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Abstract

RNA pseudoknots play a crucial role in various cellular functions. Established pseudoknots
show significant variation in both size and structural complexity. Specifically, three-stemmed
pseudoknots are characterized by an additional stem-loop embedded in their structure.
Recent findings highlight these pseudoknots as bacterial riboswitches and potent stimula-
tors for programmed ribosomal frameshifting in RNA viruses like SARS-CoV2. To investi-
gate the possible presence of functional three-stemmed pseudoknots in human mRNAs, we
employed in-house developed computational methods to detect such structures within a
dataset comprising 21,780 full-length human mRNA sequences. Numerous three-stemmed
pseudoknots were identified. A selected set of 14 potential instances are presented, in
which the start codon of the mRBNA is found in close proximity either upstream, downstream,
or within the identified three-stemmed pseudoknot. These pseudoknots likely play a role in
translational initiation regulation. The probability of their existence gains support from their
ranking as the most stable pseudoknot identified in the entire mMRNA sequence, structural
conservation across homologous mRNAs, stereochemical feasibility as demonstrated by
structural modeling, and classification as members of the CPK-1 pseudoknot family, which
includes many well-established pseudoknots. Furthermore, in four of the mRNAs, two or
three closely spaced or tandem three-stemmed pseudoknots were identified. These findings
suggest the frequent occurrence of three-stemmed pseudoknots in human mRNAs. A step-
wise co-transcriptional folding mechanism is proposed for the formation of a three-stemmed
pseudoknot structure. Our results not only provide fresh insights into the structures and
functions of pseudoknots but also unveil the potential to target pseudoknots for treating
human diseases.

Introduction

Pseudoknots are formed when a sequence of nucleotides within a loop region binds to a com-
plementary sequence outside that very loop [1, 2]. Essentially, by adopting this broad defini-
tion of pseudoknots, any tertiary canonical base-pairing interaction would be classified as a
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pseudoknot. In cases where the loop originates from a hairpin, the resulting pseudoknot is
dubbed an H-type pseudoknot. In the PseudoBase and its extension PseudoBase++ [3, 4],
pseudoknots of the H-type category account for 81% of the 398 pseudoknots in the database.
Due to its common occurrence and significance in RNA functions, the H-type pseudoknot has
become the archetype for pseudoknots. As a result, the term "pseudoknot” is often used inter-
changeably with "H-type pseudoknot". Herein, when we refer to pseudoknots, we’re talking
about H-type pseudoknots unless otherwise specified.

A pseudoknot possesses essential structural components, including two helical stems (des-
ignated as S1 and S2) and two distinct loops (L1 and L2, with L1 traversing the major groove
of S2 and L2 traversing the minor groove of S1). In certain instances, a pseudoknot may
include a third loop known as L3, positioned between the two stems. In situations where L3 is
absent, the two stems, S1 and S2, have the potential to stack together coaxially, forming a
quasi-continuous helical structure. These common structural features of H-type pseudoknots
are illustrated in various NMR and crystal structures, as discussed in reviews by Hill and Brier-
ley, as well as Peselis and Serganov [5, 6].

Pseudoknots frequently reside in pivotal regions within RNA molecules, serving a wide
array of functions in various biological processes [5-7]. Notably, pseudoknots are renowned
for their participation in translational recoding mechanisms, including —1 programmed ribo-
somal frameshifting (PRF) and stop codon readthrough (SCR) [8, 9].

In —1 PRF, the translating ribosome shifts one nucleotide backward upon encountering a
specific hepta-nucleotide sequence known as the "slippery sequence.” Following this shift, the
ribosome proceeds with the translation process within the —1 reading frame [9, 10]. In SCR,
the translating ribosome treats the stop codon as if it were a sense codon and continues the
translation process [11, 12]. In numerous documented occurrences of —1 PRF and SCR, effi-
cient frameshifting or stop codon readthrough often requires the presence of a pseudoknot
positioned several nucleotides downstream from the recoding site [1, 2, 13-23].

Stimulating pseudoknots associated with —1 PRF or SCR have exhibited significant variation
in both size and structural complexity. The majority of these pseudoknots typically contain the
two basic helical stems required for pseudoknot formation and 2-3 connecting loops. Notable
examples include the —1 PRF stimulating pseudoknots found in plant Luteoviruses such as beet
western yellows virus (BWYV) and related viruses [15, 24-26], and in Simian Retrovirus type 1
(SRV-1) and its close relatives [27-29], as well as the SCR-stimulating pseudoknots present in
Moloney Murine Leukemia Virus (Mo-MuLV) and related viruses, [11, 12, 30, 31].

More recently, there has been an increasing recognition of the presence of elaborate struc-
tural features in certain viral —1 PRF stimulating pseudoknots. One instance of this phenome-
non was observed within HIV-1 subgroup-O viruses [32]. It was proposed that —1 PRF at the
junction of the gag and pol genes was stimulated by an elaborated pseudoknot that contained
an extra stem with three base-pairs within the loop2 sequence (Fig 1). Computational simula-
tions conducted by the authors demonstrated that the additional three-base pair stem, as well
as the two pseudoknot-forming stems (stem1 and stem2), possessed the potential for coaxial
stacking.

Subsequently, similar pseudoknots of this nature were proposed to function as -1 PRF
stimulating pseudoknots within the overlapping region of open reading frames ORFla and
ORF1b in the severe acute respiratory syndrome coronavirus 1 (SARS-CoV-1) and related
coronaviruses (Fig 1) [22]. These pseudoknots were referred to as three-stemmed pseudo-
knots. According to the classification of pseudoknots per type (pseudoknot type) proposed by
Han and Byun [33], which is adopted in PseudoBase++ [4], these pseudoknots belong to type
HL_out. Pseudoknots with the most basic configuration that contains two stems (stem1 and
stem2) and two or connecting loops (loopl, loop2, and optionally loop3) are classified as type
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Fig 1. Previously reported three-stemmed pseudoknots. The three-stemmed pseudoknots were identified in different RNA molecules, including the
frameshift stimulating pseudoknot at the ORFla and ORF1b junction of the coronaviruses of SARS-CoV-1 and SARS-CoV-2 viruses (the two viral sequences
have only one nucleotide difference C/A in the loop), as well as Infectious bronchitis virus (IBV), the frameshift stimulating pseudoknot at the gag-pol junction
of HIV-1 subgroup-O viruses, the stop-codon readthrough stimulating pseudoknot in MoMuLV, the fluoride riboswitch, and the preQ1-II riboswitch. The
numbering of the SARS-CoV-1/2, IBV, HIV-1, and MoMuLV pseudoknots is arbitrary, beginning with the first nucleotide of the displayed sequences. Every
10th nucleotide is indicated to assist in easily tracing the folding of the molecules.

https://doi.org/10.1371/journal.pone.0307541.9001

H. Compared to type H pseudoknots, type HL_out pseudoknots have one or more additional
stems within either the loop1 region, the loop2 region, or both. The pseudoknots classified as
type H and type HL_out by Han and Byun [31] fall under the commonly recognized H-type
pseudoknot category. There are 64 pseudoknots classified as type HL_out in PseudoBase++.
Among these, 40 contain one or two additional stems in the loop2 region, with one additional
stem being the most common. In this paper, the term “three-stemmed pseudoknot" refers to
pseudoknots that belong to the common H-type pseudoknot category (or type HL_out if using
the Han and Byun classification) and harbor an additional stem-loop structure within the
loop2 region, unless stated otherwise.

The causative agent of the COVID-19 pandemic, severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2), is closely related to SARS-CoV-1 [34]. Extensive research has been
conducted on this virus in recent years. Notably, the —1 PRF signals in SARS-CoV-2 are very
similar to those in SARS-CoV-1, with their frameshift-stimulating pseudoknots differing by
only a single nucleotide in loop2 [34] (see Fig 1). Consequently, the pseudoknot structure of
SARS-CoV-2 also possesses the capability to assume a three-stemmed configuration. Recent
structural investigations employing X-ray crystallography and Cryo-EM techniques have sub-
stantiated the existence of the three-stemmed frameshift-stimulating pseudoknot in SARS-
CoV-2 [35-38].

Three-stemmed pseudoknots have also been identified in various other RNAs, as evidenced
by many examples in PseudoBase++ [4]. Among these examples are two found in ribos-
witches: the fluoride riboswitch and the preQ1-II riboswitch. Each of these riboswitch pseudo-
knots includes an additional hairpin crucial for ligand binding [39, 40] (Fig 1).
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Pseudoknots featuring additional stems might be more widespread than presently under-
stood. In our recent investigation [41], which involved a reevaluation of previously docu-
mented —1 PRF or SCR-inducing pseudoknots to assess their capacity to accommodate
additional structural elements, we uncovered that many of these pseudoknots indeed possess
the potential to contain various extra structural elements. These include stem-loop formations,
nested pseudoknots, interlocking hairpins, and additional loop-loop interactions. Notably,
these elaborated pseudoknots were identified across diverse virus families utilizing either the
—1 PRF or SCR recoding mechanisms [41]. Two examples of the potential three-stemmed
pseudoknots re-evaluated in the study are shown in Fig 1, including the frameshift stimulating
pseudoknot in Infectious bronchitis virus (IBV) and the stop-codon readthrough stimulating
pseudoknot in Moloney Murine Leukemia Virus (MoMuLV). These two pseudoknots are clas-
sified as simple H type pseudoknots in PseudoBase++. These pseudoknots were studied previ-
ously [42-44], but the potential presence of an extra stem in the pseudoknots was not
recognized.

The majority of reported pseudoknots are primarily found within viral or bacterial RNAs.
There is only a limited number of instances where pseudoknots have been identified in human
mRNAs or more broadly, within eukaryotic cellular mRNAs. The PseudoBase and PseudoBase
++ databases [3, 4] register 398 pseudoknots, but only 12 pseudoknots are found in eukaryotic
mRNAs, including six homologous interferon gamma (IFNG) mRNAs from human and other
species [45], two homologous human and cow prion protein mRNAs [46], one human CCR5
mRNA [47], one rat antizyme mRNA, one human PEGI0 (paternally expressed gene 10)
mRNA, and one human Ma3 mRNA. The pseudoknot in IFNG mRNA is located in the 5’
untranslated region (UTR). It activates protein kinase RNA-activated (PKR), which in turn
phosphorylates the alpha chain of the initiation factor eIF2. This phosphorylation enhances
the translation efficiency of IFNG mRNA. In all other cases, the pseudoknot is located in the
coding region. Apart from the pseudoknots found in prion protein mRNAs, the remaining
pseudoknots are involved in regulating ribosomal frameshifting. PEG10 and Ma3 mRNAs are
transcribed from retroviral-derived genes and they encode viral-like proteins. As a result, their
—1 frameshifting signals, including the slippery sequences and the stimulating pseudoknots,
bear a resemblance to those in viral mRNAs. In PseudoBase++, these mRNAs are actually clas-
sified as viral mRNAs. Overall, it is evident that the documented cases of pseudoknots in
human mRNAs are quite limited. This is in stark contrast to the widespread occurrence of
pseudoknots in viral and bacterial mRNAs.

