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Abstract

Rare DNA intermediate structures are essential for biological processes in living organisms, including protein folding and unfolding, gene tran-
scription, and replication. Studies have been conducted on DNA intermediate structures using different nuclear magnetic resonance (NMR)
approaches, but NMR-based statistical analysis of DNA is less researched. Therefore, the current study presents a statistical analysis of NMR
longitudinal (T1) and transverse (T2) relaxation times for rare DNA intermediate structures. Published experimental T1 and T2 datasets for five
rare DNA intermediate structures were simulated using an R script to obtain 500 data points for each DNA structure; these were used to perform
non-parametric statistical analysis using Wolfram Mathematica software. Results of the analysis show that the T1 and T2 datasets for each of
the five rare DNA structures have distinct features. This highlights the possibility of utilising DNA T1 and T2 NMR parameters to isolate DNA
structures responsible for regulating gene transcription, replication, and repair.
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1. Introduction

Rare DNA intermediate structures are essential for biolog-
ical activities in living organisms. These DNA structures in-
clude, among others, G-quadruplexes, triplexes, and displace-
ment loops (D-loops). In G-quadruplexes, each G-tetrad has
four guanine bases linked by hydrogen bonds to form Hoog-
steen base pairs [1–4]. A triplex is formed by extended purine
or pyrimidine sequences on a DNA strand, with the third strand
running parallel to the purine strand of the Watson–Crick base
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pairs [5, 6]. A D-loop results from homologous recombination,
in which two strands of a double-stranded DNA molecule are
separated and held apart by a third invading DNA strand [7].

Furthermore, the roles these structures play in living or-
ganisms include gene expression, transcription, and replication,
which are controlled by G-quadruplexes [1–4, 8]. Triplexes are
important in gene expression and recombination [5, 6], and D-
loops are involved in DNA recombination and repair, transcrip-
tion, and replication [9–11].

Similarly, nuclear magnetic resonance (NMR) is a non-
invasive analytical technique with a short acquisition process
that can be utilised to study the physical, chemical, and bi-
ological properties of DNA structures [12–18]. Applications
include determination of protein structure, investigation of or-
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ganic molecules, and study of physical features at the molecular
level, such as phase change, diffusion, solubility, and anatom-
ical exchange, as well as structural dynamics and interactions
of biomolecules [19–23]. However, statistical analysis of NMR
parameters for DNA structures has been less studied. There-
fore, this study presents a statistical analysis of NMR relaxation
parameters (T1 and T2) for rare DNA intermediate structures.

2. Materials and methods

2.1. Materials

Materials utilised in this study include published experi-
mental NMR relaxation data (T1 and T2) for rare DNA inter-
mediates, simulated T1 and T2 NMR datasets for rare DNA in-
termediates, RStudio, and Wolfram Mathematica software.

2.1.1. Datasets
The datasets are shown in Table 1.

2.2. Methods

For robust and broad generalisation of the statistical-
analysis results, datasets of 500 values for each rare DNA struc-
ture were utilised. The large datasets were simulated from
experimental data obtained from previous studies (Table 1).
This approach was used because generating large experimen-
tal datasets requires substantial resources, whereas simulated
datasets are relatively inexpensive to obtain. Scripts in RStu-
dio were used to generate the large datasets while maintaining
a uniform system temperature for robust statistical analysis.

Therefore, G-quadruplex (telomeric)
d[AGGG(TTAGGG)3]–Tel22, hybrid topology,
K+ solution; G-quadruplex (c-MYC promoter)
d(TGAGGGTGGGAGGGTGGGGAA)–Pu22T; G-quadruplex
(bcl-2 promoter) d(GGGCGCGGGAGGAATTGGGCGGG);
DNA triplex (parallel/antiparallel), dsDNA + triplex-forming
oligonucleotide (TFO); and displacement loop, a 3-stranded
invasion intermediate involving RecA/Rad51-mediated strand
invasion, were used for the large datasets because they all
have a uniform temperature of 25 ◦C. Wolfram Mathematica
software was then used for statistical analysis of the 500-value
datasets for each rare DNA intermediate structure. Abbreviated
names for the five DNA structures are presented in Table 2.

