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DNA-based transactions can

unwind the double helix,

promoting the formation of

secondary structures through

intra-strand interactions and non-

canonical folding. Our study

predicts that human centromere

sequences harbor more of these

complex and unstable DNA

structures than other genomic

regions, potentially driving

chromosome segregation errors

and genomic instability.
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DNA secondary structures infers
complex human centromere topology

Sai Swaroop Chittoor1 and Simona Giunta1,*
Summary
Secondary structures are non-canonical arrangements of nucleic acids due to intra-strand interactions, including base pairing, stacking,

or other higher-order features that deviate from the standard double-helical conformation.While these structures are extensively studied

in RNA, they can also form when DNA becomes single stranded, creating topological roadblocks that can impact essential DNA-based

processes such as replication, transcription, and repair, ultimately affecting genome stability. The availability of a complete linear

sequence of human genomes, including repetitive loci, enables the prediction of DNA secondary structures comparing across various

regions. Here, we evaluate the intrinsic properties of linear single-stranded DNA sequences derived from sampling specialized human

loci such as centromeres, pericentromeres, ribosomal DNA (rDNA), and coding regions from the CHM13 genome. Our comparative anal-

ysis of predicted secondary structures across human chromosomes revealed the heightened presence, complexity, and instability of sec-

ondary structures within the centromere, which gradually decreased toward the pericentromere onto chromosomes’ arms, on average

lowest in coding regions. Notably, centromeric repeats exhibited the highest level of topological complexity within both the active and

divergent domains, even when compared to other repetitive tandem satellites, such as rDNA in acrocentric chromosomes. Our findings

provide evidence of the intrinsic self-hybridizing properties of centromere repeats, which are capable of generating complex topological

structures that may functionally correlate with chromosome missegregation, especially when centromeric chromatin is disrupted. Pro-

cesses such as long non-coding RNA transcription, recombination, and other mechanisms that dechromatinize and unwind stretches of

linear DNA in these regions create in vivo opportunities for the DNA acrobatics hereby predicted.
Introduction

The centromere is an essential genomic region whose posi-

tion within the primary constriction has been used to clas-

sify chromosomes (Figures S1A and S1B). In addition to

representing a visually distinct part of eukaryotic chromo-

somes, centromeres facilitate sister chromatids’ cohesion

as well as act as the basal layer for the formation of the pro-

teinaceous structure called the kinetochore, which physi-

cally associates the centromere to the spindle fibers during

the process of chromosome division.1,2

Due to their long length and highly repetitive nature

made of near-identical repeats called higher-order repeat

(HOR) arrays, obtaining the complete linear sequence in-

formation of human centromeres has been a long-standing

technical challenge.3–5 The recent CHM13 assembly of the

human genome utilized third-generation sequencing tech-

nologies like PacBio High Fidelity (HiFi) and Oxford Nano-

pore Ultralong (ONT) to achieve long DNA reads that

enabled a comprehensive map of a gapless human genome

of a pseudo-haploid cell line derived from an inviable

molar pregnancy.6 Previously missing regions of the

genome were assembled, the remaining gaps spanning

areas containing long repetitive sequences like the centro-

meric region were filled in, and the rDNA arrays were

modeled. Ultimately, the availability of these linear se-

quences has unlocked an opportunity to study the base
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pair composition as well as the structure of DNA

throughout the human genome.

A large portion of the genome comprises repetitive se-

quences,7 of which the centromere and pericentromere

make up approximately 6%–8% (�189 Mb in CHM13).6,8

Centromeres are composed of long arrays of repeating se-

quences called satellite DNA, particularly alpha-satellites,

which have a basic repeated unit an �170 bp monomer.

These alpha-satellites arranged tandemly in HOR units

make up the core of the centromere, spanning up to �7

Mb as one of the longest centromeres assembled.9 Centro-

meres rarely contain protein-coding genes but are actively

transcribed into long non-coding centromeric RNAs (cen-

lncRNAs).10 The region where HOR arrays share a high

level of sequence identity is referred to as active or live

centromere with high-density enrichment of the centro-

mere protein A (CENP-A).8,9 CENP-A is a histone H3

variant that epigenetically marks the binding site of the

kinetochore and, thus, the epigenetic position of the

centromere on the chromosome.11 Correct kinetochore at-

tachments are essential in preventing mitotic dysfunction

and chromosome missegregation.

Flanking the active centromere, the divergent region

transitions into the pericentromere with progressively

more divergent HORs containing non-uniform repeat

units. On either side flanking the centromere progressing

into the chromosome’s arms, we can find other types of
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satellite DNA depending on the chromosome, such as (1)

