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ABSTRACT: There are surprisingly few RNA intramolecular triple helices known b N
in the human transcriptome. The structure has been most well-studied as a stability- ) S
element at the 3’ end of IncRNAs such as MALATI and NEATI, but the intrigue e

remains whether it is indeed as rare as it is understood to be or just waiting fora |, b b
closer look from a new vantage point. TRIPinRNA, our Python-based in silico . )
platform, allows for a comprehensive sequence-pattern search for potential triplex e B

formation in the human transcriptome—noncoding as well as coding. Using this ]
tool, we report the putative occurrence of homopyrimidine type (canonical) triple L bbb

helices as well as heteropurine—pyrimidine strand type (noncanonical) triple helices T e

in the human transcriptome and validate the formation of both types of triplexes J oo
using biophysical approaches. We find that the occurrence of triplex structures has a

strong correlation with local GC content, which might be influencing their @7

formation. By employing a search that encompasses both canonical and
noncanonical triplex structures across the human transcriptome, this study enriches the understanding of RNA biology. Lastly,
TRIPinRNA can be utilized in finding triplex structures for any organism with an annotated transcriptome.

H INTRODUCTION In recent times, due to the increase in efforts to therapeutically
Noncoding RNAs (IncRNAs) being single stranded have a target human RNAs, the use of smalzllil;i)lecules as robust
greater propensity than DNA to fold into secondary and tertiary perturbation agents has gained limelight. In the context of a
structures. They are known to be structurally conserved and triple helix structure, the binding of such molecules may lead to
employ distinct motifs to assist in their function.'™> Several disruption of the said stability element structure, in effect
canonical and noncanonical structures in RNA molecules in controlling the level of the associated RNA by drug dosing.zs’ZG
general have been shown to serve important functions, for This has sparked interest in the search for more MALAT1-like

example, in the tRNA cloverleaf structures, the rRNA scaffolds,
G-quadruplex structures at telomere ends, pseudoknots, and
stability-element-type triple helix structures at the 3’ ends of

intramolecular triple helix motifs. Along these lines, in fungi and
plants, the presence of dENEs (double domain ENE) has been

IncRNAs like MALATI and NEAT1.4~'2 reported by Steitz et al. by using Infernal, an RNA homology

The formation of the unique stability-element type RNA search tool.”” ™*° Another seminal report investigated for the
intramolecular triple helix structure is one of the different presence of intramolecular RNA triple helix motifs across
cellular mechanisms in place for preventing RNA degrada- various organisms using a structure-based search.®! Here, the

tion.""* This triple helix structure is relatively well-studied but
has been reported for a very limited number of genes.”'>'¢
Among these, MALATI and NEAT1 (MENg) and the viral
KSHV PAN RNA IncRNAs contain pyrimidine-type triple
helices at their 3’ ends.'” In addition, the human telomerase Received: June 14, 2024
RNA (hTR) is known to form a triple helix with a short stretch of Revised:  November 25, 2024
three triplets of U.A-U within its pseudoknot region,”®"” and in Accepted: December 5, 2024
the SAM-II riboswitch of bacteria, the formation of a S-base Published: December 13, 2024
triple helix structure is the basis on which the switching function

proceeds.”

authors found the presence of 44 such loci in the lizard Anolis
carolinensis, 34 in medaka, and 8 in zebrafish. However, in the
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human transcriptome, their search again yielded just the two
previously known triple helices of MALAT]1 and NEATI.

There are a few other programs capable of searching for
intramolecular triple helix sequences. However, these contain
limitations in the length of gap sequence permitted (a maximum
of 10 nucleotides) between the Hoogsteen—Crick and the
Crick—Watson strand.>*”*° This would be ineffective in
searching for the occurrence of MALATI-like triple helices.
The significance of loop length toward the stability of RNA
structures has been previously discussed and from common
understanding, we know that the entropy lost on having a larger
loop between triple helix strands could be compensated by an
enthalpy gain in cases where a stem is predicted to form in that
sequence. ”>”*® To the best of our knowledge, only one
program—NeSSie’’—allows longer gaps, but due to its lenient
search criteria is not capable of yielding a workable number of
results for MALAT]-like triplexes.

The question then still remains—are triple helix structures so
rare that in the close to 200,000 noncoding RNA sequences’
reported in the human transcriptome (NONCODE), essentially
only two intramolecular triple helices are known? It is
conceivable that there is still scope for exploration regarding
triple helix forming sequences in the human transcriptome, and
to this end, we report the development of a computational
platform called TRIPinRNA that fills this lacuna by employing a
sequence pattern-based search. Using the two well-known triple
helix sequences in the human transcriptome, MALAT1 and
NEAT1- as templates, we comprehensively study the
GENCODE human IncRNA sequence data set for parallel-
type triple helices. Additionally, we postulated that intra-
molecular triple helix structures may be present at locations
other than 3’ ends in the RNA transcripts in order to be
performing other as-yet unreported functions (similar to the
functions of other RNA structures), and hence, we have
searched the complete transcript sequences. Further, the results
obtained from the human IncRNA data set have been compared
to our search results on the human protein coding tran-
scriptome. Finally, the obtained sequences have been validated
by using biophysical techniques to form triplexes.

Taken together, we report the presence of plausible triplex-
forming sequences in the IncRNA genes for X-chromosome
inactivation. In the coding transcriptome, we find that the
maximum number of hits fall in the 3" UTR regions and that the
5" UTR and 3’ UTR regions of transcripts with hits display a
preference for certain GC content. This correlation is strikingly
absent from the CDS regions for these transcripts when
compared to the GC usage expected on average. This
exploration broadens our comprehension of RNA structural
biology and underscores the future therapeutic potential of these
noncanonical triple helices.

B MATERIALS AND METHODS

Writing a Python Script for TRIPinRNA: Experimental
Procedure and Analysis Workflow—Bioinformatics
Algorithm. A Python-based script was designed to analyze
the entire transcriptome, encompassing both coding and long
noncoding sequences. The underlying algorithm employed a
string match search. Scanning was performed for core triplex
structures that comprised three strands: the Hoogsteen strand
(H strand), the Watson strand (W strand), and the Crick strand
(C strand). A positive hit was identified when the script detected
these strands with specific constraints: a complementary base
pairing between the W and C strands and H and W strands, and
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a unique feature where the H strand is one nucleotide shorter
than the other two strands (for search “with-gap”). This “with-
gap” configuration search is contrasted in another script variant
that does not account for such a gap (search “without-gap”).