Numerous molecular mechanisms and structures were originally elucidated within the con-
text of viral biology before their counterparts were recognized in mammalian cellular systems
[48]. While the number of reported pseudoknots in eukaryotic mRNAs is very limited, these
cases nonetheless demonstrate that functional pseudoknots do exist and play significant roles
in various cellular processes. Despite their rarity, the observed pseudoknots contribute to criti-
cal functions such as regulation of gene expression, ribosomal frameshifting, and the stabiliza-
tion of RNA structures. These findings underscore the importance of pseudoknots in the
intricate machinery of eukaryotic cells and suggest that further research may uncover addi-
tional examples.

In PseudoBase++, all documented pseudoknots in eukaryotic mRNAs are classified as type
H, the simplest form with a basic pseudoknot configuration. To date, pseudoknots with elabo-
rate structural features, such as three-stemmed pseudoknots, have not been identified in
eukaryotic mRNAs. However, our recent research on viral pseudoknots with more complex
structures has led us to realize that these types of pseudoknots may be more common than pre-
viously thought and may not be limited to viral RNAs [41]. We hypothesize that eukaryotic
mRNAs could also contain complex pseudoknots with specific functional roles. To test this
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hypothesis, we have initiated research focused on identifying potential three-stemmed pseudo-
knots in human mRNAs.

To identify potential pseudoknots within full-length mRNAs without any assumptions
about their specific locations, it is crucial to utilize computational tools capable of handling
pseudoknot identification in long RNA sequences, regardless of their length. These tools must
also be highly efficient due to the need to analyze a vast number of mRNAs. In this study, a
dataset of 21,780 full-length human mRNA sequences was examined.

Many programs are available for identifying pseudoknots, including IPknot [49], Hotknot
[50], Dotknot [51], Probknot [52], KineFold [53], vsfold5 [54], CyloFold [55], pKiss [56],
Vfold2D [57], TrRosettaRNA [58], and MC-FOLD [59]. Each of these programs has an upper
limit on the input RNA sequence, ranging from 100 to 1000 nucleotides. To evaluate their per-
formance in identifying pseudoknots in longer RNA sequences, we tested them using a
740-nucleotide sequence from simian retrovirus type 1 (SRV-1). This sequence includes a
well-established pseudoknot (with a basic configuration containing two stems and two loops)
that stimulates efficient —1 programmed ribosomal frameshifting (-1 PRF) [27-29]. The only
program capable of accurately identifying the established SRV-1 pseudoknot from the
740-nucleotide input sequence is pKiss, which required approximately 8 minutes to complete
the analysis. Given that these programs have an upper limit of 1000 or fewer nucleotides, they
are unsuitable for identifying potential pseudoknots in full-length viral or cellular mRNA
sequences, which typically contain thousands or even tens of thousands of nucleotides. For
example, the SRV-1 genomic mRNA (M11841) contains 8,173 nucleotides, while coronavi-
ruses have nearly 30,000 nucleotides in their genomic mRNAs.

We have developed computational tools for identifying potential pseudoknots and related
RNA structures, with the core program named PKscan. PKscan can detect all potential pseu-
doknots within any RNA sequence, regardless of its length. Using PKscan with the following
default settings for the ranges of stems and loops (which users can modify): S1 = 5 to 20 bp,
S2=5t010bp, L1 =1to 10 nt, L2 =5 to 35 nt,and L3 = 0 to 1 nt, it took less than 10 seconds
to identify all potential pseudoknots from the full-length genomic mRNA of SRV-1. All poten-
tial pseudoknots that meet the search criteria are listed in order of the calculated free energy of
their stems. The previously established SRV-1 pseudoknot is identified as the highest-ranking
pseudoknot (S3 File).

The unparalleled effectiveness of PKscan in identifying potential pseudoknots in long RNA
sequences makes our computational tools highly suitable for large-scale studies aimed at
detecting pseudoknots in full-length mRNA datasets, as demonstrated in our previous works
[60, 61]. In this study, we analyzed a dataset comprising 21,780 full-length human mRNA
sequences to identify potential three-stemmed pseudoknots. To accomplish this, we enhanced
the PKscan program with additional functionalities to detect the presence of an extra stem
within loop2 of the identified pseudoknots.

Numerous potential cases of three-stemmed pseudoknots that meet the search criteria were
identified. They are found throughout all regions of the mRNAs, including 5’UTR, the coding
region, and 3’UTR. The search results have been uploaded to GitHub (https://github.com/
xhuang123/Data/blob/main/Three-Stemmed-PKs). Herein, we selected 14 cases of potential
three-stemmed pseudoknots identified in close proximity to the AUG start codon in the
mRNA sequence for further detailed analysis and presentation. These potential pseudoknots
are found in the mRNAs of Malassezia restricta dynactin 4 (MRET_4255), chromodomain
helicase DNA binding protein 5 (CHD5), CTD small phosphatase like (CTDSPL), mab-21 like
4 (MAB21L4), sodium voltage-gated channel beta subunit 1 (SCN1B), protein phosphatase 2
catalytic subunit beta (PPP2CB), MYCL proto-oncogene bHLH transcription factor (MYCL),
kelch like family member 2 (KLHL2), dynein axonemal intermediate chain 1 (DNAI1), slit
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guidance ligand 2 (SLIT2), biphenyl hydrolase like (BPHL), transmembrane protein 181
(TMEM181), small integral membrane protein 10 like 2B (SMIM10L2B), and small ArfGAP2
(SMAP2). The protein products derived from these mRNAs serve crucial functional roles,
with many of them directly linked to various diseases [62-67].

Experimental studies are essential to validate the presence of these predicted pseudoknots
and elucidate their biological roles. Nonetheless, several lines of evidence support their credi-
bility. Firstly, these potential pseudoknots are among the most stable, as indicated by the calcu-
lated free energy of the two essential stems (excluding potential contribution from the
additional stem) identified throughout the mRNA sequence. This suggests the potential
importance of the predicted pseudoknot in the mRNA. Secondly, sequence comparisons indi-
cate that homologous mRNA sequences can adopt similar 2D structures. Structural modeling
further confirms the stereochemical feasibility of these predicted structures. Lastly, all these
potential pseudoknots belong to the CPK-1 (common pseudoknot motif-1) family [68, 69],
which is well-documented in both naturally occurring and SELEX-derived pseudoknots,
underscoring their prevalence and evolutionary significance [70-72].

It is also interesting to note that 4 out of the 14 selected mRNAs have sequences with the
potential to form not just one, but two or even three closely spaced or tandem three-stemmed
pseudoknots. These findings suggest that three-stemmed pseudoknots may frequently occur in
human mRNAs.

To date, only a small number of pseudoknots have been identified in human mRNAs,
according to the PseudoBase and PseudoBase++ databases [3, 4]. Notably, no three-stemmed
pseudoknots have been documented. Given this context, the findings presented here mark
substantial progress that will likely drive further exploration into the potential role of pseudo-
knots in regulating the translation of human mRNAs. Identifying and validating pseudoknots
as regulatory RNA structures within human mRNAs not only promises a deeper comprehen-
sion of the mechanisms governing translational processes but also unveils promising targets
for innovative drug development strategies.

The discovery of potential three-stemmed pseudoknots within human mRNAs also holds
significant implications for the development of antiviral drugs targeting the SARS-CoV-2
frameshift-stimulating three-stemmed pseudoknot. Recent studies have demonstrated the effi-
cacy of small molecules and antisense oligonucleotides (ASOs) in targeting the frameshift-
stimulating pseudoknot in SARS-CoV-2. These agents have demonstrated substantial inhibi-
tion of —1 PRF in frameshifting assays, resulting in a notable reduction in SARS-CoV-2 virus
replication within cultured cells [34, 73-75]. As the possible presence of structurally similar
three-stemmed pseudoknots in human RNAs is now recognized, it becomes crucial to assess
whether potential drugs designed for the SARS-CoV-2 pseudoknot could inadvertently affect
similar RNA structures within human RNAs. This preemptive action aims to mitigate off-tar-
get effects in the development of antiviral treatments—an aspect that was previously
overlooked.

Results

While many different possibilities exist for how an elaborated pseudoknot can manifest its
additional structural features alongside the mandatory stems and loops, this study is primarily
dedicated to the identification of potential pseudoknots featuring an additional stem within
the loop2 sequence. Furthermore, the computational method is constrained to potential pseu-
doknots characterized by the absence of gaps between the three stems, allowing them to poten-
tially stack co-axially, forming a quasi-continuous helical structure, which is expected to
contribute to enhanced stability of the overall structure. In the PseudoBase and PseudoBase+
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+ databases [3, 4], there are only a few three-stemmed pseudoknots characterized by three
stems that lack an intervening sequence between them. These include the —1 PRF stimulating
pseudoknot in SARS-CoV-2 [19, 34]. The structures of the SARS-CoV-2 pseudoknot have
recently been elucidated using X-ray crystallography [35, 36] and Cryo-EM [37, 38]. These
studies have confirmed the presence of the additional stem. Interestingly, the overall shape of
the pseudoknot, and the specific base-pairing pattern at the junction between stem1 and
stem?2, vary across different investigations. In the study by Jones et al. [36], the crystal structure
reveals a coaxial stacking of the three stems, forming a quasi-continuous helix. Notably, this
structure accommodates a single-stranded nucleotide at the junction region between stem1
and stem?2. This structure demonstrates that a three-stemmed pseudoknot can form coaxial
stacking among its stems, even when the stems contain structural irregularities.

To uncover potential pseudoknots, we employed our in-house developed pseudoknot
detection tool, PK-Scan. PK-Scan boasts the ability to identify all potential pseudoknots within
any given RNA sequence, regardless of its length, as demonstrated in our previous works [60,
61]. This distinctive feature of PK-Scan, capable of handling lengthy RNA sequences, aligns
perfectly with the objectives of this research. Specifically, our aim is to identify potential pseu-
doknots within full-length mRNA sequences without making any assumptions regarding their
specific location within the mRNA sequence.