human satellites HSat1A and HSat1B, which constitute

the most AT-rich regions in the chromosome, (2) HSat2

and HSat3, which derive from a (CATC)n repeat sequence,

and (3) beta-satellites and gamma-satellites, which are GC-

rich stretches containing dense CpG methylation.8 The

various satellite regions in the pericentromere are usually

followed by a stretch of non-satellite sequences termed

the centric transition region. The centric transition also

flanks the pericentromere, separating it from the gene-cod-

ing unique p and q arms of the chromosomes. In CHM13,

the centric transition region contains segmental duplica-

tions while occasionally housing lncRNAs as well as pro-

tein-coding genes (e.g., ADAP2 [MIM: 608635] in the q

arm of chromosome 17).8

DNA in its native state exists as a double-stranded, right-

handed helix, as described by Crick andWatson12 based on

the experimental data of Rosalind Franklin.13 This DNA ca-

nonical conformation is termed B-DNA and is considered

one of the most stable forms of DNA and the most com-

mon biologically occurring. While strong hybridization

of the two complementary strands and chromatinization

largely protect DNA from aberrant self-annealing, when

DNA is single stranded, it opens opportunities for intra-

strand base pairing due to complementarity, leading to

the formation of unimolecular folded structures in a

fashion similar to that observed for RNA.14 Hence why

the prediction of secondary structures has historically

been done on RNA, with the initial predictions of RNA sec-

ondary structures in the early 1970s done using simple

energymodels.15While DNA structures are thermodynam-

ically unfavorable in the linear form, mounting evidence

points to cases of secondary-structure formation during

biological processes like replication, transcription, DNA

repair, or other nuclear processes that require opening of

the DNA concomitant with dechromatinization—where

the DNA is unwrapped from the nucleosomes, base

complementarity within the antiparallel strand is broken,

and complementarity within the same strand can favor

the dynamic formation of secondary structures.16 Such

secondary structures can also be formed due to the binding

of specific proteins to the DNAmolecule or due to changes

in temperature, pH, and salt concentration. Once formed,

single-stranded secondary structures may support the for-

mation of alternative DNA conformations collectively

referred to as non-B DNA.17 Non-B DNA can arise due to

various factors such as the presence of specific DNAmotifs,

changes in the environmental conditions, or the action of

certain proteins on the DNA. Non-B DNA structure forma-

tion has been widely reported in repetitive DNA sequences

like G-quadruplexes, formed by the repetition of guanine

nucleotides in immunoglobulin class-switch recombina-

tion (CSR) regions and telomeres.

Non-B DNA presence and enrichment at the centromere

have long been observed, with the formation of hairpins

and cruciform structures mainly attributed to dyad sym-

metries.18–20 It has been speculated to be one of the
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defining factors of the centromere since both the centro-

meres and neocentromeres are enriched for inverted re-

peats, which possess the potential to form non-B DNA

structures,18 and are notoriously difficult to sequence

through.21,22 Consistent with the presence of non-B-

form DNA structures at functional centromeres, DNA

hairpins, triplexes, and R-loops have been observed in

alpha-satellite DNA in vitro and/or in vivo.23–25 Notably,

centromeres have been suggested to be akin to common

fragile sites of the human genome,23,26 where late replica-

tion,26,27 presence of tandem repeats,28 and active mitotic

recombination29 converge to promote DNA instability.26

Indeed, upon CENP-A removal and chromatin perturba-

tion, R-loop formation at centromeres leads to DNA breaks,

impacting the stability of the DNA in the region and lead-

ing to chromosome arm aneuploidy.23

In this work, we sought empirical evidence of centro-

meric DNA forming secondary structures by sampling

DNA sequences from the human genome across chromo-

somes. We opted to utilize the tool RNAfold from the

ViennaRNA package for our analysis due to its proven

track record in terms of accuracy and runtime optimization

for DNA secondary-structure prediction and minimum

free energy (MFE) calculation compared to other

available tools.30 RNAfold uses a loop-based energy model

(Figure 1A) and Zuker’s algorithm,31 integrating experi-

mentally evaluated and compiled nearest-neighbor param-

eters.32,33 Our data revealed a high inherent intricacy of

the DNA sequence in the core centromere as inferred

from the complex nature of the secondary structures pre-

dicted, whose stabilities progressively increase toward the

chromosome arm. This is mirrored by the sequence

composition of the DNA as well as the repeat organization

of centromeric DNA. We also compared the peri/centro-

meric DNA against rDNA, another repetitive region in

the acrocentric chromosomes, as well as against functional

genes across chromosomes, uncovering relative differences

among their secondary structures. The complexity in

centromere secondary structures correlates with the rate

of missegregation of individual chromosomes, in both

CHM13 and RPE-1 genome assemblies,6,9 hinting at a

functional impact of complex DNA topologies. Altogether,

our study offers an overview of the secondary-structure-

forming capabilities of the human genome based on linear

DNA sequences starting from the core centromere and

along chromosome arms.
Material and methods

Sequence information
All the sequence information used in this analysis was obtained

from the CHM13 human genome assembly6 unless specified

otherwise. From the active HOR region, divergent HOR region,

centric transition region, and rDNA region, we isolated five DNA

sequences in all the human chromosomes except chromosome 4

and chromosome X, which do not possess a sufficiently large

divergent region within the centromere in the CHM13 genome.
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Figure 1. An overview ofMFE value distri-
bution from human chromosomes
(A) Diagram of the parameters assessed in
this study, with a DNA secondary structure
broken down into loops containing un-
paired bases like multiloops (point of
connection between three or more helical
stems), hairpin loops (unpaired region of
a hairpin alongside a double-stranded
stem), or interior loops (regions that link
exactly two stems)34 and stacking comple-
mentary base pairs. The DG value of a DNA
secondary structure is evaluated as the sum
of the contributing free energies of stabiliz-
ing factors (complementary base pairs and
corresponding base pair stackings) and de-
stabilizing factors (loops, bulges, unpaired
bases) contained in the secondary struc-
ture. This figure was created using forna.35