A sliding window search mechanism is employed that varies in
length across each transcript, seeking triple helix structures
within these defined parameters. The permissible length of the
Hoogsteen (H) strand may range between 7 and 15 nucleotides
(nt). Hoogsteen base-pairing is expected to occur between the H
strand and the W strand. (Only canonical base-pairing is taken
into account, and noncanonical base-pairing is not considered
anywhere in this script.) The gap in the H strand may be
positioned variably, with the exception of 3 nucleotides (nt) at
each end of the H strand based on criteria defined by us.
Constraints also include a minimum of 3 bp length for the upper
stem (if found) and a minimum 3 nt loop of this stem
(mandatory minimum criteria), with a combined maximum of
100 nt (and a minimum length of 3 nt) for this upper sequence
between H and C strands, regardless of whether it contains a
stem. Similar constraints apply in the intervening sequence
between C and W strands, and if no stem is detected within the
3—100 nt range, the sequence is classified as a lower loop.

The algorithm first searches for the core H-=W—C triplex
structure, followed by assessing the constraints for the upper and
lower stem-loops. A positive hit is reported only after these
criteria are met. Our script exhaustively checks all possible
combinations within the allowed nucleotide range and gap
positions in the H strand, reporting all identified potential triple
helix structures in the transcriptome. The search commences
with an initial padding of 3 nt at the start of any transcript,
followed by a continuous sliding window approach. An alternate
version of the script, which omits the gap in the H strand
(termed as “without gap” or a case with “no gap”), follows a
similar algorithm.

The script takes a zipped FASTA file as input, and the output
is a CSV format file with all of the nucleotide sequences and the
start and the end indices for all of the features detected in the
reported triplex structure.

This versatile script is adaptable for analyzing the tran-
scriptome of various organisms or species.

High-Performance Computing in Parallel Processing.
To efficiently handle the computational demands of this
analysis, a high-performance computing (HPC) environment
was employed. The scripts were executed using a Bash script on
an HPC cluster, leveraging the SLURM workload manager for
job scheduling and resource management.

Furthermore, to promote the reproducibility of our study and
to allow for community verification and extension, the source
code was made available for both versions of our script in the
GitHub repository. The code may be found at GitHub URL:
https://github.com/visvikbharti/ TripInRINA.

Bioinformatics: Downstream Analysis Workflow. Both
versions of the script were run for two types of transcriptomes:
the protein coding-based human transcriptome (using the
FASTA file gencode.v44.pc_transcripts.fa.gz) and the IncRNA-
based human transcriptome (using the FASTA file genco-
de.v44.IncRNA_transcripts.fa.gz). Both were downloaded from
the GENCODE database (release 44 for human).

Statistical Analysis of the GC/AU Percentage of
Hoogsteen Strand. Data Quality Assurance and Region
Annotations. Prior to statistical analysis, a comprehensive
quality check was performed on the data to ensure the integrity
and accuracy of the sequence annotations. This included
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verification of region-specific annotations such as 5' UTR, CDS,
and 3° UTR segments. Additionally, sequences containing
ambiguous nucleotides were excluded from subsequent analyses
to maintain the robustness of our findings. For Figure S7, the
following was followed: To comprehend the spatial distribution
of triplexes within transcripts, the triplexes were classified into
distinct categories based on their location. Using the minimum
and maximum indices of each triplex, their position was
ascertained within respective transcripts. If the start and end
indices lay in the same region, the triplex was classified as
belonging to lie in that respective region. If, however, the start
index fell in the " UTR and the end index in the CDS, the triplex
was classified as a 5" UTR-CDS spanning triplex, and if the start
index was in the CDS and the end index in the 3’ UTR, this was
classified as a CDS-3" UTR spanning triplex. The triplexes were,
therefore, delineated into five categories: 5_prime_utr_triplex
(for triplexes in the ' UTR), CDS triplex (for triplexes in the
CDS region), 3 prime utr_triplex (for triplexes in the 3’
UTR),S_prime _utr CDS_triplex (for triplexes spanning the 5’
UTR and the CDS), and CDS_3 prime_utr_triplex (for
triplexes spanning the CDS and the 3’ UTR).

Statistical Analysis. Statistical analyses were conducted using
Python, leveraging robust libraries such as Pandas for data
handling, SciPy for statistical testing, NumPy for numerical
operations, and Matplotlib and Seaborn for data visualization.
All of the data and statistical analyses were conducted in a
Jupyter Notebook environment, which provided an interactive
platform for data manipulation, analysis, and visualization.

The analysis pipeline included:

1. Shapiro—Wilk Test: This was employed to assess the
normality of the GC content distributions across different
transcript regions. This test was crucial for determining
the appropriate statistical methods for group compar-
isons.

2. Mann—Whitney U Test: This test was used to compare
the GC content between the full transcriptome and
transcripts with triplexes, given the non-normal distribu-
tions observed. This nonparametric test is well-suited for
analyzing median differences between two groups. The
UTR regions showed particularly significant differences in
GC content, with p-values less than 0.01, indicating a
potentially functional role of varied GC content in these
segments.

3. Permutation Test: The permutation test was conducted
to further validate the significance of our findings and to
account for variations in sample size. This test involved
randomly shuffling data labels and recalculating mean
differences thousands of times to estimate the probability
of observing differences as extreme as those noted. The
robustness of our findings is confirmed by permutation
tests, with observed differences yielding p-values less than
0.001, thus confirming that these differences are statisti-
cally significant and not due to random variation.

Procurement of Oligos. The lyophilized and HPLC-purified
sequences of unmodified RNA oligonucleotides were obtained
from Genscript and dissolved in nuclease-free water. The
solution concentrations of each of the oligonucleotides were
determined optically at 260 nm and 25 °C by using the provided
molar extinction coefficients (M™! cm™) of strands. The folded
triplex was obtained (as described earlier)*' by heating the
solutions in 10 mM sodium cacodylate buffer (with 150 mM
NaCl and 0.5 mM MgCl,) to 100 °C for S min and then keeping
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them on ice for 5 min, followed by a slow return to room
temperature. All biophysical experiments were performed ina 10
mM sodium cacodylate buffer (pH 7.0) containing 150 mM
NaCl and 0.5 mM MgCl, at 25 °C, unless otherwise specified.
All experiments were replicated three times. The sequences used
are shown in Table 1.

Thermal Difference Spectra Calculation. 1 uM folded RNA
was taken in a quartz cuvette of 1 cm path length in the
thermoelectrically controlled Cary 3500 (Varian) spectropho-
tometer and scanned from 350 to 200 nm, first at 15 °C, then at
95 °C. The absorbance values at 15 °C were subtracted from the
absorbance values at 95 °C to give a plot of thermal difference
spectra (of delta absorbance vs wavelength). The buffer used for
TDS experiments was 10 mM sodium cacodylate (pH 7), 0.5
mM MgCl,, and 150 mM NaCl.