When utilizing PK-Scan, users have the flexibility to specify the permissible length ranges
for the stems and loops within pseudoknot structures. In the specific search round discussed
in this paper, we configured the ranges for stem1 (S1), stem2 (S2), loop1 (L1), loop2 (L2), and
loop3 (L3) as follows: S1 ranged from 5 to 20 base pairs, S2 ranged from 6 to 7 base pairs, L1
ranged from 1 to 2 nucleotides, L2 ranged from 5 to 50 nucleotides, and L3 was set to 0 nucleo-
tide. These specified S2, L1, and L3 ranges signify that the search is limited to pseudoknots
within the previously proposed pseudoknot family CPK1 (short for common pseudoknot
motif 1). Pseudoknots within CPK1 exhibit consistent structural characteristics, including the
presence of a minimal 1-2 nucleotide in L1 that traverses the major groove of S2, comprising
6-7 base pairs, and the occurrence of coaxial stacking between the two stems without any
intervening loop. Past research has demonstrated the prevalence of CPK1 pseudoknots in both
naturally occurring systems and SELEX pseudoknots, underscoring the widespread occur-
rence and popularity of these particular pseudoknot structures [70, 76, 77].

While pseudoknots are not exclusive to the CPK1 type, focusing solely on CPK1 pseudo-
knots may result in the oversight of other pseudoknot variants. Nevertheless, in this initial
endeavor, the objective is not to comprehensively cover all possibilities but rather to identify
potential instances of pseudoknots within human mRNAs, establishing a proof of concept. By
initially narrowing the search to CPK1 pseudoknots, we can achieve greater efficiency while
still meeting the ultimate goal, particularly considering the extensive dataset comprising
21,780 full-length human mRNA sequences.

The initial version of the PK-Scan program lacked the capability to assess the presence of an
additional stem, referred to as stem3 (abbreviated as S3 hereafter). In response to the require-
ment for detecting three-stemmed pseudoknots, the program underwent enhancements to
enable the evaluation of the potential formation of S3 subsequent to the identification of a
putative pseudoknot.

When using PK-Scan to identify potential pseudoknots within a given RNA sequence, it iden-
tifies all potential pseudoknots. To assess the relative stability of these detected pseudoknots, the
program conducts a free energy calculation on the stem regions (stem1 and stem?2) of each pseu-
doknot. Subsequently, the program ranks the detected pseudoknots based on the calculated free
energy values, providing a valuable assessment of their relative stability. Given PK-Scan’s capacity
to identify all potential pseudoknots within the full-length mRNA sequence, this ranking offers
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valuable insights into the significance of the identified pseudoknots. It is important to note that
in this study, the free energy calculation includes only stem1 and stem2 while excluding the addi-
tional stem3. In other words, when comparing the detected three-stemmed pseudoknot with
other detected pseudoknots within the mRNA in terms of free energy, the comparison is solely
based on the two stems that are required for pseudoknot formation.

The rationale behind these procedures is to ensure that the detection of a potential extra
stem is limited to pseudoknots with a reasonably stable base structure. Pseudoknots with weak
primary stems (stem1 and stem?2) but a strong extra stem (stem3) should be discarded. If the
energy calculation included all three stems, these pseudoknots would be identified due to con-
tribution from the strong stem3. However, the likelihood for these pseudoknots to actually
form is relatively low because of the weak primary stems.

The enhanced PK-Scan program was employed to identify three-stemmed pseudoknots that
met the previously stated criteria within a dataset comprising 21,780 full-length human mRNA
sequences sourced from the NCBI RefSeq database. We have detected a significant number of
potential instances of three-stemmed pseudoknots. Out of the 21,780 sequences, potential three-
stemmed pseudoknots that meet the search criteria were identified in 4,251 sequences. Moreover,
multiple potential three-stemmed pseudoknots were detected in some of the sequences. Notably,
many of these putative three-stemmed pseudoknots can be found in the vicinity of the start codon
region. In some cases, the AUG start codon is directly embedded within the pseudoknot-forming
sequence, while in other cases the start codon situates in close proximity, either upstream or
downstream from the pseudoknot. This paper focuses on presenting and discussing this specific
subset of three-stemmed pseudoknots that we have identified within human mRNAs.

Figs 2 and 3 show 14 putative cases of three-stemmed pseudoknots. These pseudoknots are
found in the vicinity of the start codon region of the following human mRNAs: Malassezia
restricta dynactin 4 (MRET_4255), chromodomain helicase DNA binding protein 5 (CHD5),
CTD small phosphatase like (CTDSPL), mab-21 like 4 (MAB21L4), sodium voltage-gated
channel beta subunit 1 (SCN1B), protein phosphatase 2 catalytic subunit beta (PPP2CB),
MYCL proto-oncogene bHLH transcription factor (MYCL), kelch like family member 2
(KLHL2), dynein axonemal intermediate chain 1 (DNAI1), slit guidance ligand 2 (SLIT2),
biphenyl hydrolase like (BPHL), transmembrane protein 181 (TMEM181), small integral
membrane protein 10 like 2B (SMIM10L2B), and small ArfGAP2 (SMAP2). Each of these
pseudoknots possesses an additional stem (stem3), which has the capacity to stack atop stem1.
In the case of the TMEM181 pseudoknot, there is an additional stem, referred to as "stem4",
that could potentially form within the loop2 sequence. In the instances of BPHL, TMEM181,
SMIM10L2B, and SMAP2, the mRNA sequences contain a cluster of two or three potential
three stemmed pseudoknots in the start codon region. Each of these potential cases of three-
stemmed pseudoknots is discussed in greater detail as follows.

MRET_4255

The 1116 nt mRNA sequence contains only the coding sequence without 5’ and 3’-UTRs. The
detected three-stemmed pseudoknot locates immediately downstream from the AUG start
codon (with a mere 2 nucleotide gap) (Fig 2).

The detected three-stemmed pseudoknot in MRET_4255 mRNA has a calculated free
energy of -30.3 kJ/mol. It is ranked as the most stable pseudoknots within the mRNA
sequence. The possible co-axial stacking of the additional stem3 onto the two mandatory
stems is expected to further bolster the stability of this three-stemmed pseudoknot. There are
actually only two detected potential pseudoknots within the mRNA sequence that fit the par-
ticular search criteria. The three-stemmed pseudoknot shown in Fig 2 spans nucleotides 6-63.

PLOS ONE | https://doi.org/10.1371/journal.pone.0307541 July 22, 2024 8/32


https://doi.org/10.1371/journal.pone.0307541

PLOS ONE

Three-stemmed pseudoknots in human mRBNAs

MRET_4255

y* Ue

[}
[
(]

v

’/mmr‘:>c
NooNoac|oocnNnNcoco/Nhcoaco

0
7
(]
=

AUGU

oo e

>
[Rla PN

NMNO>Too0>cCco
[ =

i

[ab Xolalalnl
DG YYS
Lm>

!

PPP2CB

CHD5

>0
@
laPNal

[ aXep Yo NepKam

)

/.
c/OOOn0onNno

(]
(o)
[
(]
0O
(XN
[
;/

c
C
C
A

|
NcoOoNnOnNncnN

|
aNON>»0

L.

NN CoH O >

!

[
NcNnoOoNo
.

cOoOOOnn

!

CTDSPL

0o
L5 |
@)

[@l3]

nNnoOOo
' [

[algl=talalololalalaiale]

5
uuG

()
0

OO0 nNnn N cc

!

66C

[alaYalalalalal
(]

L

KLHL2

c

)
(2]

>>C

]
accCcNnNaNmonNncoo

5

R
GGCGG G

Ccan©<

nNnNnocoHmnNnco nmmmﬁm’/cﬁmo:ﬁ

_“\‘GCAC

o) o
OO

A

MAB21L4
G A
G
c
A

[P a

Fxd
UGAGC

(@
(@]

>Nrocmooacoanc
Ocrcna”

e
anNnOo>»o m>ﬁcmch>}hh>cco

>
(@}
=

)

L.

OcCcNnOOhccecN, Ccco

AGGUCCAGGG AUG«—3

DNAI1

(]
>

canccrac®

GACG

20

ccO

[

cccocrolonNncnNncnNn>»oonnncaco

U ea

aOrr»ronacnH NMaOX>ond

!

SCN1B

v

[

[=dpiale >
= <

éncmmcm

|

O
Y
()
0,
(]

GCGCG

()

NOoOX>0N

|
[ X2 ial=121a]
Soxn

nc
;y
(]

NnO>»>0cn
o
coOn>
|
[—
[5)
()

!

[

>
< u

[
ay
[alaNal
Cjt#

arcc

Aa>cCcon

[
(2]

aoNcoaN>

L

>N cCcNoOc,ccoanNnond

!

Fig 2. Computationally identified potential three-stemmed pseudoknots in human mRNAs, in close proximity to the AUG start codon. The AUG start
codon is highlighted in red. There is no intervening sequence between the stems, therefore the three stems (S1, S2 and S3) can potentially stack to form a quasi-

continuous helix.

https://doi.org/10.1371/journal.pone.0307541.9002

The other potential pseudoknot, with a calculated free energy of -21.8 kJ/mol, spans nucleo-
tides 26-84 (S1 File). Because the sequences forming the two potential pseudoknots are over-
lapping, the two pseudoknots cannot form simultaneously.
BLASTN analysis identified just two mRNA sequences in the databases that exhibit
sequence similarity, and both of these sequences match precisely with the pseudoknot-forming

region found in the MRET_4255 mRNA.

CHD5

CHD?5 serves as a chromatin remodeling protein that potentially plays a role in the formation
of a nucleosome remodeling and deacetylation complex, contributing to the regulation of gene
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https://doi.org/10.1371/journal.pone.0307541.9003

transcription. In various contexts, CHDS5 is implicated as a potential tumor suppressor, in neu-

roblastomas, gliomas, and many common adult tumors [65-67].

The detected three-stemmed pseudoknot has a calculated free energy of -41.1 kJ/mol, and is
ranked as the most stable pseudoknot among all 16 detected pseudoknots within the 9850 nt
mRNA (S1 File). The stems, including the extra stem3, are rich in G-C basepairs (Fig 2). The
AUG start codon is located inside the pseudoknot, within the extra stem-loop. Compared to
other detected three-stemmed pseudoknots shown in Figs 2 and 3, the CHD5 three-stemmed
pseudoknot features the shortest connecting loop between stem3 and stem2, which comprises

a mere four nucleotides with the sequence 5’ ~CCCA-3".