(B) Violin plot visualization of the spread
of the average MFE values across regions
of the chromosome as indicated. The hor-
izontal lines represent the mean for each
region.
(C) Bar plot displaying the spread of the
average MFE values of the predicted sec-
ondary structures from the selected re-
gions. Bars contain 5 dots that correspond
to the original MFE data values from the
five different regions sampled. The x axis
represents the chromosomes, and the y
axis represents their minimum free energy
values in kcal/mol. The error bars represent

the standard deviation. Chromosome 4 was omitted because it lacks a divergent region, and chromosome X was omitted because it
possesses a divergent region <4,000 bp.
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To unbiasedly select the DNA sequences to be analyzed, we applied

the method of stochastic sampling and randomly selected five

sequence fragments from the aforementioned regions (https://

github.com/GiuntaLab/DNA-secondary-structures-analysis). We

performed the analysis using DNA of 4,000 bp in length based

on the assumption that lncRNA generated through the transcrip-

tion of human DNA repeats can extend for more than 1 kb, as

recently shown.36 To assess whether the length of the DNA may

artifactually impact our secondary-structure predictions and the

derived values, we extended our sampling to other sequences

within the chosen regions that span 500 bp and 1 kb in length.

As expected, the MFE values change according to the number of

bases in the sequence, yet the trend for secondary-structure

complexity was the same whether we used 4,000, 1,000, or 500

nucleotide sequences (Figures S5A–S5C). These data confirm that

the MFE values compared across different regions in the peri/

centromere of the human genome are unaffected by the length

of DNA for the three sizes we assayed, and the trends we have iden-

tified represent bona fide indicators to predict secondary structures

based on topological organization of nucleotide sequences. For the

coding regions, we selected five random functional protein-coding

genes in the q arm of the chromosome and extracted DNA se-

quences of length 4,000 bp from every gene selected.

The selection of protein-coding genes as well as their sequences

was done in a random manner to assess how the selected se-

quences would fare in terms of secondary structures and MFE

values when juxtaposed with the DNA sequences selected from

the peri/centromeric regions and other repetitive DNA. Due to

this random assignment, they do not truly represent all the pro-

tein-coding genes and may be subject to selection bias.
The Am
Secondary structure prediction and delta G value

calculation
The DNA secondary-structure prediction, as well as the calculation

of MFE values, was done using the tool RNAfold from the

ViennaRNA package (v.2.5.1; https://github.com/ViennaRNA/

ViennaRNA).30 Predictions were done using the following

parameters:

RNAfold -d2 -g –noLP -P dna_mathews2004.par –noconv

Predictions were performed on samples of 500, 1,000, and

4,000 bp sequences extracted from 5 different regions within the

active HOR, divergent HOR, centric transition region, randomly

selected sequences from the protein-coding region in the q arm

of the chromosome, and the rDNA.
Non-B DNA motif prediction
The prediction of occurrence of inverted repeats as well as various

other non-B DNAmotifs in the regions considered was done using

the Non-B DNA Motif Search Tool (nBMST; https://nonb-abcc.

ncifcrf.gov/apps/nBMST).37 The following command was used in

this analysis to generate the output:

gfa -seq input.fasta -out output

The results were then normalized by dividing the sum of lengths

of every non-B DNA motif by the total size of the DNA regions

considered.
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This tool can accurately generate the predictions of seven

different non-B DNA-forming motifs: A-phased DNA repeats

(bent DNA), direct repeats (slipped structures), mirror repeats

(triplex DNA), inverted repeats (cruciform structures), alternating

purine-pyrimidine tracts (Z-DNA), G4 motifs (G-quadruplexes),

and short tandem repeats.
Dyad density evaluation
For the identification of small dyad symmetries across the entire

peri/centromeric loci, we used EMBOSS Palindrome (https://

www.bioinformatics.nl/cgi-bin/emboss/palindrome)38 with the

following parameters:

palindrome -sequence input.fasta -minpallen 5 -maxpallen 100

-gaplimit 20 -nummismatches 0 -overlap

Following this, we computed the dyad density by summing the

lengths of all palindromic regions identified and then dividing

this sum by the length of the input DNA sequence.
Results

DNA secondary-structure prediction and MFE

calculation

Unique higher-order chromatin and DNA structures may

be specific to different human loci and repetitive regions.39

To test the self-hybridizing properties of DNA regions in

silico, we utilized specific linear DNA sequences from the

CHM13 human genome assembly.6 We assessed the ther-

modynamic stability of the Gibbs free energy surrounding

the secondary structures predicted to form based on the

DNA sequences belonging to various regions. Gibbs free

energy is a concept in thermodynamics that combines

both the enthalpy (heat energy) and entropy (disorder)

contributions of a system.40 During DNA folding, a sin-

gle-stranded DNA molecule can undergo a series of struc-

tural conformations, each associated with specific changes

in Gibbs free energy (DG). The molecule will ultimately

settle on a secondary structure that possesses the lowest

DG value since the folding of DNA is driven by the princi-

ple of free energy minimization. This structure is termed

the MFE structure, and its free energy is the lowest among

all the possible structures in the ensemble. The lower the

free energy value, the higher the stability of the folded sec-

ondary structure of the DNA.