CD Spectroscopy Analysis. CD spectra were recorded in a
JASCO 815 spectropolarimeter equipped with a thermoelectri-
cally controlled cell holder and a cuvette with a path length of 1
cm. CD spectra for the triplexes (at 2 M) were recorded
between 220 and 350 nm at 100 nm/min scan rate at 25 °C, and
the spectrum obtained was the average of three scans. The buffer
used for CD experiments was 10 mM sodium cacodylate (pH 7),
0.5 mM MgCl,, and 150 mM NaCl.

UV Melting Spectroscopy and Derivative Calculation.
Absorbance vs temperature profiles (melting curves) for
triplexes (1 uM) were measured at 260 and 295 nm with a
thermoelectrically controlled Cary 3500 (Varian) spectropho-
tometer. A temperature range of 15—95 °C was used to monitor
the absorbance at the specified wavelength with a heating/
cooling rate of 0.2 °C min~". First derivatives of the melting
profiles were then computed using the formula (y, — y,)/(x, —
x,) for each data point to provide the y-axis values. The buffer
used for UV melting experiments was 10 mM sodium cacodylate
(pH 7), 0.5 mM MgCl,, and 150 mM NaCl.

B RESULTS

Development of a Bioinformatic Python- Based Code
to Search for MALAT1-like Triple Helices. We targeted our
search to the human transcriptome, hence characteristic features
ofa MALAT] or NEAT]I-like triple helix (of human origin) were
analyzed as a reference model (Figure 1a). An important feature
present in both MALAT1 and NEAT] triple helices and which
has been accounted for in our script is the presence of a gap
nucleotide in the Hoogsteen strand of the triplex. However, it
has been shown by a more recent structural report that a triple
helix with 11 consecutive base triples can also form a structure.*”
(This type of triple helix has not yet been found in nature,
though.) For this reason, both possibilities were taken into
consideration, and the search was carried out in two modes: one
to search for a triplex with gap and another to search for a triplex
without gap. We started our search with finding a fixed sequence
length of Hoogsteen (H) strand, followed by looking for a
downstream Crick strand that is similar to (in case of H
sequence with gap) or identical to (in case of H sequence
without gap) the Hoogsteen strand. Next, we looked for the
presence of a further downstream Watson strand with a
sequence complementary to that of the Crick strand (and also
to that of the Hoogsteen strand). Toward this, the search criteria
for length of Hoogsteen strand were fixed between 7 and 15 nt
(for both cases—with and without gap). A sequence of length
between 3 and 100 nt was accepted between the Hoogsteen and
Crick strands, and a similar 3—100 nt sequence length was
considered between Crick and Watson strands. Using the

https://doi.org/10.1021/acs.biochem.4c00334
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Table 1. Oligonucleotide Sequences

Sequence

GGAAGGUUUUUCUUUUCCUGAGAAAACAACACGUAUUGUUUUCUCAGGUUUUGCUUUUUGGCCUUUUUCUAGCUUAAAAAAAAAAAAAGCAAAA

GAACUUUUUUUUUUUAUCCAUUUGAAAGGUAUUUUUUUUGGGUGAACUAUUUGUUAAUAUUCUUGGUCCUGUAAAAAAAA
AAGAAUAUUUUAUAAGAACUCAUCUUAAUUUUAUAAUUAUUAACCUCUUAAAUCUGUGUAAGACAUUCUAUUUAAUGCAACUCCUUAUAAAA

Name of IncRNA

MALAT1 94mer

JPX

FTX

Xact

UGUUUGUCUUUUUUAAAAUAAAUUUUACUGUGCAUAUUUAAGGUAUACAAUAUGAUGUUAUGAAACAUAUGUGUACAGUAAAA

UCAUAUAAUUUAAUACUAUAAUCUAAUUUAAUAUUACAAUUUUAUAAUGUAAUUUUAAUAUAAUAUAUUUAAUAUAUUAAAAUUA

Inc-BHLHB9-1-11

UGUUAUCAAUAAUAUUUGGUUGAUCUUCACAUAUUUUAUAUGCAUAUAUAUAUCAAGAAGUUAUAUAUAUAUAACUCAAGAAACUCAAGUUAUAUAUA

ACAUACAUAUAAAAUUAUAUUUUUAUGUAAAAUUAUAUAUAUAUAAAAUUGACAGUAAUUUUAUAUAU

Inc CHMP2B-5-1
IncMSR107:1

UUGGUAUUAAUUAUUAAUUAAUACCUAUUAAAUUAUUAAAUUAAUAAUUUAAUA
AUAAUAUAUAAUAUAUUAAUAUAGAGUACAUAUUUAUAUUGUAUAUAAAUAUAUAAACAAUAUGAAUAUAUAUUUAUAU

IncKBTBD3-3-1

Novel (ENST00000624837.1)
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mentioned constraints, the logic of the code returned Triplex if
(and only if) it finds the Hoogsteen—Crick—Watson triplex
followed by upper stem or upper loop and lower stem or lower
loop. In all other cases, a triple helix was not returned. As is clear
from these criteria, any kind of ribonucleotide base permission
constraints were excluded. This allowed any sequence of
ribonucleotides to occur in a strand, be it a homopurine stretch,
homopyrimidine stretch, or even a heteropolymer containing a
mixture of purines and pyrimidines. (Filtering for presence of
polypyrimidines has been done in a subsequent step, and
findings were reported in different categories.) Further, the
whole length of the sequence under consideration was searched
using this algorithm. We are cognizant that if the triplex that is
found is not toward the 3’ end of a transcript, it would be
unlikely to perform the role of a stability element. However, this
was done by design to query and explore new locations where
hits are found. It was hypothesized that an RNA triple helix
structure may also have functional roles such as protein
recruitment and binding, other than their canonical properties
of stabilizing the transcripts and increasing their half-life, and
that is the basis of this broad criteria. With regard to the stem
loop, the 3—100 nt gap sequences at both ends of the triplex
were searched for to contain complementary base pairing, after
the Hoogsteen—Watson—Crick (H—W—C triplex) strands are
successfully found. The algorithm searched for an upper stem
base pairing in the sequence between the end index of the H
Strand and the start index of the C strand. If a stem is found, the
remaining sequence is reported as the upper loop of the stem;
otherwise, the entire segment is returned as an upper loop only.
In both cases, the upper stem and the upper loop have a length
constraint of a minimum of 3 nt for each. Similarly, the algorithm
searched for the formation of a lower stem loop by
complementary base pairing between the gap ribonucleotides
in the C—W strand and the sequence preceding the H strand
using the same constraints of a minimum length of 3 nt. The
presence of stem in the locations akin to the P1 and P2 regions of
MALATT1 triple helix is not a mandatory criterion; the positions
and sequences are reported if found, otherwise considered a
loop. This complete tool was named TRIPinRNA (Figure 1b,c).
Two versions of it have been created—one which searches for a
gap nucleotide mandatorily in the Hoogsteen strand (with-gap
mode) and one version which searches for a continuous
Hoogsteen strand (called the “without-gap” mode). In the case
of search “with-gap”, the gap may occur at any one position in
the Hoogsteen strand, with the exception of three nucleotides at
the 5" and 3’ extremes of the Hoogsteen strand.