In order to assess the feasibility of the base-pairing arrangement of the CHD5 three-
stemmed pseudoknot illustrated in Fig 4A, assuming that the three stems are aligned coaxially
to create a quasi-continuous A-form helix, a structural model for the three-stemmed pseudo-
knot was constructed. As shown in Fig 4A, coaxial stacking of three stems results in the forma-
tion of a quasi-continuous A-form helix totaling 23 base pairs. The 5/ ~CCCA-3’ connecting
loop adopts a fully extended conformation, effectively spanning the ten base pairs of stem1.
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Fig4. A) The three-stemmed pseudoknot in the CHD5 mRNA. The secondary structure and corresponding modeled three-dimensional structure are shown.
The AUG start codon is heighted in red in the secondary structure. B) Structures of the —1 PRF stimulating three-stemmed pseudoknot in SARS-CoV-2
determined by X-ray crystallography (PDB code 7lyj and 7mlx) and cryoEM (PDB code 707z and 6xrz). The secondary structure revealed by 7lyj is also shown.
Note that the apical loops in the two crystal structures are artificial. The structures show different base-paring schemes at the junction regions, which are also
different from the originally proposed base-paring scheme as shown in Fig 1. The structures are color-ramped from 5 in blue to 3 in red.

https://doi.org/10.1371/journal.pone.0307541.9004

The structures of the three-stemmed pseudoknot of SARS-CoV-2 were recently determined
by X-ray crystallography [35, 36] and Cryo-EM [37, 38]. The structures confirm the overall
three-stemmed structure of the pseudoknot. Interestingly, the base-paring schemes of the
pseudoknot reported by the structural studies are slightly different from each other, and from
the originally proposed scheme (comparing the scheme revealed by the crystal structure 7lyj
shown in Fig 4B left panel to that shown in Fig 1). Among these structural studies, the cryoEM
structure by Bhatt and coworkers (PDB code 707z) [37] was determined in the context of a
viral RNA bound to a translating mammalian ribosome (only structure of the pseudoknot is
shown in Fig 4B). The pseudoknot structure lodges at the entrance of the mRNA channel.
Stem1 and Stem?2 (S1 and S2) of the pseudoknot coaxially stack on top of each other to form a
quasi-continuous helix, with Stem3 (S3) standing out almost perpendicular to the Stem1-
Stem? helix, forming an L-shape structure. The pseudoknot interacts directly with the proteins
of the small subunit located at the mRNA entry channel, thereby creating a mechanical obsta-
cle against unwinding by the ribosome’s intrinsic helicase activity. The other cryoEM struc-
ture, determined for a 28 kDa RNA construct, by Zhang el. al. (PDB code 6XRZ) also shows an
L-shape structure (Fig 4B) [38]. The two crystal structures were determined for RNA con-
structs with different mutations on the apical loop, one construct replacing the natural loop
sequence with a GAAA stable tetraloop (PDB code 7lyj) [36], the other construct with a artifi-
cial loop sequence serving as a binding site for an RNA chaperone protein to facilitate crystalli-
zation of the pseudoknot as a RNA-protein complex (PDB code 7mlx) [35]. The two structures
reveal difference in the base-paring at the junction regions, the overall shapes of the structures
also are different (Fig 4B). The structure by Jones and coworkers (PDB code 7lyj) shows coax-
ial stacking of the three stems to form a quasi-continuous helix even with a single-stranded
nucleotide in the junction of stem1 and stem2 [36]. These structural results demonstrate the
potential of the RNA pseudoknot to adopt different basepairing schemes and structures under
different conditions, and undergo conformational changes upon encountering the translating
ribosome.

Upon comparing the modeled structure of the CHD5 three-stemmed pseudoknot to the
crystal structure of the SARS-CoV-2 three-stemmed pseudoknot with a quasi-continuous
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helix (7lyj), a clear overall structural similarity emerges. This observation raises legitimate con-
cerns regarding the potential unintended consequences of anti-viral agents designed to target
the viral pseudoknot. There is a possibility that such agents might inadvertently target similar
structures in human mRNAs. This issue warrants careful consideration in light of the recent
findings presented herein.

Performing a BLASTN search with the CHD5 three-stemmed pseudoknot sequence as the
query revealed 59 mRNA sequences within the databases that share sequence similarities. All
of these mRNA sequences correspond to primate CHDS5 proteins. Although certain sequence
differences are observed in some of the sequences, all of them retain the ability to form a three-
stemmed pseudoknot, as indicated by S1 File.

CTDSPL

The analysis identified a three-stemmed pseudoknot with a computed free energy of -38.9 kJ/
mol, which stands out as the top-ranked among all 5 detected potential pseudoknots in the
4753 nucleotide mRNA sequence. The three stems predominantly consist of G-C base pairs,
counting for 16 out of a total of 19 base pairs (as illustrated in Fig 2). Notably, the AUG start
codon resides within the connecting loop that links stem3 and stem2. In comparison to other
three-stemmed pseudoknots shown in Fig 2, the CTDSPL pseudoknot exhibits the second
most lengthiest connecting loop between stem3 and stem2, comprising 14 nucleotides.

Interestingly, it is noted that the second-ranked pseudoknot (with a computed free energy
of -30.2 kJ/mol) also has the potential to form an extra three-base pair stem (not shown). This
pseudoknot-forming sequence is situated within the 5-UTR of the mRNA, positioned
upstream from the top-ranked pseudoknot. The top-ranked pseudoknot spans nucleotides 275
to 335, whereas the second-ranked pseudoknot encompasses nucleotides 74 to 118.

The potential CTDSPL three-stemmed pseudoknot comprises a 14-nucleotide loop linking
stem3 and stem?2, crossing over stem1, which contains 7 base pairs. While it is unquestionable
that the loop should be long enough to facilitate coaxial stacking of the three stems, we believe
it is worthwhile to undertake a model-building study on this pseudoknot. This study aims to
explore how a three-stemmed pseudoknot with a relatively long connecting loop may manifest
the loop within the three-dimensional structure.

In the modeled structure, the three stems are stacked coaxially, forming a quasi-continuous
A-form helix comprised of 19 base pairs (Fig 5). The 14-nucleotide connecting loop winds
around this helix, following the minor groove’s general path, serving as a bridge between
stem3 and stem?2. This conformation showcases a seamless transition of the RNA backbone at
the junctions between stem3 to the loop and the loop to stem2. It’s worth noting that the loop
nucleotides, including those within the AUG start codon, have the potential to engage in
minor groove interactions, although no specific constraints were imposed during the model
construction process to enforce such interactions. It’s important to emphasize that the model
structure presents one possible and reasonable configuration, recognizing that alternative
structures are feasible. The objective of this modeling study is not to exhaustively explore the
entire conformational space of the pseudoknot.

BLASTN analysis reveals 238 hits, all of which originate from CTDSPL mRNA sequences
across various species. Notably, all these homologous sequences maintain the capacity to form
a three-stemmed pseudoknot, as corroborated by support information (S2 File).

MAB2114

In the MAB21L4 mRNA, a three-stemmed pseudoknot with a calculated free energy of -27.9
kJ/mol is identified. This pseudoknot holds the second position in terms of lowest calculated
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Fig 5. The three-stemmed pseudoknot in the CTDSPL mRNA. The secondary structure and corresponding modeled 3-dimensional structure are shown. The
AUG start codon is heighted in red in the secondary structure. The modeled structure is rendered in cartoon mode with color-ramping from blue at the 5'-end
to red at the 3'-end.

https://doi.org/10.1371/journal.pone.0307541.9005

free energy among all 7 pseudoknots found within the 2015 nucleotide mRNA sequence. The
top-ranked pseudoknot, with a calculated free energy of -29.3 kJ/mol, is situated within the
coding region. It’s worth considering that when accounting for the possible coaxial stacking
with the additional stem, the three-stemmed pseudoknot may exhibit even greater stability.
Notably, the AUG start codon (nucleotides 97-99) is positioned 12 nucleotides downstream
from the predicted three-stemmed pseudoknot (spanning nucleotides 24-84), as depicted in
Fig 2. Furthermore, it’s interesting to mention that an upstream in-frame stop codon, UGA, is
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immediately found downstream from the pseudoknot without any intervening gaps. The 23
nucleotides upstream of the pseudoknots have the potential to fold into a relatively weak stem-
loop, as predicted by RNAfold (not shown). The predicted three-stemmed pseudoknots spans
about 64% nucleotides in the 5’UTR, representing the dominant structure within the 5UTR.

Performing a BLASTN search with the MAB2114 three-stemmed pseudoknot sequence as
the query returns 13 matches, all of which are associated with MAB21L4 mRNA sequences
found in primates. Among these 13 sequences, 7 display identical matches, while the remain-
ing 6 sequences maintain the capability to form the three-stemmed pseudoknot structure,
albeit with some sequence variations (S2 File).

SCN1B

The detected three-stemmed pseudoknot in SCN1B mRNA has a calculated free energy of
-27.8 kJ/mol. This pseudoknot ranks as the most stable among all 5 potential pseudoknots
identified within the 1666 nt mRNA sequence. The pseudoknot encompasses the AUG start
codon, situated in the loopl and stem2 regions, as depicted in Fig 2.

A BLASTN search was conducted using the identified three-stemmed pseudoknot sequence
from SCNIB as the query. This search yielded 36 matches, all from primates, with 32 of these
sequences being identical to the human SCN1B mRNA sequence. The remaining four sequences
display slight variations, differing by 1 or 2 positions compared to the query. Notably, all of these
other sequences have the potential to adopt the three-stemmed pseudoknot structure (S2 File).

PPP2CB

The detected three-stemmed pseudoknot in PPP2CB mRNA has a calculated free energy of
-29.3 kJ/mol. It is ranked as the most stable pseudoknots among all the 3 potential pseudoknots
identified within the 1946 nt mRNA sequence. The AUG start codon is located 121 nt down-
stream from the pseudoknot.

Performing a BLASTN search using the identified three-stemmed pseudoknot sequence
from PPP2CB as the query has resulted in 12 matches. Each of these sequences have the poten-
tial to form a three-stemmed pseudoknot structure (S1, S2 Files).