The main energy contributors are base pair stacking due

to complementary base pairing, stacking interactions,

sequence composition, the destabilizing entropic effects

of unpaired loops, and the presence of structural motifs

(Figure 1A).30 Since ionic conditions, temperature, and

pH influence the energy contributions of the elements in

the system, we performed the analysis using DNA se-

quences of equal length simulated at a standard tempera-

ture value of 37�C (310 K) and a fixed salt concentration

of 1.021 M NaCl.

We jointly assessed the secondary structures along with

their corresponding MFE values comparing 4 regions from
4 The American Journal of Human Genetics 111, 1–13, December 5,
the centromere and pericentromere and unique coding se-

quences in human autosomes. As expected, in the

absence of repetitive DNA, the MFE value was found to

be the lowest in the gene regions (Table S1; Figures 1B

and 1C), due to a lack of complementary neighboring se-

quences that provide an opportunity for self-hybridiza-

tion should DNA become single stranded. The MFE

increased as we sampled toward the centric transition re-

gion in the pericentromere and peaked at the divergent

and active HOR region of the centromere (Figure 1B).

The MFE values of the divergent HOR stand out as the

highest among all the regions considered, indicating the

very low stability of the predicted DNA secondary struc-

tures with an MFE value average of �413.43 kcal/mol,

followed by �427.47 kcal/mol for the active HOR,

�533.06 kcal/mol for the centric transition region of the

pericentromere and �535.47 kcal/mol for coding loci,

indicating a notable but non-significant difference in

their structural stability (Figure 1B). As observed in the

violin plot (Figure 1B), the MFE values of the secondary

structures predicted in the active and divergent HOR

DNA are less variable and cluster together, indicating a

high level of complexity in the secondary structures

across different chromosomes.

Concurrently, we noticed a higher frequency of various

structural organizations to be more prominent in the

centromere, including short hairpins with large stem

loops, complex branching hairpins, large bulges, and loops

in the secondary structures with a high MFE value—for

both active and inactive HOR sequences. A drastic drop

in the complexity of structural motifs and an increase in

linearity were observed for the pericentromeric region

and within the gene regions. This further substantiated

our findings on how structural motifs may directly fuel

the complexity and instability of a secondary structure

(Figure 2).

We next analyzed whether a chromosome or chromo-

some subgroup was primarily responsible for the average

MFE of that region, especially for coding and pericentro-

mere DNA, where the spread of the MFE has high variation

(Figure 1C). While the overall trend is evident in the

average values across all the chromosomes, there are exam-

ples in which individual chromosomes deviate from these

expectations. For example, despite having the highest

average MFE across all the chromosomes, the secondary

structure with the lowest MFE value of �1628.1 kcal/mol

belongs to the DNA from the divergent HOR region in

chromosome 18, making it the most stable sequence

sampled (Figure S2). This is to be expected because we

randomly sampled 5 different 4,000 nucleotide sequences

within each region for each chromosome starting from

the beginning of the BED file coordinates annotated for

that region. Altogether, our evidence shows the high

complexity of predicted DNA secondary structures in the

human centromere that progressively decreases into flank-

ing pericentromeres and further along the chromosome

arm in our sampled coding sequences.
2024
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Figure 2. Examples of predicted second-
ary structures and their stabilities
Examples of predicted secondary struc-
tures, as well as their stabilities, calculated
from the DNA sequences for chromosomes
from four different groups, namely chro-
mosome 2 from group A, representing the
metacentric chromosomes; chromosome 8
from group C, representing the submeta-
centric chromosomes; chromosome 15
from group D, representing the acrocentric
chromosomes; and finally, chromosome 19
from group F, representing the short meta-
centric chromosomes. Arrows indicate ex-
amples of branching stems.
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Centromere arrays show the highest diversity of DNA

secondary-structure ensembles

Next, we evaluated two additional parameters associated

with DNA secondary structures: the free energy of the ther-

modynamic ensemble and ensemble diversity. The free en-

ergy of the thermodynamic ensemble is defined as the

average free energy of all possible secondary structures

and provides a measure of the overall stability landscape

of the DNA sequence. Ensemble diversity is defined as

the average base pair distance between all structures in

the thermodynamic ensemble. A low ensemble diversity

indicates a few similar conformations, while higher

ensemble diversity suggests multiple diverse conforma-

tions or a lack of a defined structure.41,42 We observed

that the free energy of the thermodynamic ensembles

across the various regions follows the same trend as the

MFE values of the predicted secondary structures, with

the thermodynamic ensemble values in active and diver-

gent centromeres clustering together, whereas the data

values for the centric transition regions and gene region

were more variable (Figures 3A and 3B; Table S1). Similarly,

we noticed that the ensemble diversity data also validated

our findings regarding complexity in secondary structures,
The American Journal of Human
in line with the MFE values, with the

active region showing the highest

ensemble diversity, signifying a lack

of stable structures or possibly the

presence of multiple unstable second-

ary structures. This is somewhat unex-

pected, as near-identical homoge-

neous centromere repeats should, in

theory, be more prone to form the

same secondary structures many

times, while our data suggest that the

MFE value (Figure 1B) is likely due to

many different secondary structures

without a single consensus, as their

repeated sequence organizationwould

suggest, or multiple options for

different secondary structures formed

by the same sequence. Notably, the

DNA belonging to the centric transi-
tion region has the lowest ensemble diversity value, indi-

cating the presence of stable secondary structures in the

thermodynamic ensemble (Figures 3C and 3D; Table S1)

and, accordingly, the low MFE (Figure 1B).