The search for intramolecular RNA triplexes was made in the
partial NONCODE database, complete GENCODE IncRNA
database and also the GENCODE coding data set. 1% A
sample output is shown in Figure S1. The complete output files
from the runs are shared in excel format in Files S1—-S4.

TRIPinRNA Predicts Triple Helix Formation in Human
IncRNA Sequences. TRIPinRNA was run on the GENCODE
IncRNA data set, which contained a total of 58,246 transcripts
(release 44 for human—GRCH38.p14), and revealed 3178
predicted triplex hits for TRIPinRNA run in “with-gap” mode
and 10,769 predicted triplex hits for TRIPinRNA the run in
“without-gap” mode. Out of these, the number of unique
transcripts was 2788 for the run in “with-gap” mode, which was
mapped to 1509 unique genes when considering run in “with-
gap” mode. In the case of the run in “without-gap” mode, the
number of unique transcripts was 7936, and the number of
unique genes that these mapped to was 3762 (Table 2).

https://doi.org/10.1021/acs.biochem.4c00334
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Figure 1. RNA intramolecular triple helices with Hoogsteen (H), Watson (W), and Crick (C) strands labeled (a) 94mer MALAT] triple helix.
Schematic for TRIPinRNA search algorithm in (b) “with-gap” mode and (c) “without-gap” mode.

Table 2. Summary and Classification of Predicted Hit Triplexes from the Long Noncoding Human Transcriptome from the

IncRNA (Noncoding)

Without Gap

GENCODE Database”
With Gap
Total  Pyrimidine- Only  Uridine-Only
No. of Triplexes 3718 234 16
No. of Unique Transcripts 2788 277 16
No. of Unique Genes 1509 131 1S

Cytidine-Only Total Pyrimidine-Only ~ Uridine-Only ~ Cytidine-Only
1 10,769 794 77 0
1 7936 73S 77 0
1 3762 396 34 0

“Pyrimidine -only—triplex hits with only U or C in the Hoogsteen strand, uridine- only—triplex hits with only U in the Hoogsteen strand,

cytidine-only—triplex hits with only C in the Hoogsteen strand.

The distribution of GC percent usage was further plotted for
the entire human noncoding transcriptome (Figure 2a) and
compared to that of only the transcripts containing hits (Figure
2b,c). It was found that there was a small but significant decrease
in the mean GC percent from 46.57% to 44.51% in the case of
run in “with-gap” mode and 44.77% in the case of run in
“without-gap” mode (Figure 2d—f). Significance calculations
have been shown in Table S1.

To elucidate any inherent preferences in the lengths of the
Hoogsteen strands, frequency distribution plots were generated.
These plots were prepared for three distinct scenarios: for
overall triplex hits (these hits included the Hoogsteen strand of
the triplex portion containing a combination of purines and
pyrimidines), for those hits with only pyrimidine-based
Hoogsteen strands (U and C), and finally, for hits with only
Uridine in the Hoogsteen strand. In the plot for overall triplex
hits, a gradual decrease was observed in the number of predicted
triplex hits, with increasing length of the triplex from 7 to 15 ntin
the Hoogsteen (H) strand. This was accompanied by a slight
increase in length 13 nt for the “with-gap” mode and a slight
increase in length 15 nt for “without-gap” mode (Figure 3a,b).
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Filtering the predicted triplex hits for “pyrimidine-only” (to
represent the triplex nucleotide composition expected in a
canonical pyrimidine-type triplex) gave 234 triplexes as hits in
the “with-gap” mode and 794 triplexes in “without-gap” mode.
Only triplex lengths of 7, 8, 10, and 13 nt were observed in “with-
gap” mode, and triplexlengths of 7, 8,9, and 13 nt were observed
for “without-gap” mode (Figure 3c,d). Filtering for “uridine-
only” in the Hoogsteen strand yielded 16 triplexes in the “with-
gap” mode and 77 triplexes in the “without-gap” mode. With this
criterion, there were triplexes with lengths of 7, 8, and 13 nt only
in the Hoogsteen strand for the “without-gap” mode and
triplexes of lengths 7, 8, and 13 nt only for “with-gap” mode
(Figure 3e,f).

Next, we asked how many transcripts had multiple triplexes
predicted in a single transcript. This was also visualized by using
a plot. It was observed that most of the transcripts contained up
to S triplexes for run in “with-gap” mode and up to 11 triplexes
for run in “without-gap” mode. Nonetheless, there were a few
transcripts with a greater number of triplexes. For example, in
the “all, with-gap” mode, transcripts with 39 triplexes (XACT),
15 triplexes (HELLPAR IncRNA), 10 triplexes
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Figure 2. Overview of GENCODE IncRNA data set results. Histogram of GC percent distribution calculated in transcripts: (a) from the entire human
noncoding transcriptome, (b) with predicted triplex hits after TRIPinRNA run in “with-gap” mode, and (c) with predicted triplex hits after
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(ENST00000620188.1), and 7 triplexes (MIR2052HG) were
observed (Figure 4a), and in “without-gap” mode, transcripts
with 97 triplexes (XACT IncRNA), 41 triplexes (HELLPAR
IncRNA), 27 triplexes (ENST00000661959.1), and 10 triplexes
(ENST00000570269.2) were observed (Figure 4b). In the
“pyrimidine-only, with-gap” mode, the maximum number of
triplexes is two, which is present in 7 transcripts, and in the
“pyrimidine-only, without-gap” mode, the maximum number of
triplexes is four, which is present in a single transcript (Figure
4c,d). With the “uridine-only” filter on hits, all transcripts in
“with-gap” and “without-gap” mode have only 1 triple helix
predicted per transcript (Figure 4e,f), An overlap was noticed
between gene names with multiple triplexes in “with-gap” and
“without-gap” mode, and the intersection between these in
“uridine-only” type canonical triplexes was determined. Seven
predicted genes were found, one of which was JPX (Just
Proximal to Xist), an IncRNA with a role in X Chromosome
Inactivation.”* The predicted RNA triplex of this gene was
picked for further study in detail (Table 3).