MYCL

The detected three-stemmed pseudoknot in MYCL mRNA has a calculated free energy of -27.4
kJ/mol. This pseudoknot ranks as the most stable among all 4 potential pseudoknots identified
within the 1942 nt mRNA sequence. The pseudoknot encompasses the AUG start codon,
located within the additional stem3 (Fig 2). The 5’UTR is relatively short. There are only 10
nucleotides (purine-rich) upstream from the predicted pseudoknot, which does not have the
potential to form a stable structure. Therefore The predicted three-stemmed pseudoknot may
represent the sole significant structure in the 5’UTR and starting codon region of the mRNA.

A BLASTN search was conducted using the identified three-stemmed pseudoknot sequence
from MYCL as the query. This search yielded 30 matches, all from primates. The sequence are
highly conserved, with 8 of these sequences being identical to the human MYCL mRNA sequence.
The remaining 22 sequences display only one or two nucleotides difference in loop 2 (S1, S2 Files).

KLHL2

In the KLHL2 mRNA, the detected three stemmed pseudoknot, with a calculated free energy
of -26.1 kJ/mol, is the first ranked potential pseudoknot identified within the 3185-nucleotide
mRNA sequence. The AUG start codon is located 28 nucleotides downstream from this

PLOS ONE | https://doi.org/10.1371/journal.pone.0307541 July 22, 2024 14/32


https://doi.org/10.1371/journal.pone.0307541

PLOS ONE

Three-stemmed pseudoknots in human mRBNAs

predicted three-stemmed pseudoknot (Fig 2). Additionally, it’s worth noting that an upstream
in-frame stop codon, UGA, can be found just 7 nucleotides downstream from the pseudoknot.
This configuration, where an upstream in-frame stop codon precedes the start codon in the
sequence downstream from the pseudoknot, is a feature shared by both the MAB2114 and
KLHL2 mRNAs.

There are only two potential pseudoknots identified within the mRNA that meet the search
criteria. The other identified pseudoknot (not shown), with a calculated free energy of -23.0
kJ/mol, is located within the coding region. It is also a potential three-stemmed pseudoknot
with three basepairs in the extra stem (S1, S2 Files).

Conducting a BLASTN search with the KLHL2 three-stemmed pseudoknot sequence as the
query has yielded 237 matches, encompassing KLHL2 mRNAs from a wide range of species.
Importantly, all of these sequences exhibit the potential to form a three-stemmed pseudoknot
structure (S2 File).

DNAI1

The detected three-stemmed pseudoknot in DNAI1 mRNA has a calculated free energy of
-23.3 kJ/mol. This pseudoknot is the first ranked pseudoknot identified within the 2529 nt
mRNA sequence. The pseudoknot encompasses the AUG start codon, situated within the
additional stem-loop, as depicted in Fig 2.

Similar to the KLHL2 mRNA, there are only two potential pseudoknots identified within
the DNAI1 mRNA that meet the search criteria. The other identified pseudoknot (not shown),
with a calculated free energy of -22.0 kJ/mol, is located within the coding region.

A BLASTN search was conducted using the identified three-stemmed pseudoknot sequence
from DNAI1 as the query. This search yielded 58 matches, all from primates, with 16 of these
sequences being identical to the human DNAI1 mRNA sequence. The remaining 42 sequences
display slight variations, differing by 1 position compared to the query, which leads to a mis-
match pair in the 9-basepair stem3. All of these other sequences have the potential to adopt the
three-stemmed pseudoknot structure (S1, S2 Files).

SLIT2

The detected three-stemmed pseudoknot in SLIT2 mRNA has a calculated free energy of -28.6
kJ/mol. This pseudoknot is the first ranked potential pseudoknot identified within the 8053 nt
mRNA sequence. The pseudoknot situates just one nucleotide downstream from the AUG
start codon (Fig 2). There are only two potential pseudoknots identified within the SLIT2
mRNA that meet the search criteria. The other identified pseudoknot (not shown), with a cal-
culated free energy of -22.1 kJ/mol, is located within the coding region.

A BLASTN search was conducted using the identified three-stemmed pseudoknot sequence
from SLIT2 as the query. This search yielded 257 matches, across a wide range of species, with 83
of these sequences being identical to the human SLIT2 mRNA sequence. The remaining
sequences display slight variations, differing by 1 to 5 positions compared to the query. Impor-
tantly, most of the variations maintain basepairing interactions. Even when the variations disrupt
basepairing interaction, only one mismatch is resulted in stem1 or stem2. In some sequences, the
variations even lead to stronger stems due to G-U pair to G-C pair changes. All of these other
sequences have the potential to adopt the three-stemmed pseudoknot structure (S1, S2 Files).

BPHL

The detected three-stemmed pseudoknot in BPHL mRNA has a calculated free energy of -26.3
kJ/mol. This pseudoknot ranks as the most stable among all 3 potential pseudoknots identified
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within the 1909 nt mRNA sequence. The pseudoknot situates just one nucleotide downstream
from the AUG start codon, as depicted in Fig 3. The 5UTR of this mRNA contains only 30
nucleotides. Secondary structure prediction by RNAfold indicates that the 5UTR does not
have the potential to form significant helical stems. The predicted three-stemmed pseudoknot
may therefore represent the first significant structure in the mRNA.

To test whether the sequences flanking the detected three-stemmed pseudoknot also have
the potential to harbor a pseudoknot structure, we used PKscan with more generous settings
for the stem and loop ranges to search the upstream and downstream sequences. A potential
pseudoknot was identified shortly downstream (Fig 3, PK2). This pseudoknot, with a calcu-
lated free energy of -34.3 kJ/mol, has even stronger stem1 and stem2 compared to the three-
stemmed pseudoknot PK1. The loop2 sequence of PK2 also has the potential to form an extra
stem with four basepairs. To be noted, loopl of PK2 has only one nucleotide, which might not
be able to cross the major groove of stem2 with 9 basepairs. It is possible that the terminal base-
pair does not form and loop1 increases to two nucleotides.

A BLASTN search was conducted using the identified three-stemmed pseudoknot sequence
from BPHL as the query. This search yielded 39 matches, all from primates. The sequence are
extremely conserved, with 15 of these sequences being identical to the human BPHL mRNA
sequence. The remaining 24 sequences display only one nucleotide difference in loop 2 (S1, S2
Files).

TMEM181

The identified three-stemmed pseudoknot in the TMEM181 mRNA, with a calculated free
energy of -29.2 kJ/mol, is the first ranked detected pseudoknots within the 5103 nucleotide
mRNA sequence (Fig 3, PK2, starting at nucleotide 71). The three stems are also mainly com-
prised of G-C basepairs, with 14 out of 18 basepairs being G-C basepair. The AUG start codon
is positioned immediately downstream from the predicted three-stemmed pseudoknot (Fig 3).
The only other detected pseudoknot is located in the 3’'UTR (not shown).

Compared to the other three-stemmed pseudoknots depicted in Figs 2 and 3, the
TMEM181 three-stemmed pseudoknot stands out with the longest connecting loop between
stem3 and stem2, spanning a total of 17 nucleotides. The loop sequence has the capability to
form a helical stems (referred to as stem4) consisting of 7 base pairs, capped by a 3-nucleotide
apical loop.

We attempted to construct a model structure adhering to the base-pairing scheme depicted
in Fig 3, while also maintaining coaxial stacking of the three stems 1-3. However, it became
apparent that under these constraints, constructing a physically plausible four-stemmed pseu-
doknot structure was impossible. This necessitated the disruption of some base pairs in stem4
and/or the non-coaxial stacking of stem3 on stem1 to allow for the creation of a four-stemmed
pseudoknot. Alternatively, stem4 might not form at all. Regardless of these variations, the fun-
damental three-stemmed pseudoknot configuration remained feasible.

Using PKscan with more generous settings for the stem and loop ranges to search the
upstream and downstream sequences, we identified a potential upstream pseudoknot (PK1)
spanning nucleotides 10-56, and a downstream pseudoknot (PK3) with only three intervening
nucleotides from PK2 (Fig 3). Both PK1 and PK3 have a loop3 (L3) between stems S1 and S2.
The loop2 of PK1 has the potential to harbor an extra stem with four basepairs. PK1 is also a
three-stemmed pseudoknot. This three-stemmed pseudoknot is topologically similar to the
three-stemmed riboswitch pseudoknots shown in Fig 1, having an intervening sequence con-
necting the extra stem to stem1 or stem2.
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The 5’UTR of the TMEM181 mRNA has 134 nucleotides. PK1 and PK2 cover more that
82% of the 5’UTR, leaving only 10 nucleotides at the 5’-end and 14 nucleotides between the
two pseudoknots. PK3 covers the start codon and more than 40 nucleotides downstream. The
three potential pseudoknots therefore represent the dominant structures within the 5UTR
and the start codon regions of the TMEM181 mRNA.

Conducting a BLASTN search using the TMEM181 three-stemmed pseudoknot sequence
as the query yields 25 matches, all of which correspond to TMEM181 mRNA sequences from
primates. Among these 25 sequences, 14 exhibit complete identity, while the remaining 11
sequences have the capacity to adopt the anticipated structural arrangement. The majority of
variations observed in these 11 sequences involve substitutions such as U-G to C-G and G-U
to A-U in steml, as well as C-G to U-G in stem2, as detailed in the support information (S1, S2
Files).

SMIM10L2B

The top three ranked pseudoknots among the nine potential pseudoknots detected in the 2817
nucleotide SMIM10L2B mRNA have a calculated free energy of -32.8, -32.1 and -28.5 kJ/mol
respectively. The 3™ ranked pseudoknot has the potential to contain an extra stem with 6 base-
pairs (4 G-C and 2 G-U basepairs) (Fig 3, designated as PK1). Accounting for the possible
coaxial stacking with this additional stem, the three-stemmed pseudoknot may have greater
stability.

Interestingly, the first-ranked pseudoknot (Fig 3, designated as PK2) resides immediately
downstream of the three-stemmed pseudoknot PK1. There is no intervening gap sequence
between these two pseudoknots, allowing them to arrange in tandem. Consequently, the five
stem regions derived from these two pseudoknots have the potential to stack coaxially, forming
a quasi-continuous helix encompassing a total of 31 base pairs, with 22 of them being G-C
base pairs. Additionally, the loop2 sequence of the downstream pseudoknot has the potential
to contain an extra stem, making it also a three-stemmed pseudoknot. The AUG start codon
locates within this loop2 sequence (Fig 3).

The tandemly arranged pseudoknots PK1 and PK2 starts at the 5 nucleotide and ends 18
nt after the AUG start codon, covering the entire 5’UTR and start codon regions of the
mRNA.

