand breaks, however,
show no evidence for being associated to DNA-flexibility.

Taken together, our study presents a range of significant cor-
relations between characteristic DNA mechanical properties
and genomic features, the significance of which with regard
to detailed molecular relevance awaits further experimental
and theoretical exploration.

Data availability

CycPred is available at https:/figshare.com/articles/software/
CycPred/24315502 (DOI 10.6084/m9.figshare.24315502)
and https://github.com/georgback/CycPred.

Note added in proof

During the proof-reading stage we became aware of a new
publication reporting also on the development of an artifi-
cial neural network architecture for the prediction of DNA
cyclizability, using the same input and reporting a similar per-
formance as obtained by us, and presenting a study on the
potential relevance of DNA bendability (85).

Supplementary data
Supplementary Data are available at NARGAB Online.
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