The Anderson–Darling (A–D) goodness-of-fit (normality)
test was applied to every group–parameter combination to se-
lect between parametric and non-parametric tests. The A–D test
was preferred because it is relevant for relaxation-time datasets
that exhibit long tails. The results of the A–D test required the
use of non-parametric tests; the Kruskal–Wallis test was per-
formed together with Dunn’s post-hoc test. Also, Cohen’s d,
which quantifies effect size for each paired-group comparison,
was calculated for all pairwise comparisons using the conven-
tion |d| < 0.2 = negligible, 0.2–0.5 = small, 0.5–0.8 = medium,
and > 0.8 = large. This was done because statistical signifi-
cance alone does not convey the practical magnitude of a dif-
ference, particularly when sample sizes are large.

3. Results

The probability-density plots and box-and-whisker plots for
T1 and T2 relaxation times of the rare DNA intermediates are
shown in Figure 1.

4. Discussion

Table 3 shows that every group rejects the null hypothesis of
normality at a conventional significance threshold (α = 0.05).
The A–D statistics are very large (all > 40), reflecting large
sample sizes.

As shown in Table 4, both T1 and T2 parameters yield
p-values below 0.05, indicating statistically significant differ-
ences. Thus, at least one paired set of DNA structures differs
in its T1 or T2 values and is not drawn from an identically dis-
tributed population.

From the results of Dunn’s test in Table 5, for T1, Tel22
vs Triplex and Tel22 vs D-Loop are significant. This implies
that the T1 values for the two paired groups are respectively
different and could be used to isolate each paired structure. For
T2, all comparisons except Tel22 vs Pu22T, Tel22 vs bcl-2, and
Pu22T vs bcl-2 are significant. This indicates that the T2 values
for each structure in these three paired groups do not show a
statistically significant difference. This could be because all
the paired structures belong to the same structural class of G-
quadruplex.

In Table 6, for T1, Tel22 vs Pu22T, Tel22 vs bcl-2, Tel22
vs Triplex, and Tel22 vs D-Loop have the highest Cohen’s d
values, with Tel22 vs Triplex being the largest (|d| = 1.215).
These are followed by Pu22T vs Triplex and Triplex vs D-Loop;
the remaining comparisons have smaller values, with Pu22T vs
D-Loop having the smallest Cohen’s d value (|d| = 0.049).

For T2, Pu22T vs D-Loop, bcl-2 vs D-Loop, Triplex vs D-
Loop, Tel22 vs Triplex, Tel22 vs D-Loop, Pu22T vs Triplex,
and bcl-2 vs Triplex have large values; with Triplex vs D-Loop
being the highest (|d| = 2.878). Tel22 vs Pu22T and Tel22 vs
bcl-2 have medium values; and Pu22T vs bcl-2 has a negligible
Cohen’s d value, which is the lowest (|d| = 0.036), implying a
smaller effect between the paired groups. In addition, the lowest
Cohen’s d value for T1 (|d| = 0.049) is higher than that for T2
(|d| = 0.036).

In Figure 1(a), the density distributions of T1 overlap, which
implies that spin–lattice interactions occur among the DNA
structures and indicates the possibility of energy exchange
among the structures. For T2, the peaks are differentiated and
narrow, with the purple curve being the narrowest. This indi-
cates rapid spin–spin dephasing as a result of restricted move-
ment of the structures, especially in D-Loop. Overall, the dif-
ferent colours indicate distinct molecular conformations of the
DNA structures, and a transition from one structure may over-
lap with another and could alter the flexibility of that structure.

As shown in Figure 1(b), the box-and-whisker plots show
T1 (left) and T2 (right) relaxation times for each DNA sec-
ondary structure. Boxes span the interquartile range (Q1–Q3);
internal lines indicate the median; diamond markers indicate
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Table 1: Published experimental T1 and T2 datasets for rare DNA intermediate structures.