We constructed a structural model to elucidate the tandem pseudoknots PK1 and PK2
identified within the SMIM10L2B mRNA, as depicted in Fig 6. Our modeling results confirm
the RNA’s ability to adopt the predicted base-pairing configuration while maintaining the
coaxial alignment of its five stems. The resulting structure exhibits an elongated yet relatively
compact form.

Given that both pseudoknots belong to the CPK1 family, it’s noteworthy that the two nucle-
otides in loop1 of each pseudoknot position their bases within the major groove of stem1.
Additionally, loop2 of the upstream three-stemmed pseudoknot PK1, which links stem3 and
stem2, wraps around the helix of stem1, tracing the minor groove. It's worth mentioning that
this loop can also adopt alternative conformations, including a more extended one that
roughly parallels the helix axis.

In the downstream pseudoknot PK2, loop2 harbors an additional stem-loop with four base
pairs within the stem. This stem-loop arrangement is approximately perpendicular to the helix
of stem2. As a result, this pseudoknot can also be classified as a three-stemmed pseudoknot.
The primary distinction between the two three-stemmed pseudoknots lies in their structural
arrangement. In the upstream three-stemmed pseudoknot PK1, stem3 directly stacks onto
stem1. Conversely, in the downstream three-stemmed pseudoknot PK2, an intervening
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sequence separates stem1 from the additional stem3. This leads to stem3 being positioned per-
pendicular to the main helix.

It was also found that the downstream sequence from PK2 also has the potential to form a
pseudoknot, identified by using PKscan with more generous settings for the stem and loop
ranges. This pseudoknot (Fig 3, PK3) is located 8 nucleotides downstream from PK2. The
loop2 sequence of PK3 also has the potential to harbor an extra stem with four basepairs, leav-
ing one single-stranded nucleotide connected to stem1 and stem2.

For the sequence forming the three-stemmed pseudoknot PK1, BLASTN analysis unveiled
a limited pool of 9 homologous mRNA sequences, exclusively originating from primates.
Among these, 5 sequences exhibit a 100% identity, while the remaining 4 sequences display
variations of up to 4 nucleotides. Importantly, all of these sequences possess the capacity to
adopt similar structural configurations (as detailed in the S1, S2 Files).

SMAP2

The detected three-stemmed pseudoknot in SMAP2 mRNA (Fig 3, the upstream pseudoknot
PK1) has a calculated free energy of -24.0 kJ/mol. It is ranked as the 2"® most stable pseudo-
knots among the four potential pseudoknots identified within the 2905-nt mRNA sequence.
This pseudoknot resides within the 5-UTR of the mRNAs, with the AUG start codon locating
72 nt downstream. The top ranked pseudoknot, with a calculated free energy of -25.6 kj/mol,
also have the potential to assume a three-stemmed configuration (not shown). It is located
within the coding region. The extra stem in the three-stemmed pseudoknot PK1 shown in Fig
3 has 9 basepairs (mostly G-C), making it the longest coaxially stacked extra stem among all
the three-stemmed pseudoknots shown in Figs 2 and 3.

Interestingly, the 3™ ranked identified pseudoknot (Fig 3, PK2), with a calculated free
energy of -22.1 kJ/mol, is located between the three-stemmed pseudoknot PK1 and the AUG
start codon. The originally identified pseudoknot by PKscan has five basepairs in stem1. This
stem can be extended to include a two-nucleotide bulge and four more G-C basepairs. The
loop2 sequence of PK2 also has the potential to form an extra stem3, with intervening
sequences connected to the other two stems (Fig 3).

As depicted in Fig 3, there are two unpaired adenine nucleotides separating the two three-
stemmed pseudoknots PK1 and PK2. Given the importance of base-stacking interactions in
stabilizing RNA folding, it is entirely conceivable that these two nucleotides could form two
mismatched A-G and A-C pairs atop the predicted stem 1 of the downstream pseudoknot
PK2, which would facilitate continuous stacking of the stems in both pseudoknots. It is not
uncommon for mismatched pair to form at helical junctions. For example, structure of the
preQ1-II riboswitch pseudoknot shows that an A-G mismatched pair is formed at the end of
stem1 at the stem1 and stem2 junction, enabling coaxial stacking of the two stems (Fig 1) [40].

Performing a BLASTN search with the identified three-stemmed pseudoknot PK1 sequence
from SMAP?2 as the query has resulted in 121 matches, encompassing SMAP2 mRNA
sequences across a diverse array of species. Each of these sequences possesses the capacity to
form a three-stemmed pseudoknot structure (S1, S2 Files).

Discussion

In this study, we aim to identify occurrences of a particular type of three-stemmed pseudo-
knots in human mRNA. These pseudoknots contain three stems without any sequence inter-
ruptions between them. Similar features have been reported for several viral pseudoknots
known to induce —1 programmed ribosomal frameshifting (-1 PRF) (Fig 1) [22, 32, 34, 41].
Our search covered the full-length mRNA sequences, with no assumptions made regarding
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the specific location and biological function of the pseudoknots. Potential three-stemmed
pseudoknots were identified in various regions of the mRNAs, including the 5-UTR, coding
region, and 3’-UTR.

This paper presents fourteen instances of the identified potential three-stemmed pseudo-
knots located in close proximity to the AUG start codon. The start codon is immediately
upstream of the pseudoknot, within the pseudoknot, or closely downstream from the pseudo-
knot. Among these identified pseudoknots, ten rank as the most stable pseudoknot identified
within the full-length mRNA sequences, three rank second, and the remaining one ranks
third. The mRNA sequences vary in length, ranging from 1116 to 9850 nucleotides (nt). In this
study, we employ an energy threshold of -18 kJ/mol to eliminate potential pseudoknots with
relatively high free energy (lower stability). Although this threshold is generous enough to
include potential pseudoknots with relatively weak stems, only several potential pseudoknots
were identified in each of the full-length mRNAs, with the sole exception being the 9450-nt
long CHD mRNA, in which 16 potential pseudoknots were detected.

To evaluate how the potential pseudoknots discussed in this study compare to well-docu-
mented pseudoknots in existing literature, we applied the same method for calculating free
energy to a selection of previously reported and extensively studied pseudoknots. The resulting
free energy values are as follows: —1 PRF stimulating pseudoknot in IBV: -35.6 kJ/mol [78]; -1
PRF stimulating pseudoknot in SRV-1: -33.7 kJ/mol [28]; —1 PRF stimulating pseudoknot in
HIV-1 sub-group O: -37.9 kJ/mol [32]; -1 PRF stimulating pseudoknot in SARS-CoV: -28.7
kJ/mol [19, 22, 34]; Stop codon read-through stimulating pseudoknot in Mo-MuLV: -40.9 kJ/
mol [44]; Bacteriophage T2/T6 autoregulatory pseudoknot in gene 32 mRNA: -25.2 k]/mol
[69, 79]. Notably, the stability of the detected pseudoknot presented in this paper, excluding
the contribution from the extra stem, is comparable to that of established functional pseudo-
knots. Additionally, it is anticipated that possible coaxial stacking of the extra stem will further
enhance the structural stability of the three-stemmed pseudoknots.

The fact that most of the discussed pseudoknots rank at the top, even without considering
the extra stem’s contribution, lends substantial credibility to their potential significance.
According to the specified search criteria, every one of these identified three-stemmed pseudo-
knots falls within the CPK-1 pseudoknot family. Considering the prevalence of CPK-1 pseudo-
knots [68-70, 72], the likelihood of forming a CPK-1 pseudoknot structure is higher
compared to other alternative structures. This forms the primary rationale for focusing our
search exclusively on CPK-1 pseudoknots in this proof-of-concept study. CPK-1 pseudoknots,
particularly those rooted in a stable stem-loop structure with 8-9 nucleotides in the loop, carry
greater credibility than other structures. Additionally, the possibility of homologous sequences
forming three-stemmed pseudoknots lends further support to the presence of the identified
pseudoknots. It’s important to note, however, that definitively confirming the existence of
these pseudoknots and understanding their biological functions will necessitate experimental
investigation.

It’s also important to acknowledge the limited scope of the search carried out in this study.
Firstly, the search parameters for stems and loop ranges were deliberately configured to nar-
row the focus solely on CPK-1 type pseudoknots. Broadening these parameters for stem and
loop ranges could potentially lead to the identification of more potential pseudoknots, as illus-
trated by the examples of identifying some of the upstream and downstream pseudoknots
shown in Fig 3. PK2 in the BPHL mRNA, PK1 and PK3 in TMEM181 mRNA, and PK3 in
SMIM10L2B mRNA were all identified by PKscan with more generous ranges for the stems
and loops. Secondly, the current program is tailored exclusively to identify pseudoknots char-
acterized by perfectly matched stems, and it lacks the capability to detect pseudoknots that
contain mismatched pairs or bulges within their stem regions. It’s worth noting that many
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well-documented pseudoknots exhibit such irregularities [22, 34, 42, 44, 78], including mis-
matches and bulges, as exemplified in Fig 1 with the SARS-CoV pseudoknot, which showcases
bulges in both stem2 and stem3. The current version of the PKscan program recognizes these
pseudoknots as if the base pairs outside the mismatch or bulge regions do not form, resulting
in a reduced count of base pairs within the stems (see Fig 3 the downstream pseudoknot PK2
in SMAP2 mRNA for example). Consequently, this leads to a higher calculated free energy. If
the calculated free energy surpasses the energy threshold (default -18 kJ/mol) used to filter out
pseudoknots, the potential pseudoknot under consideration would be omitted from the list of
detected pseudoknot candidates.

We are currently working on improving the program’s functionality by integrating the
detection of pseudoknots that include mismatches and bulges. This enhancement is expected
to lead to the identification of a considerably higher number of potential pseudoknot cases
when accounting for these structural irregularities. A more thorough investigation will be con-
ducted once the upgraded, more potent version of the computational method becomes
available.

Previously, there have been documented instances of pseudoknot structures located in the
5-UTR in the vicinity of the start codon. For instance, in the case of Influenza A, it was
observed that a magnesium-dependent pseudoknot structure encompasses the PB1-F2 and
N40 start codons [80]. In certain viruses like the Hepatitis C virus (HCV) and Bovine viral
diarrhea virus (BVDV), a pseudoknot structure within the internal ribosome entry site (IRES)
in the 5’-UTR near the AUG start codon plays a crucial role in IRES mediated translational ini-
tiation of the viral mRNAs [81]. To the best of our knowledge, there have been no reported
instances of pseudoknots located in the vicinity of the AUG start codon in cellular mRNAs. In
fact, the occurrence of pseudoknots in the 5-UTR of eukaryotic mRNAs is exceedingly rare in
scientific literature.