Biophysical Validation of Triple Helix Sequences
Predicted Using TRIPinRNA. To validate predicted hits, we
have utilized circular dichroism (CD) spectroscopy and
ultraviolet (UV) melting. Spectroscopy methods are widely
used to investigate RNA structures and can be utilized to study
the formation of a triple helix motif too. The predicted 80-
nucleotide region of JPX was chemically synthesized (Genscript,
HPLC purification) (Figure Sa) and used for validation. An
appropriate amount of the oligo was heated and subjected to
slow cooling to preform structure in sodium cacodylate buffer
(containing NaCl and MgCl,), then used for biophysics
experiments. On thermal melting for the predicted JPX triple
helix sequence, a relatively stable triplex structure with two
melting temperatures was observed—one at around 58 °C and
one around 75 °C (Figure Sb). This is similar to the melting
pattern (with two transitions) as has been seen earlier for the
MALAT] triple helix motif (Figure Sc). Next, CD spectroscopy
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showed that the signature for the JPX sequence was practically
identical to that seen for the MALATI 94mer sequence, with
two positive (at 260 and 220 nm) and two negative peaks (at 240
and 210 nm) (Figure S5d,e). A similar pattern in CD signature
has been reported previously for the KSHV PAN triple helix,
too" and also for a model UAU type intramolecular triple
helix,*® which is an important comment on the structure formed
in predicted JPX triple helix sequence.

A few other genes came up as hits containing triple helix
sequences which were involved in X chromosome inactivation
(XCI) under the “all” list. Including JPX, this was a total of 6
genes, which was intriguing. Therefore, these five other XCI
genes (FIRRE, FTX, Xist, Tsix, and Xact)47_52 that had shown to
have predicted triple helix sequences were taken up for
investigation (Table 4). These were, however, not the canonical
poly-U, poly-A, and poly-U strands containing triplexes (Figure
6a). These were hits that had been obtained from the “all” search
and had strands that could and did contain a mixture of purine
and pyrimidine ribonucleotides. Further, the predicted 3’ most
triple helices in these genes were not located near the 3’ end of
that gene, as may be expected if they were to act as stability-
element type triplexes. Nonetheless, these were of great interest
to us. For example, the transcript of Xact—which is 347,561 nt
in length—has 97 triple helices predicted to form in it in the
“without-gap” mode and 39 triple helices predicted to form in it
in the “with-gap” mode, and the locations of these triple helices
are well-distributed across the transcript (Figure S2). Keeping
these points in mind, we moved ahead to investigate these
predicted sequences for triple helix structure formation as seen
by biophysics. Out of the five genes containing predicted
nonpoly pyrimidine-type triplexes, two hits were chosen (within
100 nt in length) for which the RNA was synthesized. These are
(1) the predicted 92 nt triplex helix closest to the 3" of FTX (five
prime to Xist) and (2) the predicted 83 nt triple helix closest to
the 3’ of XACT (X active specific transcript). The UV melting
signature of FTX showed a melting temperature of around 53 °C
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with a rather broad melting. (Such a broad melting domain is
generally observed when the melting temperatures of two or
more domains are close together and overlap such that discrete
melt peaks are not observable.) The melting profile of XACT,
however, showed three melting domains, with melting temper-
atures of around 30, 45, and 60 °C. This correlated well with the
predicted structure of XACT as observed from UNA RNA
Fold,*® which predicted a structure forming in the sequence of
the bulge region of XACT, in addition to the expected two
melting domains (of unraveling of the Hoogsteen strand and
then the duplex unwinding). Further, the CD signatures for both
triplexes were practically identical to what was observed in the
case of MALATI 94mer, with two negative and two positive
peaks, indicating the formation of an intramolecular RNA triple
helix (Figure 6b). Thermal difference spectra (TDS) is a
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characteristic graph pattern obtained by subtracting the
absorbance scan at high temperatures with the respective scan
at a low temperature and is used to identify the structure formed
by the sequence.”* The TDS for these two triplexes also showed
a typical signature with a positive peak at 260 nm and a
continuous shoulder at 245 nm. The TDS additionally had a
negative peak at 295 nm, indicating the presence of a Hoogsteen
bond in the structure (Figure 6b). All these signatures were
representative of an RNA triple helix structure and were very
similar to the respective signatures for MALAT1’s 94mer and
demonstrate that these noncanonical type of triple helices are
also capable of forming structure. The thermal melting at 295
nm for these RNA structures has also been performed, and the
temperature where the dip in absorbance is observed coincides
with the breaking of the Hoogsteen bonds between the Hand W

https://doi.org/10.1021/acs.biochem.4c00334
Biochemistry 2025, 64, 250—265


https://pubs.acs.org/doi/10.1021/acs.biochem.4c00334?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00334?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00334?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00334?fig=fig3&ref=pdf
pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.4c00334?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biochemistry

pubs.acs.org/biochemistry

a All, with-gap

Number of Transcripts
Number of Transcripts

12345678 91011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39

Number of Triplexes

Pyrimidine Only, With-gap Pyrimidine Only, Without-gap

220

46

Number of Transcripts
Number of Transcripts

7 0 1

1 2 1 2 3 4

Number of Triplexes Number of Triplexes

10°

102

10

10°

All, without-gap

1 1

90

40 50
Number of Triplexes

Uridine Only, With-gap Uridine Only, Without-gap

16 f

80 77

15.0

12.5

=}
=}

10.0

7.5

5.0

Number of Transcripts
N
o

Number of Transcripts
N
o

2.5

0.0
1 0 1
Number of Triplexes Number of Triplexes

Figure 4. Frequency distribution of transcript hits with multiple triplexes obtained from TRIPinRNA run on the GENCODE human IncRNA data set
(a) in “all” output filter “with-gap” mode, (b) in “all” output filter “without-gap” mode, (c) in “pyrimidine-only” output filter “with-gap” mode, (d) in
“pyrimidine-only” output filter “without-gap” mode, (e) in “uridine-only” output filter “with-gap” mode, (f) in “uridine-only” output filter “without-

gap” mode.

Table 3. List of Ensembl Gene Names and Descriptions of
Common Transcripts between “With-Gap” and “Without-
Gap” Type Searches for Poly-Uridine Triplexes Predicted

Gene name Description
1 ENSG000000267519.6  miR-23a/27a/24-2 cluster host gene
2 ENSG000000258634.3  Novel, antisense to ALX3
3 ENSG000000279512.1  Novel, uncategorized
4 ENSG000000286125.3  (Novel Transcript (Contains ZIM2-AS1 and
PEG3-AS1))—Uncategorized gene
ENSG000000225470.9  JPX transcript XIST activator

6 ENSG000000260206.1  ENSG000000260206 (Novel Transcript,

IncRNA- Antisense To IMP3)

ENSG000000234208 (Novel Transcript,
IncRNA-Sense Intronic To THOCS

7 ENSG000000234208.1

strands (Figure S8). This structure, however, is less thermally
stable than that seen with the canonical pyrimidine-type helices.
A modified triple helix control sequence in contrast, as shown in
an earlier report, shows a much different pattern of UV melting
as well as for CD spectroscopy.*

This observation prompted us to query other noncanonical
triplexes that turned up as hits from a run on the NONCODE
data set of noncoding RNAs.*" A set of 5 potential triple helix-
forming RNAs was selected, for which RNA was prepared using
synthesis (Genscript, HPLC purification). These five are the
following: Inc-BHLHB9-1-11, Inc CHMP2B-5-1, IncMSR1-7:1,
IncKBTBD3-3-1, an RNA which was termed “Novel” by us and
which belongs to the transcript ENST00000624837.1 (Figure
S3). The synthesized RNAs were pre formed for structure as
described in methods. The UV melting, CD, and TDS signatures
for these sequences were indicative of the formation of a triple
helix structure (Figure 7a,c). In general, these type of triple
helices have not been reported before to form and are speculated
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to be unstable as it is believed that any base triplet other than a
UAU or CGC (forming a pyrimidine-type triplex) is
destabilizing.16 However, our observations indicated otherwise,
albeit at the biophysics level (in vitro).