Rare DNA intermediate Sequence Nucleus Field (MHz) Temp. (◦C) T1 (s) T2 (ms)

G-quadruplex (telomeric)
d[AGGG(TTAGGG)3]–Tel22, hybrid
topology, K+ solution [24]

26-nt intramolecular;
∼8 kDa

1H (imino) 600 25 0.3–1.2 10–45

G-quadruplex (c-MYC promoter)
d(TGAGGGTGGGAGGGTGGGGAA)–
Pu22T [24]

22-nt intramolecular
G4; ∼7 kDa

1H (imino) 600 25 0.5–1.5 15–50

G-quadruplex (bcl-2 promoter)
d(GGGCGCGGGAGGAATTGGGCGGG)
[24]

23-nt intramolecular
G4

1H (imino) 600 25 0.5–1.5 15–50

i-Motif (C-rich, pH 7), intercalated
cytosine-tetrad quadruplex [25]

∼20–24 nt; pH 7
near-neutral form

1H 600 5 0.8–2.0 20–80

DNA triplex (parallel/antiparallel), dsDNA +
triplex-forming oligonucleotide (TFO) [26]

14-mer duplex +
10-mer TFO; pH 5.5

1H 800 25 0.6–1.5 20–70

Displacement loop: 3-stranded invasion
intermediate; RecA/Rad51-mediated strand
invasion [27]

∼50–80 bp total;
∼40 kDa

1H 500–600 25 0.5–1.5 2–15

Table 2: Abbreviated names for the rare DNA intermediates (secondary structures) utilised for analysis.

S/N Full name/sequence Structural class Abbreviation

1 G-quadruplex (telomeric): d[AGGG(TTAGGG)3], hybrid topology, K+ solution G-quadruplex Tel22
2 G-quadruplex (c-MYC promoter): d(TGAGGGTGGGAGGGTGGGGAA) G-quadruplex Pu22T
3 G-quadruplex (bcl-2 promoter): d(GGGCGCGGGAGGAATTGGGCGGG) G-quadruplex bcl-2
4 DNA triplex: dsDNA + parallel/antiparallel triplex-forming oligonucleotide (TFO) Triple helix Triplex
5 Displacement loop: 3-stranded invasion intermediate; RecA/Rad51-mediated

strand invasion
Displacement loop D-Loop

Table 3: Anderson–Darling (A–D) normality-test results for all groups and parameters.

Group Parameter A–D statistic p-value Normal

Tel22 T1 (s) 55.91 1.33 × 10−15 No
Tel22 T2 (s) 40.64 ≈ 0 No
Pu22T T1 (s) 76.80 7.77 × 10−16 No
Pu22T T2 (s) 40.60 ≈ 0 No
bcl-2 T1 (s) 81.60 1.44 × 10−15 No
bcl-2 T2 (s) 40.59 4.44 × 10−16 No
Triplex T1 (s) 85.18 3.22 × 10−15 No
Triplex T2 (s) 40.23 ≈ 0 No
D-Loop T1 (s) 78.72 6.66 × 10−16 No
D-Loop T2 (s) 41.00 1.11 × 10−15 No

Table 4: Kruskal–Wallis test results for T1 and T2 relaxation times for rare DNA intermediate structures.

Parameter H-statistic Degrees of freedom p-value Significant (α = 0.05) Interpretation

T1 16.93 4 2.0 × 10−3 Significant At least one group differs in T1
T2 65.83 4 1.72 × 10−15 Significant At least one group differs in T2

the group mean; and whiskers extend to the most extreme val- ues within 1.5× IQR of the quartiles. No outliers are present in
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Table 5: Dunn’s test results for T1 and T2 relaxation times for rare DNA intermediate structures.

T1 T2

Comparison Rank diff. z p Adj. p Sig. Rank diff. z p Adj. p Sig.

Tel22 vs Pu22T 17.79 1.61 0.1067 1.0000 No 9.21 0.835 0.4039 1.0000 No
Tel22 vs bcl-2 28.59 2.59 0.0096 0.0955 No 10.93 0.991 0.3217 1.0000 No
Tel22 vs Triplex 34.45 3.12 0.0018 0.0179 Yes 47.52 4.308 1.65 × 10−5 1.65 × 10−4 Yes
Tel22 vs D-Loop 40.90 3.71 0.0002 0.0021 Yes 42.66 3.867 1.10 × 10−4 1.10 × 10−3 Yes
Pu22T vs bcl-2 10.79 0.98 0.3278 1.0000 No 1.72 0.156 0.8758 1.0000 No
Pu22T vs Triplex 16.66 1.51 0.1311 1.0000 No 38.31 3.473 5.14 × 10−4 5.14 × 10−3 Yes
Pu22T vs D-Loop 23.10 2.09 0.0362 0.3621 No 51.87 4.702 2.58 × 10−6 2.58 × 10−5 Yes
bcl-2 vs Triplex 5.86 0.53 0.5951 1.0000 No 36.59 3.317 9.10 × 10−4 9.10 × 10−3 Yes
bcl-2 vs D-Loop 12.31 1.12 0.2644 1.0000 No 53.59 4.858 1.19 × 10−6 1.19 × 10−5 Yes
Triplex vs D-Loop 6.45 0.58 0.5588 1.0000 No 90.18 8.175 < 1.00 × 10−15 < 1.00 × 10−14 Yes

Table 6: Cohen’s d effect sizes for T1 and T2 relaxation times for rare DNA intermediates.