Only two documented cases of pseudoknots within the 5-UTR of human mRNAs exist.
The first case was identified in the L-myc mRNA, which features an internal ribosome entry
site (IRES) in its 5’-UTR. Within the IRES, a pseudoknot was both predicted and demon-
strated to play a crucial role in IRES-mediated translational initiation [82]. It’s worth noting,
however, that the pseudoknots found in L-myc mRNA does not conform to the H-type pseu-
doknot category. Instead, it represents a long-range base-pairing interaction within larger
RNA structures, falling under the broader definition of pseudoknots. In the second case, a con-
served pseudoknot shared among mammals was predicted in the 5'-UTR of human interferon
gamma (IFNG) mRNA [45]. This pseudoknot is positioned far upstream from the initiation
codon and incorporated into a larger RNA structure, which interacts with a PKR dimer, trig-
gering kinase activation. Once activated, PKR inhibits the translation of IFNG mRNA by phos-
phorylating the initiation factor eIF2alpha chain.

The three-stemmed pseudoknots presented in this study represent the first instances of
their kind identified through computational analysis within human mRNAs. These pseudo-
knots are anticipated to be associated with the regulation of translational initiation, given their
specific positioning in the vicinity of the start codon. In the cases of MYCL, BPHL, TMEM181,
and SMIM10L2B mRNAs, the predicted pseudoknot or a cluster of 2-3 pseudoknots domi-
nates the 5UTR and start codon regions of the mRNA. In terms of their size and stability,
these pseudoknots are comparable to established or hypothesized three-stemmed pseudoknots
that stimulate —1 PRF or stop codon readthrough in viral mRNAs. Pseudoknots involved in
frameshifting or stop codon readthrough in mRNAs are recognized for their capacity to tem-
porarily halt ribosome progression [7, 16, 83]. It is reasonable to assume that the pseudoknots
reported in this study might also possess the capability to impede the preinitiation complex
(PIC). Furthermore, it is conceivable that these pseudoknots could function as binding sites
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for as-yet-unidentified regulatory factors. The recruitment of these factors to the region
around the start codon in mRNAs might either inhibit or facilitate the initiation of translation.
The presence of these pseudoknots could potentially furnish mechanisms for modulating
translation efficiency, responding to various cellular conditions and the presence of specific
factors. Further studies are required to elucidate the functional roles of these newly identified
potential pseudoknots in human mRNAs.

During our research, we observed that some of the mRNAs containing the identified three-
stemmed pseudoknots also have the potential to adopt alternative secondary structures. We
made this observation by employing the RNAfold server to predict possible secondary struc-
tures for the RNA sequences [84]. It’s important to note that RNAfold does ot account for
pseudoknot formation in its predictions. Nevertheless, some of the alternative secondary struc-
tures appeared quite plausible, particularly those resembling an overall stem-loop structure
with an elongated stem featuring occasional mismatches and bulges (Fig 7).

Even in cases where such alternative stem-loop structures could form, we maintain our
belief that the predicted three-stemmed pseudoknots are more likely to occur. Our rationale
for this belief stems from the following considerations. The newly synthesized RNA strand is
likely to fold shortly after transcription. The RNA chaperone activity of the transcription
machinery may only assist in folding a limited segment of the newly formed RNA. A stepwise
mechanism may be utilized for pseudoknot formation. As the pseudoknot-forming sequence
is transcribed, the initial event is the formation of a stem-loop structure with the stem corre-
sponding to stem1 of the pseudoknot. Subsequently, as the next RNA segment is transcribed
and folds, another stem-loop structure with the stem corresponding to the additional stem3 is
formed. Finally, a following RNA segment containing nucleotides that are complementary to
the loop region of the initially formed stem-loop becomes available; formation of stem2 leads
to formation of the pseudoknot (Fig 7). This stepwise process inherently precludes the forma-
tion of the alternative overall stem-loop structure.

This mechanism implies that stem1 of the pseudoknot can form at the first place, if the 5’-
sequence of stem1 interacts with the upstream sequence to form a stable structure, the interac-
tion would prevent formation of stem1. Conversely, if the immediate upstream sequence of
the pseudoknot folds into a stable structure, it would support the formation of stem1 of the
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Fig 7. A proposed mechanism for the formation of the three-stemmed pseudoknot in the MAB21L4 mRNA. Panel A outlines the sequential formation of
this pseudoknot in three distinct steps, with further details provided in the main text. In Panel B, an alternative secondary structure for the same RNA sequence

is presented, as predicted by RNAfold.
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pseudoknot. We evaluated these possibilities in the upstream sequences of the 14 selected
mRNAs. In most cases, the upstream sequence of 20-30 nucleotides can form a relatively sta-
ble stem-loop structure. For example, in the MAB21L4 mRNA sequence shown in Fig 7, the
identified three-stemmed pseudoknot spans nucleotides 24 to 84. The upstream sequence
from this predicted pseudoknot can potentially form a stem-loop structure encompassing
nucleotides 2 to 22. Similar pattern is also observed in the mRNAs of CHD5, CTDSPL,
TMEM181, PPP2CB, KLHL2, SMAP2, SCN1B, BPHL, DNAI1, and SLIT2. In the mRNAs of
SMIM10L2B, MRET1, and MYCL, the pseudoknot begins at the very 5" end of the mRNA
sequence.

This mechanism also sheds light on why naturally occurring pseudoknots rarely exhibit
stem regions containing more than 15 base pairs, as revealed by the pseudoknots in the Pseu-
doBase++ database [3, 4]. This phenomenon is exemplified in our previous study on —1 PRF
and stop-codon readthrough stimulating pseudoknots in RNA viruses [70]. Furthermore, this
stepwise mechanism has implications for in vitro studies involving these pseudoknots, such as
structural determination. During sample preparation, which involves denaturation and rena-
turation of RNA molecules, the presence of alternative structures becomes more likely. This
could result in structural heterogeneity within the sample, potentially complicating the
research process.

It’s important to highlight that while this manuscript primarily focuses on a set of three-
stemmed pseudoknots located in the start codon region of human mRNAs, these pseudoknots
are just a subset of a larger pool of potential three-stemmed pseudoknots that have been identi-
fied across various regions of the full-length mRNA molecules. Ongoing investigations are cur-
rently exploring these other detected pseudoknots. Nevertheless, the results presented in this
manuscript suggest that three-stemmed pseudoknots might possess a broader spectrum of
functional roles beyond their previously established functions in —1 PRF or stop-codon read-
through regulation in viral mRNAs.

Interestingly, this study serendipitously revealed the presence of a tandem arrangement of
three-stemmed pseudoknots in some of the mRNA sequences (Fig 3). This discovery suggests
that three-stemmed pseudoknots (regardless of whether they have the potential for the extra
stem to stack on the two essential stems) and their tandem arrangement may be more com-
mon than currently recognized.

Previously, we reported the presence of potential tandem pseudoknots at the —1 PRF junc-
tions of various viruses, including HIV-1, transmissible gastroenteritis virus (TGEV), Barmah
Forest virus (BFV), and Fort Morgan virus (FMV) [70, 71, 85]. In these previously reported
instances, the slippery sequence is enclosed within the upstream pseudoknot. Additionally, in
Equine arteritis virus (EAV), we identified a potential compact pseudoknot nestled within the
loop2 sequence of an otherwise conventional frameshift-stimulating pseudoknot. The four
stem regions of these two pseudoknots exhibit the potential to stack coaxially [85]. All of these
previously reported tandem pseudoknots are found in viral RNAs. The potential presence of
tandem pseudoknots in human SMIM10L2B and SMAP2 mRNAs could signify a significant
discovery within the realm of cellular mRNAs. Notably, these two instances distinguish them-
selves from others because both pseudoknots in the tandem configuration possess the capacity
to accommodate an additional stem. Thus, these two cases may possibly represent the initial
documented occurrences of tandemly arranged three-stemmed pseudoknots.

Most of the mRNAs wherein potential three-stemmed pseudoknots have been identified
(Figs 2 and 3) encode proteins that play important functional roles. Many of these proteins are
directly implicated in various diseases. For example, MYCL, a transcription factor, is one of
the three members within the Myc proto-oncogene family. Myc proteins are master regulators
that modulate approximately 15% of the entire transcriptome. Their expression is tightly
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regulated in normal cells. But in over 70% of human cancers, overexpression of Myc proteins
is observed and related to poor prognosis. Consequently, the Myc oncoproteins have been
considered as drug targets. Despite this, there is currently no specific drug available to directly
target Myc oncoproteins [62]. BPHL has been linked to the development of lung cancer. In
lung adenocarcinoma cell lines, knockdown of BPHL gene expression through RNA interfer-
ence resulted in a decrease in tumor growth, colony formation, and metastasis, while promot-
ing an increase in apoptosis [63]. CHD5 and CTDSPL possess tumor suppressor activities in
many cancers, including neuroblastomas, gliomas, and Non-Small Cell Lung Cancer (NSCLC)
[65-67, 86]. SLIT2 plays crucial protective roles in various processes, including cell migration,
immune response, vascular permeability, and angiogenesis during the development of the cen-
tral nervous system (CNS). Consequently, SLIT2 could potentially be targeted for therapeutic
interventions in central nervous system disorders [64].

Should the putative pseudoknot structures identified in this study prove to be real and play
a crucial role on the translational regulation of the mRNAs, there is a possibility that these
structures could be strategically targeted for therapeutic benefits. It is well established that
pseudoknots, including three-stemmed pseudoknots such as those in the fluoride riboswitch
and the preQ1-1II riboswitch (Fig 1), are versatile RNA structures capable of binding various
proteins, small organic molecules, and even ions as minuscule as the fluoride ion with high
affinity and specificity [39, 40, 69, 79, 87-92]. The identification and validation of pseudoknots
as crucial regulatory RNA structures in human mRNAs would not only lead to a better under-
standing of the regulatory mechanisms governing translational processes but also provide
valuable targets for innovative drug development strategies.

The identification of potential three-stemmed pseudoknots within human mRNAs carries
important implications for the development of anti-viral drugs targeting the SARS-CoV-2
frameshift-stimulating three-stemmed pseudoknot. As the possible presence of these three-
stemmed pseudoknots in human RNAs is now recognized, it becomes crucial to assess whether
medications designed for the SARS-CoV-2 pseudoknot could inadvertently affect similar RNA
structures within human RNAs. This preemptive action aims to mitigate off-target effects in the
development of antiviral treatments—an aspect that was previously overlooked.