Short dyad symmetries have been observed in the

centromeric DNA of various species.18–20 These sequences

directly promote the formation of inverted repeats and

unconventional secondary structures since they are

composed of a DNA sequence followed by its reverse com-

plement, separated by a spacer. We found a consistent

inverted repeat occupancy rate in the peri/centromeric

regions (�4.25% occupancy rate) (Table S2; Figures S3A–

S3C). Our data are in line with the latest studies on Y

chromosome assembly,22,43 where inverted repeats were

identified as potentially forming cruciforms and playing

a functional role in defining human Y centromeres.22

Beyond chromosome Y, our analysis revealed the presence

of inverted repeats across centromeres and pericentro-

meres of all chromosomes analyzed. This is particularly

interesting in light of inverted repeat sequences (IRs) co-

localizing with breakage hotspots and contributing to dele-

tions, amplifications, and translocations, with ensuing

chromosomal instability.44 This is consistent with our
Genetics 111, 1–13, December 5, 2024 5
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Figure 3. Evaluation of additional sec-
ondary-structure parameters
(A) Bar plot displaying the spread of free
energy of the thermodynamic ensemble
average values of the predicted secondary
structures from the selected regions. Each
bar contains 5 dots that correspond to the
original free energy of the thermodynamic
ensemble values. The x axis represents the
chromosomes, and the y axis represents
their free energy values in kcal/mol. The er-
ror bars represent the standard deviation.
(B) A violin plot showcasing the spread of
the ensemble free energy average across
the four regions. The horizontal lines corre-
spond to the mean for each region.
(C) A violin plot displaying the distribution
of average ensemble diversities. The hori-
zontal lines correspond to the mean for
each region.
(D) Bar plot with data points displaying the
spread of average ensemble diversity values
of the predicted secondary structures in the
selected regions. The x axis represents the
chromosomes, and the y axis represents
their ensemble diversity. Each bar contains
5 dots that correspond to the original
ensemble diversity values. The error bars
represent the standard deviation.
For (A) and (D), chromosome 4 was not
included because it lacks a divergent
region, and chromosome X was omitted
because it possesses a divergent region
<4,000 bp.
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prior research highlighting human centromeres to be

inherently fragile sites of our genome.23,26,28

To accurately measure the impact of complementary

base pairing resulting from dyad symmetries on the sec-

ondary structures, we calculated the density of dyad sym-

metries across the selected regions of the centromere and

pericentromere (Table S3). We plotted these data for the

active HOR, divergent HOR, and centric transition regions

to assess the difference between centromeres and pericen-

tromeres. Strikingly, we observed a distinct order of dyad

densities, with the centric transition region possessing

the highest frequency, followed by the divergent HOR re-

gion and the active HOR region (Figures 4A and 4B). This

suggests that selective pressure may be working to reduce

the number of inverted repeats with large spacer elements

that fuel the formation of bulges and loops, which lead to a

decrease in overall stability in the active HOR region. This

is somewhat surprising because we still observe very high

levels of free energy (Figure 1C) and looping hairpins
6 The American Journal of Human Genetics 111, 1–13, December 5, 2024
(Figure 2) in the active HOR region.

Altogether, our data point to the low

self-complementarity of the active

centromere sequences as an impor-

tant factor contributing to DNA sec-

ondary-structure complexity. During

complementary base pairing, the pu-

rine-pyrimidine bond GC/CG is stron-
ger than AT/TA due to the guanine and cytosine being held

together by three hydrogen bonds, while only two

hydrogen bonds hold adenine and thymine together

(Figure 4A).45 Thus, we assessed the presence of guanines

and cytosines in a nucleic acid sequence, its participation

in base pairing and base stacking, and how it contributes

to increase the stability of the secondary structure. We

observed that the centric transition region possesses the

highest GC content, followed by the active HOR region

and then the divergent HOR region. This can partially

explain the MFE values of the secondary structures pre-

dicted from the active HOR, divergent HOR, and centric

transition regions since the GC contents in all three re-

gions mirror the |MFE| value trends (Figure 4C; Table S4).

Given the presence of inverted repeats did not fully

explain the complexity in DNA secondary structures at hu-

man centromeres, we evaluated Pearson’s correlation coef-

ficient between the MFE values of the predicted secondary

structures and the dyad densities evaluated for each region



A

B

C

Figure 4. Repeats and their charac-
teristics
(A) An example representing three
commonly occurring repeats, inverted,
direct, and mirror repeats, along with their
predicted secondary structures, as well as
the DG value. All the repeat sequences in
the first row are GC rich and contain the
same GC content. The sequences undergo
transversion in the second row and are
now AT rich. The GC% remains the same
in all three sequences in the second row as
well. This figure illustrates the secondary
structures these repeats form and the differ-
ences in their free energy values. The colors
represent base pairing probabilities ranging
from 0 to 1.
(B) Dyad density distribution in the entirety
of the active region, divergent region, and
centric transition region of the q arm in
all chromosomes.
(C) GC content in the entirety of the active
region, divergent region, and centric transi-
tion region of the q arm in the chromo-
somes. Chromosome 4was omitted because
it lacks a divergent region, and chromo-
some X was omitted because it possesses a
divergent region <4,000 bp.