T1 T2

Comparison Upper Lower Cohen’s d Magnitude Upper Lower Cohen’s d Magnitude

Tel22 vs Pu22T 1.031 0.771 0.901 Large 0.650 0.398 0.524 Medium
Tel22 vs bcl-2 1.218 0.952 1.085 Large 0.611 0.359 0.485 Medium
Tel22 vs Triplex 1.350 1.080 1.215 Large 1.682 1.400 1.541 Large
Tel22 vs D-Loop 1.099 0.837 0.968 Large 1.734 1.450 1.592 Large
Pu22T vs bcl-2 0.283 0.035 0.159 Negligible 0.160 0.088 0.036 Negligible
Pu22T vs Triplex 0.385 0.137 0.261 Small 1.225 0.959 1.092 Large
Pu22T vs D-Loop 0.173 0.075 0.049 Negligible 2.297 1.987 2.142 Large
bcl-2 vs Triplex 0.225 0.023 0.101 Negligible 1.252 0.986 1.119 Large
bcl-2 vs D-Loop 0.235 0.013 0.111 Negligible 2.245 1.937 2.091 Large
Triplex vs D-Loop 0.338 0.090 0.214 Small 3.055 2.701 2.878 Large

Figure 1: Distribution of relaxation times for rare DNA intermediates showing (a) kernel density estimate (KDE) overlays and (b)
box-and-whisker plots.

any group.
Figure 2 shows the correlation between T1 and T2 for the

five DNA structures. The correlation indicates the indepen-
dence of the T1 and T2 transitions that occur in each structure
without interference.

Figure 3 shows that colour intensity encodes local proba-
bility density. Elongation along the T1 axis reflects the larger
absolute variance in longitudinal relaxation; the joint distribu-
tion shape reveals any T1–T2 covariance specific to each struc-
tural class. The blue colour indicates a region with a low con-

centration of protons and hence a region of minimum interac-
tion; yellow indicates an intermediate concentration of protons,
where there is slight interaction due to proton availability; and
red indicates a high concentration of protons and a region of
maximum interaction in the DNA structures.

In Figure 4, fifteen contour levels are drawn at equally
spaced density thresholds. Contour eccentricity and orientation
encode the direction and strength of T1–T2 correlation within
each group. Logarithmic axes compress long-tail features and
render multiplicative structure visible as additive displacement.
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Figure 2: Pearson correlation matrices of the T1 and T2 relaxation times for rare DNA intermediates.

Figure 3: Three-dimensional smooth density heatmaps in T1–T2 space for rare DNA intermediate structures.

Figure 4: Contour plots of bivariate smooth kernel density estimates in T1–T2 space for rare DNA intermediates on linear and log10
scales.

The red, yellow, and blue colours are regions of high, moderate,
and low nucleic acid base density and indicate tight, transient,
and loose bond regions within the DNA structures, respectively.
This makes classification of rare intermediate structures possi-
ble.

5. Conclusion

The study presents a statistical analysis of simulated
datasets of NMR longitudinal (T1) and transverse (T2) relax-
ation times for five rare DNA intermediate structures using

Wolfram Mathematica software. Due to the non-normal distri-
butions of the datasets, non-parametric statistical methods were
adopted for the analysis. Results show that T1 and T2 values for
each of the five rare DNA structures possess distinct features.
This highlights the possibility of utilising DNA T1 and T2 NMR
data to isolate DNA structures.

Nucleic acid base density determines base sequence, and
DNA structure is influenced by base sequence [28]. Also,
DNA structures are responsible for regulating gene transcrip-
tion, replication, and repair [28, 29]. Although the study
utilised simulated datasets, these could result in overfitting or
underfitting of the statistical results. Therefore, validation with
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experimental results from large datasets is needed before adop-
tion for genomic applications.
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