Materials and methods
Data

The Data for this study consist of 21,780 human mRNA sequences obtained from the NCBI
RefSeq database (www.ncbi.nlm.nih.gov/RefSeq/). This manuscript discusses 14 cases of
potential three-stemmed pseudoknots identified in close proximity to the AUG start codon in
the mRNA sequence. The accession ID and encoded protein of these 14 mRNAs are:
NM_015557, chromodomain helicase DNA binding protein 5 (CHD5); NM_001008392, CTD
small phosphatase like (CTDSPL), transcript variant 1; NM_007246, kelch like family member
2 (KLHL2), transcript variant 1; NM_022733, small ArfGAP2 (SMAP2), transcript variant 1;
NM_001009552, protein phosphatase 2 catalytic subunit beta (PPP2CB); NM_001282921,
mab-21 like 4 (MAB21L4), transcript variant 3; NM_001348255, small integral membrane pro-
tein 10 like 2B (SMIM10L2B); NM_001376852, transmembrane protein 181 (TMEM181),
transcript variant 4; XM_027630882 Malassezia restricta dynactin 4 (MRET_4255), partial
mRNA; NM_001037, sodium voltage-gated channel beta subunit 1 (SCN1B); NM_004332,
biphenyl hydrolase like (BPHL), transcript variant 1; NM_005376, MYCL proto-oncogene,
bHLH transcription factor (MYCL), transcript variant 3; NM_012144, dynein axonemal inter-
mediate chain 1 (DNAI1), transcript variant 1; NM_004787, slit guidance ligand 2 (SLIT2),
transcript variant 1.
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Detection of potential three-stemmed pseudoknots

Previously, we had developed a program called PKscan for the identification of potential RNA
pseudoknots. Details of the program and the application of the program in a few large scale
studies on full-length viral or cellular mRNAs have been described elsewhere [61, 71].

In brief, the formation of a pseudoknot in an RNA sequence relies on the presence of two
distinct sets of complementary segments, giving rise to two separate stems, referred to as
stem1 (S1) and stem2 (S2). These stems must be interspersed with either two or three unpaired
loop regions, which are designated as loop 1 (L1), loop 2 (L2), and optionally, loop 3 (L3). The
permissible lengths for S1, S2, L1, L2, and L3 can be customized by the user. The program sys-
tematically examines a broad spectrum of stem and loop lengths to determine if the prerequi-
sites for pseudoknot formation are met. PKscan employs a dynamic sliding window that scan
through the RNA sequence, allowing for the analysis of RNA sequences of any length without
restriction. In each sliding window, iterative cycles of pairwise base matching are executed to
identify complementary basepairing between two stretches of nucleotides. All conceivable
combinations of stem and loop lengths within predefined ranges are investigated for potential
pseudoknot formation.

PKscan possesses the ability to effectively detect RNA pseudoknots within RNA sequences
of limitless length. This distinctive feature makes the PKscan program ideally suited for the
specific requirements of this study.

In order to assess the comparative stability of the identified potential pseudoknots within a
long RNA sequence, the program calculates the free energy of the helical stem regions of the
detected pseudoknots based on the widely used Turner’s nearest neighbor parameters [93].
The computed free energy values also play a pivotal role in filtering out less stable pseudoknots.
In the context of this current investigation, pseudoknots with a calculated free energy value
higher than -18 kJ/mol are omitted from inclusion in the identified pseudoknot database. It’s
important to emphasize that this free energy calculation solely takes into account the two pseu-
doknot-forming stems, namely stem1 and stem2. The presence of an additional stem (stem3)
is not factored into this computation. The reasonales for these procedures is to ensure that the
detection of potential existence of an extra stem will only be performed on those pseudoknots
with a reasonably stable base structure. Those potential three-stemmed pseudoknots with
weak basic stems (stem1 and stem2) but strong stem3 should not be detected (if the energy cal-
culation includes all three stems, these pseudoknots would be detected due to contribution
from the strong stem3, but the likelihood for pseudoknot formation is actually relatively low
because of the weak basic stems). It’s worth noting that obtaining an accurate free energy cal-
culation for RNA pseudoknots is currently unfeasible due to the absence of parameters capable
of quantifying the influence of pseudoknot-specific structural characteristics. Moreover, case-
specific interactions, such as those involving the minor groove and loop nucleotides, as well as
base-triples, introduce further complexity and hinder the accurate prediction of the free energy
associated with a projected pseudoknot based solely on the predicted secondary structures.
That being said, the overall stability of an RNA pseudoknot is largely determined by interac-
tions involving base pairing and base stacking in the stem regions. Consequently, the free
energy required to form these stems can serve as a reasonable parameter for assessing the rela-
tive stability of the pseudoknots that have been detected. Utilizing these calculated free energy
values, potential pseudoknots within a given mRNA sequence are ranked accordingly.

The initial iteration of the PKscan program did not assess the potential for an extra stem
formation. In order to fulfill the particular objectives of this research, which involve identifying
the potential existence of three-stem pseudoknots, we improved the program. This enhance-
ment involved integrating the capability to detect the likelihood of forming a stem-loop
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structure immediately within the 5’-end sequence of loop2 (L2) within the detected pseudo-
knots. In this context, "immediate 5’-end" indicates that there is no intervening sequence
between stem1 and stem3, allowing for the possibility of these two stems to align coaxially.

In this study, we restricted our search for pseudoknots belonging to the previously pro-
posed CPK1 (short for common pseudoknot motif 1) family. Pseudoknots within the CPK1
category exhibit consistent structural characteristics, including the presence of a minimal 1-2
nucleotide in L1 that traverses the major groove of S2, comprising 6-7 base pairs, and the
occurrence of coaxial stacking between the two stems without any intervening loop. Past
research has demonstrated the prevalence of CPK1 pseudoknots in both naturally occurring
systems and SELEX pseudoknots, underscoring the widespread occurrence and popularity of
these particular pseudoknot structures [70, 76, 77]. To restrict the search for relatively compact
CPK-1 pseudoknots, the ranges for stem1 (S1), stem2 (S2), loop1 (L1), loop2 (L2), and loop3
(L3) were set as follows: S1 ranged from 5 to 20 base pairs, S2 ranged from 6 to 7 base pairs, L1
ranged from 1 to 2 nucleotides, L2 ranged from 5 to 50 nucleotides, and L3 was set to 0
nucleotide.

Using the specified parameters, we conducted a comprehensive search for potential pseudo-
knots within each mRNA sequence in the dataset. Only pseudoknot candidates with a com-
puted free energy lower than -18 kJ/mol were retained and cataloged in the pseudoknot
database. These identified pseudoknots were subsequently ranked based on their calculated
free energy values. Each detected pseudoknot was then subjected to further scrutiny by the
program, with a focus on the possibility of containing a stem-loop structure in the 5’-end
sequence of loop2. We defined the potential additional stem within a range of 3 to 15 base
pairs, with no allowance for gap sequences between this additional stem and stem1.

In the search results output, we listed all detected pseudoknots in ascending order of their
calculated free energy values, irrespective of whether a potential additional stem was found.
For pseudoknots exhibiting the potential for an additional stem, we included pertinent infor-
mation to signify the potential identification of a three-stemmed pseudoknot. Support infor-
mation (S1 File), encompassing the output files for the nine potential cases discussed in this
paper, are also provided for reference.

Structural modelling of the three-stemmed pseudoknots

To investigate the structural feasibility of three-stemmed pseudoknots, we conducted model-
ing studies on specific pseudoknots. We built modeled structures for pseudoknots identified in
the mRNAs of CHD5, CTDSPL, and SMIM10L2B. Notably, the mRNA sequence of
SMIMI10L2B exhibits the potential to harbor tandem pseudoknots, and our modeled structure
incorporates both of these pseudoknots.

The modeling procedures employed in this study closely followed those in our previous
publications [41, 94]. To determine the structures of RNA molecules, we utilized a combina-
tion of simulated annealing and restrained molecular dynamics, as incorporated within the
NMR protocols of CNS (Crystallography and NMR System) version 1.3 [95].

For actual structure determination by NMR, various types of restraints derived from NMR
data are employed, including NOE-based distance restraints, hydrogen bond restraints and
dihedral angle restraints. In our investigations related to model building, we introduced artifi-
cial distance and torsion angle constraints for the helical stem regions of the molecules (includ-
ing junctions between coaxially stacked stems). We did not apply any restraints to the single-
stranded connecting loop regions.

In this study, various types of constraints were employed. In the helical stem regions, we
utilized inter-residue proton-proton distance restraints reminiscent of NOE measurements
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observed in A-form RNA helices through NMR analysis. Additionally, we introduced distance
restraints to regulate the distances between phosphorus atoms spanning the two strands. Dis-
tance restraints were used to represent the hydrogen bonds found in Watson-Crick G-C and
A-U base pairs, as well as the G-U wobble base pair. Each hydrogen bond was subjected to two
distance restraints, derived from the standard base pair geometry characteristic of A-form
RNAs. Besides distance restraints, torsion angle restraints were also implemented to enforce
specific conformations in the nucleotides. Nucleotide sugar rings in the stem regions were
constrained to adopt a C3’-endo conformation. Nucleotide sugar rings in the loop regions
were constrained to assume a C2’-endo conformation. Backbone torsion angles for residues in
the stem regions were restricted to follow the values typical of the A-form helix; No restrains
were used for the backbone torsion angles for nucleotides in the connecting loop regions. The
modeled structures show no significant violations of the standard bond lengths and angles of
A-form helical structures, indicating the stereochemical feasibility of the molecules.

We employed the Chimera program, developed by the computer graphics laboratory at
UCSF [96], to manually create the initial input structures for the structure calculation process.
The initial structures were subjected to simulated annealing in the torsion angle space, fol-
lowed by variable target function minimization. The selection of the most suitable model
structures was based on their low target function values. All 3D RNA structure figures were
generated exclusively using Chimera.

BLASTN analysis

We conducted a conservation analysis using the Basic Local Alignment Search Tool for Nucle-
otide sequences (BLASTN). The BLASTN algorithm, accessible via the NCBI (National Center
for Biotechnology Information) website at https://blast.ncbi.nlm.nih.gov/Blast.cgi, was
employed, using the sequence forming the detected potential three-stemmed pseudoknot

as the query. The results of the sequence analysis have been included as support information
(S2 File).

Supporting information

S1 File. Program search output.
(PDF)

S2 File. Sequence analysis.
(PDF)

S3 File. Using PKscan to identify pseudoknots within the SRV-1 genome.
(PDF)
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