Please cite this article in press as: Chittoor and Giunta, Comparative analysis of predicted DNA secondary structures infers complex human
centromere topology, The American Journal of Human Genetics (2024), https://doi.org/10.1016/j.ajhg.2024.10.016
(Figure 5).We used |MFE|, the absolute value ofMFE, which

directly represents stability as a positive number, in the

correlation calculations. Between |MFE| values and dyad

densities, a strong positive correlation of r ¼ 0.73 was

observed in the active HOR region, a weak positive correla-

tion of r ¼ 0.05 was observed in the divergent HOR region,

and surprisingly, a strong negative correlation of r ¼ �0.51

was observed in the centric transition region of the q arms.

Because the stem region of a hairpin formed by an inverted

repeat contributes to the stability, a negative correlation

implies that there are other factors at play that are respon-

sible for the MFE values of the secondary structures. We

also included the GC content of the sequence to assess

the extent of the influence of sequence composition in

determining the free energy value of the secondary struc-

ture. The Pearson’s correlation coefficients between the |

MFE| values and the GC content of the extracted sequences

were r ¼ 0.64 in the active HOR region, 0.26 the divergent

HOR region, and 0.82 in the centric transition region

(Figure 5). These results confirm the trend of the actual

MFE values, with the centric transition region showing
The American Journal of Huma
both the highest GC content and the

lowest MFE value, indicating a high

level of stability. Similarly, the diver-

gent HOR region possesses the lowest

GC content and the highest

MFE value, signifying lower stability

levels.

Altogether, our observations indi-

cate a complementary relationship

between inverted repeats and GC

content wherein they contribute to
enhance the stabilization of the secondary structure in a

synergistic way (Figure 4).

Human centromeres show more complex DNA

secondary structures and higher instability than rDNA

loci

To get a clearer understanding about the level of complexity

of the centromeric repeats, we decided to compare them

against another repetitive region in the genome: the rDNA.

For the comparative analysis, we selected the acrocentric

chromosomes containing rDNA (chr13, chr14, chr15,

chr21, and chr22) and extracted five queries of 4,000 bp in

length for the following regions: the active HOR, the diver-

gentHOR, thecentric transition region,and the rDNAregion

(Table S1).

The MFE values for the secondary structures predicted

from rDNA sequences are more spread out and variable

compared to the MFE values of the active and divergent

HOR regions (Figure 6A), indicatingmore variability in their

DNA sequences, base pair compositions, and overall second-

ary structure and implying that the modeling of rDNA copy
n Genetics 111, 1–13, December 5, 2024 7



Figure 5. Heatmap showing correlation
between the |MFE| values, GC%, and
dyad densities across regions: The peri/
centromeric active region, divergent re-
gion, and centric transition region
|MFE| measurements were utilized in this
analysis; therefore, a large positive value
of |MFE| corresponds to a secondary struc-
ture of higher stability compared to a sec-
ondary structure with a relatively smaller
positive |MFE| value.
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numbers is not the cause of the low complexity. We found

the average MFE value of the rDNA secondary structures to

be the lowest (Figure 6B), indicating a very high overall ther-

modynamic stability of the rDNA. Importantly, rDNA still

shows lower complexity and higher variability in their MFE

value spread compared to the DNA sequences belonging to

protein-coding genes. The average MFE was �735.78 kcal/

mol for rDNA versus the MFE value of protein-coding genes

DNA averaging �490.45 kcal/mol for the acrocentric

chromosomes (chr13, chr14, chr15, chr21, and chr22)

(Figure 6A). In light of this, it remains striking how the peri-

centromeric andcentromericDNAfromtheactive anddiver-

gent HOR regions have the highest MFE values and, hence,

the highest levels of instability in their secondary structures

among all regions considered in this study.

To understand the underlying causes of rDNAkinetics, we

assessed the presence of different repeat motifs within

ribosomal loci. We found that unlike the peri/centromeric

regions, the most commonly occurring motif in rDNA is

the mirror repeat (Figure S4A)—a sequence of nucleotides

followed downstream by its mirrored sequence (e.g.,

ATCTCGGC AC CGGCTCTA). The overall occupancy of re-

peats in the rDNA region follows a roughly homogeneous

pattern across the 5 acrocentric chromosomes, suggesting

that rDNA is similar in composition across all acrocentric

chromosomes or a byproduct of the modeling of the linear

sequence in the current CHM13 assembly. We found that

the rDNA sequences contain a substantially greater amount

of GC content compared to the peri/centromeric regions

(Figure S4B). The highGC content in the rDNA region likely

plays apivotal role in theMFEvaluesobserved in the second-

ary structures.Overall, this implies a high level of stability in

the rDNA region and confirms the notion that centromere
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DNA is one of the most complex and

dynamically unstable loci in our

genome, even when compared with

other repetitive regions.

Complexity in predicted secondary

structures at centromeres in CHM13

and RPE1 reference genomes

correlates with chromosomes’

missegregation rates

Previous studies of DNA secondary

structures have assessed multiple spe-
cies, including human GRCh38, primates, mouse, and

yeast genomes.18–20 Our work provides a resource of sec-

ondary-structure prediction based on the newly assembled

telomere-to-telomere (T2T) CHM13 human genome,

including complete regions spanning repetitive satellite

DNA. Next, we wanted to understand whether our finding

using "sequence-based" topological prediction to reveal the

complexity and instability of centromeres may have func-

tional and biological significance and impact chromosome

segregation. To address this question, we used our chromo-

some-specific measurements derived in this study and

correlated them to the rates of missegregation previously

calculated for each human chromosome.46 We found

that the rate of chromosome missegregation is directly

correlated with low |MFE| values, indicating the high

complexity of secondary structures (Figure 7A; Table S1).