Predicted Triplex-Forming Sequences Observed in
the Coding Region of the Genome. Next, we asked, what is
the situation with predicted triplex-forming sequences in the
protein-coding human transcriptome? Is it possible to observe
any differences in the type or prevalence of predicted triple helix-
forming sequences between the noncoding and coding regions?
Our guess was that noncoding regions would have more use for a
structure-forming region than any coding region. However, on
running TRIPinRNA on the set of coding sequences (110,962 in
number) downloaded from the same release of GENCODE
(release 44 for human—GRCH38.p14), a much higher number
of predicted triplex-forming sites was found than in the long
noncoding transcriptome. Overall, in the run “with-gap” mode,
there were a total of 14,561 triplexes predicted, and in the run
“without-gap” mode, there was an extraordinary number of
90,836 triplexes predicted. Out of these, only 4 triplexes from the
run in “with-gap” mode and 8 triplexes from the run in “without-
gap” mode were CGC type (Table 5).

The histogram for GC distribution across the entire protein-
coding transcriptome showed a small spike around 40% and
another at around 60% (Figure 8a). When considering the GC
distribution for only transcripts containing hits, a bias was
observed (Figure 8b,c). It was seen that there was a very
significant decrease in the case of 3" UTR region as well as a very
significant increase in the case of the 5’ UTR region in both run
modes (Figure 8d). As for the CDS, there was a very small and
insignificant change in the case of run in “with-gap” mode. For
run in “without-gap” mode, a 0.01% decrease in average GC
usage was observed, with a p value of 0.006 (Figure 8e,f). From
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Table 4. Summary of XCI-Related Genes with Predicted
Canonical and Noncanonical Triplexes

Number of Transcripts with Number of Unique

Name Triplexes Triplexes
Xist 11 1

Tsix 1 1

FTX 8 4

JPX 1 1

FIRRE 1 1

Xact 1 39

this observation, it was inferred that although triplexes are
predicted across the entire coding transcript, there seems to be a
preference by the UTR regions toward a certain altered GC
usage, while this preference is absent from the CDS regions. We
speculate that since the mutational rate is higher in the UTRs as
compared to the CDS region, the evolution of triplex-formin:
sequences in the UTR regions is more visible in the UTRs.>>>
Further, this is in congruence with the presence of other RNA
structural elements in UTRs carrying out different regulatory
functions.””*® The significance values in support of these
statistical analyses have been shown (Table S1).

To further delve into the nucleotide composition of the
Hoogsteen strands of hits, a thorough investigation was
conducted into their GC and AU content. For triplexes with a
gap in the H strand, the gap, represented by a ”.”, was excluded
from our calculations to ensure accuracy. (In noncoding hits, it
was seen that the triplexes tend toward using a high AU
percentage on average in both modes of run.) (Figure S4) In the
coding region, while it was observed that the maximum number
of predicted triplex hits lay in the 3’ UTR (Figure 9a,b), there
was more variation with regard to GC usage in triplex hits
(Figure SSa). The hits of the CDS portion exhibit high GC
usage, on average (Figure SSb). The hits of the 5" UTR again
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exhibit a high average GC usage (with a mean of 84%) in their H
strand in both modes of run (“with-gap” and “without-gap”)
(Figure SSc). Lastly, the 3’ UTR hits exhibit a very low GC usage
(of 22%) in their H strand on average in both modes of
TRIPinRNA run (Figure $5d). It is relevant to note that a low to
average correlation was observed when the number of triplexes
per transcript was plotted against the length of transcripts,
indicating that a longer transcript does not guarantee a larger
number of hits. Hence, these hits are not a result of chance, but
rather, are functionally relevant (Figure S6). Overall, the hits
lying in the 5" UTR were the highest in GC usage on average,
followed by the CDS hits, and the hits of the 3’ UTR had the
lowest GC usage, on average (Figure S7a,b). Lastly, a crude
calculation was performed to figure out the density of predicted
triplex hits in different regions of the transcriptome. This was
divided into four categories: (1) noncoding RNAs, (2) §' UTR,
(3) CDS, and (4) 3’ UTR. The number of hits in that category
was divided by the cumulative length of that region in transcripts
with the hit. For example, to calculate the density of the 5’ UTR,
the number of triplex hits that fall in the 5" UTR was counted
and divided by the cumulative length of the 5" UTRs of all
transcripts that reported a hit in the 5" UTR. This allowed us to
understand that the highest density of hits for both “with-gap”
mode and “without-gap” mode was in their 5" UTR regions, and
taken overall, the highest density was in the 5" UTR in “without-
gap” mode (Table S2). The CDS had the lowest number of
predicted triple helix hits, in both modes of search. In this
analysis, however, the triplexes that lie on the two boundary
regions between the UTRs and the CDS have not been taken
into account. (Those number of hits were <7% overall and have
been ignored for the purpose of this analysis.)

In conclusion, we have seen that a few new canonical
pyrimidine-type and uridine-only triple helices have been seen
to form in some human genes. We also experimentally show
triple helix structure formation in noncanonical (heteropurine—

https://doi.org/10.1021/acs.biochem.4c00334
Biochemistry 2025, 64, 250—265


https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.4c00334/suppl_file/bi4c00334_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.4c00334/suppl_file/bi4c00334_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.4c00334/suppl_file/bi4c00334_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.4c00334/suppl_file/bi4c00334_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.4c00334/suppl_file/bi4c00334_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.4c00334/suppl_file/bi4c00334_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.4c00334/suppl_file/bi4c00334_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.4c00334/suppl_file/bi4c00334_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.4c00334/suppl_file/bi4c00334_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00334?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00334?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00334?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00334?fig=fig5&ref=pdf
pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.4c00334?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biochemistry

pubs.acs.org/biochemistry

Y ueuc vuuy

XIST FTX
b FTX XACT
$ 12 g 12
g 1.0] 5 o
g 0.4 :g 08
UV Melting g 09 3%
£ 04 5 04
‘Eé 0.2} % 02
27 2]
o 20 40 60 80 100 0 20 40 60 80 100
Temperature (°C) Temperature (°C)
100, 70
0 60
50
CD § 60 § 40
Spectroscopy w0 £ ;g
@ 20 @ 10
. P WAN
ZFO 230J250 270 290 310 330 350 .'&1“«/ m/ 250 270 290 310 330 350
20!
wavelength (nm) 20 wavelength (nm)
0.34 0.18
o 0.29 o
Thermal g oz g on
Difference £ o9 £
Spectra 2 o4 £ oo
< <

00%%0 240 260 280 300 320 340 00 240 260 280 300 320 340

wavelength (nm) wavelength (nm)

Figure 6. XCI transcripts predicted by TRIPinRNA to contain
heteropurine heteropyrimidine strand-type triplex hits—Xist, Tsix,
FIRRE, FTX, and Xact. (a) Possible folding patterns of the predicted
sequences. (b) Thermal melting, TDS, and CD for two noncanonical
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pyrimidine type) triple helices. Further, there are triple helices
predicted to form not only in the noncoding portion but also in
the coding portion of the human genome. Interestingly, while
the noncoding portion of the genome predominantly gave AU-
type triple helices, the coding portion showed predicted hits that
had GC usage, which was very dependent on the location in the
transcript. With this large set of thousands of predicted triplexes,
a comprehensive investigation into this structure is now
possible, which could possibly aid functional studies. A
systematic study could also correlate the characteristics of
loop length, triplex strand length, presence of stem, and other
such characteristics with the temporality and stability of triple
helix structures. Also opened up by this body of work is the
possibility of using this data set for machine learning to train and
then predict newer locations for these triplexes. Moreover, this
work could be extended to genomes of different organisms and
also extended in different directions such as correlating the
presence of predicted triplex sequences with phenomenon such
as nonsense mediated decay (NMD) when these structures
occur in the CDS, for example.

B DISCUSSION

In this study, we explored the presence of potential intra-
molecular RNA triplex-forming sequences in the human
genome. Taking a cue from the known intramolecular RNA
triple helices (MALAT1 and NEATI), a python program was
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developed using a “sequence-pattern” search methodology
based on the characteristic patterns observed in these two
known triplexes. We started out with a broad criterion: searching
for parallel-type triple helices without sequence constraints in
the Hoogsteen strand. This allowed for results to include
noncanonical heteropurine—pyrimidine type triplexes. Though
it is an unconventional thought that such triplexes could form,
we observed using various biophysics methods that these
triplexes indeed do form in vitro. The major groove of a
Watson—Crick double helix RNA, it is understood, can spatially
not accommodate the binding of two purines in a triplet. For
example, while the replacement of a C.G-C triplet of MALAT1
triple helix with an A.U-A triplet is well-studied to be
destabilizing (by using the technique of the beta globin reporter
assay), that such triplexes would never form with a temporality
has not been negated.16 Another report studies the A.U-A triplet
stretch (to form a purine-type triple helix), but again, does not
query the outcome in case of a heteropurine—pyrimidine
strand.’” However, recent reports have broadened our under-
standing of these complex structures. For example, in self-
splicing introns and also in riboswitches, the types of triplets
observed are often a noncanonical type of base pairing,
indicatin§ that the presence of these type of triplets is indeed
possible.”’

Additionally, the formation of such heteropurine—pyrimidine
strand triplexes has been widely studied in the case of DNA triple
helices. Howard et al. have characterized a novel Poly(dT)-
2Poly(dA) triple helix, suggesting an expanded range of possible
triplex configurations under specific ionic condition.”" Further,
Gondeaut et al.’s investigations into the interactions of methyl
green and ethidium bromide with DNA triplexes shed light on
the nature of these structures, potentially mirroring RNA triplex
behaviors t00.°”%* The work of Lee et al. on 5-methylcytosine’s
influence in enhancing triplex stability at neutral pH further
supports the possibility of the existence of these rather
noncanonical triplexes.”* Hoyne et al’s identification of
potential intrastrand triplex elements in bacterial genomes
suggests a prevalence of these structures that might parallel those
within the human transcriptome, and He et al.’s thermodynamic
analysis provides crucial insights into the stability of DNA
triplexes, informing our understanding of RNA triple
helices.*>®°

In view of the above understanding, we started our search with
a broad criterion (without any sequence restriction in the first
step of searching for the Hoogsteen strand) and followed up by
filtering the output for results to also identify ones with only poly
homopyrimidine Hoogsteen strands. This method also allowed
us to account for a gap nucleotide around the middle of the
Hoogsteen strand (as observed in the case of MALATI), while
allowing for a corresponding doublet that may break the poly
homopyrimidine or poly homopurine criteria in the Watson and
Crick strands (as seen in the case of MALAT1 and NEATI
triplexes). Following this basis, we began our search.

The resulting search revealed that canonical (U.A-U type) as
well as noncanonical (heteropurine—pyrimidine) type triplexes
were predicted to exist across the human transcriptome. While
the U.A-U type triplexes seemed to display greater thermal
stability in vitro, the noncanonical triplexes showed typical
signatures of triple helix structure formation using CD
spectroscopy, UV melting, and thermal difference spectra. The
UV melting profile showed either two or more (multiple)
resolved peaks or a broad melting to indicate the sequential
melting of different structured regions. CD spectroscopy
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Figure 7. Biophysics for five heteropurine heteropyrimidine strand-type triplexes: (a) CD spectroscopy, (b) thermal melt curves, (c) thermal melting

derivative curves, and (d) thermal difference spectra (TDS).