The estimates for chromosome-specific missegregation

rates were calculated through experiments performed us-

ing the retinal epithelial diploid cell line RPE-1. Because

our laboratory recently assembled the T2T reference

genome for RPE-1 (RPE1v1.0),9 we compared the RPE-1

chromosome-specific missegregation rates with the MFE

values estimated using 1,000 bp of DNA sequence from

the centromeres in the RPE1v1.0 assembly9 (Table S6).

Strikingly, in both RPE-1 haplotype 1 and haplotype 2

(Figures S6A and S6B), the chromosome-specific |MFE|

value inversely correlated with the propensity of missegre-

gation of the specific chromosome in RPE-1. These

data indicate that low |MFE| values, indicating high

complexity and instability in DNA secondary structures,

may affect the fidelity of centromere function and, in

turn, influence chromosome dynamics and their

faithful segregation into daughter cells. This is particularly
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Figure 6. Centromeric MFE value com-
parison against the rDNA region in the
acrocentric chromosomes
(A) Violin plot displaying the distribution
of the MFE values in the acrocentric chro-
mosomes across the active region, diver-
gent region, centric transition region,
gene region, and rDNA region. The hori-
zontal lines correspond to the overall
mean for each region.
(B) MFE value comparison of the five afore-
mentioned regions across all acrocentric
chromosomes.
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interesting, as the rates of missegregation were calculated

both in untreated cells and upon disruption of CENP-A

chromatin,46 which could provide a direct in vivo opportu-

nity for linear DNA topology to undergo intra-strand

complementarity and form secondary structures of high

complexity with low |MFE| values (Figure 7B), causing

aneuploidy.23
Discussion

Here, we analyzed linear DNA sequences for key regions of

our chromosomes: from the center, we sampled the active

HOR of the centromeres, divergent arrays, the pericentro-

mere transition region, the gene regions along the chromo-

some’s arms, and finally, the rDNA of acrocentric chromo-

somes. We provide an annotated table with the linear

information for all chromosome studies (Table S1) and all

code used in this study (https://github.com/GiuntaLab/

DNA-secondary-structures-analysis). Due to the lack of a

complete linear annotation of repetitive regions like the
The American Journal of Huma
centromeres in previous human

genome references, our study offers a

resource for a variety of genomic ana-

lyses pertaining to these human loci.

Here, we looked at DNA secondary-

structure prediction and found the

highest DNA dynamics given by the

free energy value in centromeric loci.

Secondary structures predicted from

centromeric DNA exhibit relatively

homogeneous free energy distribution

across all chromosomes, likely indi-

cating a maximum level of tolerance

for a functional locus. The secondary

structures predicted from perice-

ntromeric DNA also display high

complexity, with a level of heteroge-

neity among the values of free

energy that likely reflects the more

varied sequence composition made of

diverging alpha-satellite monomers

as well as other repeats. Importantly,

our trends are conserved when using
DNA sequences of 500 bp and 1 kb compared to our 4 kb

results, showing that the length—while changing the

actual MFE value—does not artificially influence the MFE

trend we calculated, which held true for all sizes of

DNA analyzed across all regions sampled (Table S5;

Figures S5A–S5C). Sampling three different sizes in 5

different spots for each region also gave us an opportunity

to assess predicted secondary structures of single-stranded

DNA emerging from different biologically relevant mecha-

nisms. For instance, break-induced dechromatinization

may expose a shorter stretch of naked DNA, while lncRNA

transcription can expose longer stretches over 1 kb in

length.

The process of calculating the MFE value of a secondary

structure involves a complex interplay among multiple

factors. One of the most used computational approaches

for the evaluation of theMFE value of a DNA/RNA second-

ary structure is the nearest-neighbor method. This

approach considers the energy contributions of every

base pair and their interactions with the neighboring

base pair and loop regions. Therefore, assessing the MFE
n Genetics 111, 1–13, December 5, 2024 9
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Figure 7. Relationship between MFE
values and the probability of missegrega-
tion
(A) A scatterplot with the probability ofmis-
segregation on the x axis46 and the |MFE|
values of the secondary structures predicted
for the sequences on the y axis from
the active region of chromosomes from
CHM13 assembly. We observed a correla-
tion of �0.36 between the absolute MFE
values and the probability of missegrega-
tion. The data used to obtain this graph
are available in Table S5.
(B) An illustration depicting the correlation
between the actual MFE values and the
probability of missegregation. Predicted
secondary structures from the chromosome
11 centromere (two examples shown in the
zoom in) are relatively stable and possess
low MFE values and, hence, are associated
with a lower probability of missegregation;
on the other hand, chromosome 3 DNA se-
quences show folding into complex sec-
ondary structures (two examples shown in
the zoom in) with high MFE values and
are associated with a higher propensity for
missegregation.
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values, as well as studying the complexity of the predicted

secondary structures, provides great insights regarding the

nature and characteristics of a given chromosomal region.

One factor playing a major role in the MFE value determi-

nation of a secondary structure is the size, type, and fre-

quency of occurrence of the loops in it. A possible cause

for the high MFE value in the centromeres’ active and

divergent regions could be attributed to the presence of

complementary repeats building topological structures

harboring short stems and large stem loops, hence

leading to an overall increase in the MFE value. The pres-

ence of DNA secondary structures and the ensuing

instability could mechanistically underlie the phenome-

non observed in the centromeric evolution model of

layered expansion. According to this model, the active

HOR region undergoes insertions, deletions, and high

levels of mutagenesis. To maintain function, a new active

HOR is formed, pushing the older, mutated DNA to the

side as it becomes more divergent. This hypothesis seems
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to fit with the recent linear assembly

of centromere DNA for most human

chromosomes.8 Centromeres are orga-

nized with the active HOR in the cen-

ter, flanked by the neighboring inac-

tive HOR and divergent HOR regions.

Divergent HOR represents a probable

evolutionary relic of the region that

previously was the active HOR before

the occurrence of layered expansion.

This is also supported by the notion

that centromeres are rapidly evolving

regions in the human genome.47,48
Our data are in line with this hypothesis, as we observed

that the divergent HOR region, when compared to the

active HOR region, possessed a lower GC content but a

higher dyad density and, ultimately, was predicted to

form complex secondary structures due to a slightly

higher MFE value compared to the active HOR region. It

is possible that, as centromeres mutagenize—which hap-

pens at a higher rate than other regions, as we and

others have shown26,48—the instability of DNA and the

complexity of the secondary structure become function-

ally disruptive and need to be replaced by fresh expansion

of HORs, serving as the kinetochore site to maintain chro-

mosome segregation. Indeed, despite their physical prox-

imity, the MFE values of the secondary structures pre-

dicted in the divergent HOR region, while remarkably

close, are slightly higher (i.e., less stable) than those pre-

dicted in the active HOR region. This disparity in vivo

can be further altered by protein-binding and CENP-A in-

teractions present in the active HOR region, which are
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essential for kinetochore assembly, whereas the divergent

region lacks these features.8

The mirrored repeats found in high quantities in the

rDNA (Figure S4A) have not been shown to be associated

with specific non-B DNA structures.49 Accordingly, we

found less higher-order structures compared to alpha-satel-

lite repeats. This may be attributed to the functional signif-

icance of rDNA or the modeling of the rDNA sequence

based on the copy number. While the secondary structures

depicted in this analysis are predictions, and we cannot be

certain that such structures exist as per our simulations

and/or how the nuclear, chromatin, and molecular envi-

ronment influences their actual configurations, there are

possibilities for their formation in vivo. rDNA undergoes

transcription to give rise to rRNA, which is an essential

component of the protein biosynthesis complex, the ribo-

some.50 Similarly, centromeres show low levels of tran-

scription into kilobase-long ncRNAs.36 Thus, transcription,

R-loops, repair, and other DNA-based transactions offer op-

portunities for self-hybridization. Our finding is in line

with previous studies amongmultiple species.18–20 Accord-

ingly, when we used the T2T diploid reference genome for

the laboratory cell RPE-1 assembled by our laboratory,9 we

found the same trend forMFE values with high centromere

complexity in predicted DNA topology, implying that sec-

ondary structures are indeed intrinsic properties of centro-

meres. To this end, our chromosome-specific measure-

ments correlate with the probability of missegregation

calculated for human chromosomes. We found that an

increased propensity for the specific chromosome tomisse-

gregate correlates with low |MFE| values, indicating the

presence of high complexity of secondary structures

within that centromere (Figure 7A). The correlation held

true in CHM13 (Figures 7A and 7B), as well as when using

the reference genome for RPE-1 that our laboratory

recently generated,9 for both haplotypes (Figures S6A and

S6B). These data indicate that low |MFE| values and high

complexity and instability in DNA secondary structures

may affect the fidelity of centromere function and, in

turn, influence chromosome dynamics and their faithful

segregation into daughter cells. This is particularly inter-

esting, as the estimated chromosome-specific missegrega-

tion rates were calculated through experiments performed

using the retinal epithelial diploid cell line RPE-1, enabling

a more direct comparison using the recently assembled

RPE1v1.0 genome.9 Furthermore, the missegregation was

evaluated upon disruption of CENP-A chromatin,46 which

could provide a direct in vivo opportunity for linear DNA

topology to undergo intra-strand complementarity and

form the high-complexity secondary structures centro-

meres are capable of (Figure 7B).

Given the rapidly changing nature and variability of

these repetitive loci across evolution and in organisms

from the same species, there is huge potential for second-

ary structures to impact the evolutionary course of an or-

ganism’s genome.51 Our work offers a viewpoint on cen-

tromeres and other genomic loci while considering the
The Ame
secondary structures to gain a multilayered understanding

of their function. A compromised centromere function can

lead to nondisjunction, amajor cause of somatic and germ-

line diseases.52 DNA secondary structures also play an

important role in recognizing proteins as well as defining

the origin of replication in many single-stranded DNA vi-

ruses.53,54 DNA secondary structures also play an integral

role in the survival and propagation of retroviruses, as

they participate in activities like strand jumping.55 Several

biotechnology techniques that exploit the three-dimen-

sional folding potential of DNA have been demonstrated,

including DNA nanotechnology56 and DNA computing.57

Taking these results together, we highlight the pivotal sig-

nificance of studying DNA secondary structures in under-

standing human genomic loci in light of their functional

topology.
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