showed clear two positive and two negative peaks, and the
amplitude of these peaks differed from that of A-form RNA. (In
addition to the major positive peak at 260 nm, the positive peak
at 220 nm was approximately equal in magnitude to the negative
peak at 240 nm. Further, the negative peak at 210 nm was not as
large in magnitude as that observed for A-form RNA.) Lastly, the
thermal difference spectra pattern demonstrated a negative peak
at 295 nm along with a positive peak at 260 nm. The TDS curve
then almost touches the axis at 210 nm. This consistent TDS
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pattern might be the signature of an intramolecular triple helix.
In the case of JPX and MALATT1 triple helix, the TDS pattern
looked almost identical to this, except that a negative peak at 295
nm was not observed (data not shown). This also matches the
report by Mergny and Chaires, where they do not observe a
negative peak at 295 nm for only their T.A-T triple helices.”* In
summation, we recognized that these noncanonical triple helices
could indeed form, and we continued to search in this mode—
looking for “all” types of triple helices in the transcriptome.
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OF —« ~ - B It is intuitive to expect these RNA structures to be present in
% < = the noncoding transcriptome, rather than in the coding
E v v aloF oo = transcriptome. Since IncRNAs are understood to be conserved
o |76 — ™ 3 on the basis of structure and not sequence, one may expect these
E o _ -E‘ structural elements to contribute toward the function of
Z EE $I8 g IncRNAs. However, the UTR regions of coding transcripts
= % also fall under the category of regulatory elements and may be
Tg § E § g expected to contain RNA structural elements. For this reason,
i T oy e 5 we analyzed the coding transcriptome of humans too, which
g SIS : IS =4 yielded intriguing results. We observed that more than half the
N °5 v i number of total hits of the coding region lay in the 3’ UTR.
& o = Further, while in the noncoding portion of the transcriptome
E = E1Y o 8 we observed that transcripts containing hits displayed a
£ © . ol significantly higher AU usage, we additionally observed a
= - § 575 g2 g g significant difference in AU/GC usage in case of coding regions,
© ¥ 2= a too. In coding transcripts containing hits, GC usage was
o Tog o &8 significantly higher in the 5’ UTR and significantly lower in the
2SS 2 B 3’ UTR than expected on average. (In this analysis, the triplexes
% e that lie on the two boundary regions between the UTRs and the
% ) g S CDS have not been taken into account.) As for the CDS region,
g % £ the small difference in GC usage is nonsignificant in the case of
% F 23 oE 8L g :; search in “with-gap” mode, and in the case of search “without-
£ e 5eg . E gap”, the difference of 0.01% was significant with a p-value of
g ] 52 S % ., 5 0.006. This indicates that while there seems to be a selection for
E' . :cé Ao =22 3 % transcripts with hits to have a preference toward a specific type of
a 2 £ é AU usage in the UTR regions, this preference is absent from the
g E 8 2 2 % CDS region. This observation is in line with expectations,”® and
m’ 2 & FgE 8 & this GC usage bias in the UTRs points toward the occurrence of
v S ++ <2 . T predicted intramolecular RNA triplex structures in the 5" UTR
f © ” O v o T and 3" UTR of coding transcripts as being meaningful and
°© 5 biologically relevant. Just as RNA structures present in IncRNAs
_g SERre 8 may be functional, the presence of such structures may
5 o~ = F,'g contribute to the regulatory functions of the UTRs of coding
%o IS sz s 2 X transcrlp'ts. Since the CDS region 1s.under evolutionary pressure
g 5§ 88g 3 (|FE R &8 to remain unaltered, such mutational changes may be less
2 = 5| _ 5 frequent and less observable.
% |l £§282 E = Further, it is also intuitive that groups of genes, containing
= 5 D § predicted triplexes and involved in particular common functions,
g £ 0F 0o o = may be found by analyzing the output of TRIPinRNA. The
& = . o 312 presence of these triplex structures may explain how some
z Eowr N = RNA—RNA or RNA—DNA interactions happen, and it may be
T R 28 ° 2 interesting to explore cases like X-chromosome imprinting in
5 = oo o B further depth from the perspective of the presence of triplexes.
£ & EE $% % = Since the TRIPinRNA code runs (and gives output)
: E © chromosome-wise, the XCI triplexes were immediately
2 £l 883 o ° apparent.
& _ . é =l & ;* ;‘ 2 i Some other predicted IncRNA hits of interest were MEGS3,
E E8ag s s Airn, and KCNQIOTI. Further, HELLPAR, MIR31HG,
= e U8 0o o B CYTOR, and PURPL IncRNAs showed a large number of
P © E predicted triplexes, which warrant further exploration. Within
-% 5 5‘? "o :::: the coding subset of genes, hits with predicted triPlexes in the §’
g 2 UTR, for instance, are YY1, NFKB1, and FOXP1, in the CDS are
g 5* ek ee . Eng DYNCIH1, NRG2, and MAP3K4 and in the 3’ UTR are
5 z g0 =~ ~ o 1 g DDX3Y and HNRNPA2BI1. Examples of genes with predicted
~ 5, = _ 2% triplexes spanning the 5 UTR and CDS region include
g g £ £€% %5 3 § MYCBP2 and LTBP3, and examples of ones spanning the
E* § ; Lq:, . .g go CDS and 3’ UTR regions include SF1 and FBXL16. Lastly, it is
g e g g g 2 observed that the 5" UTR of the SOX2 transcript contains two
g EPPR % v g A predicted triplexes and that the SOX2-OT IncRNA contains an
» : e g = g5 g % overwhelming number of predicted triplexes, too. The role of all
i ZZZ “: on % %’ g 50 of these and the numerous other triplexes could yield very
% s b o8 B interesting and valuable insights into the functions of these
] zz z &F genes.
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While these observations are exciting, they are not completely
congruent with the prevailing understanding, which is that
intramolecular triple helices must contain strands that are
polypurine or poly pyrimidine-—only. Our observations in
biophysical experiments have shown otherwise, however, and
encouraged us to search computationally for this noncanonical
type of triplexes.

Finally, it is observed that the triplexes predicted under the
noncanonical category are also less thermally stable than the
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stability element-type triplexes. One possible explanation could
be that these triplexes do not exist as constitutively formed
structures but form and resolve with a temporality, based on
external cues such as binding factors like proteins or small
molecules. Further study into their formation and function will
shed light on biological functions that are possibly equally
unusual.

A comparison with other existing tools, Infernal and
AlphaFold3 revealed that our script detected significantly
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TRIPinRNA run in two modes: (a) with gap and (b) without gap.

more triplexes. Infernal uses covariance models to find RNA
secondary structures by comparing input sequences to known
RNA family models. It requires input sequences in the FASTA
format along with multiple sequence alignments (MSAs) to
build these models. Infernal was able to identify two known
triple helices (MALAT1 and NEAT1) in the human genome
using this model.”’ AlphaFold3, on the other hand, employs
deep learning techniques to predict the folding of proteins and
RNA based on sequence data. It accepts input sequences in
FASTA format and outputs 3D structural predictions in PDB
format. However, AlphaFold3 was unable to predict triple helix
formation in RNA stretches (even smaller than 100 nt) that were
obtained as hits from TRIPinRNA and hence was not suited for
this specific purpose of finding potential triple helix-forming
sequences ranging from around 100 to 1000 nt, in its current
version.

In contrast, TRIPinRNA processed the entire transcriptome
much more efficiently. Our script is well-suited for in-depth
triplex structure prediction research, as it captures all the
nuances of triplex patterns, providing a more focused analysis
than other existing tools. It also provides detailed information
and structured output in a CSV format, making it a powerful tool
for triplex research. In the future, we envision being able to use
the output obtained from TRIPinRNA to train machine learning
software to detect triple helices with slightly varied features.

In conclusion, a study into the crystal structure of the
noncanonical type of triplexes would be of abundant interest and
value, but it is currently beyond the scope of our work. A
successful analysis of such a crystal structure could shed light on
the spatial arrangement of nucleotides, in effect opening up the
understanding of the formation of such and other similar RNA
structures.
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