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Abstract

Prokaryotic organisms frequently use riboswitches to quantify intracellular metabolite concentration via high-affinity metabo-
lite receptors. Riboswitches possess a metabolite-sensing system that controls gene regulation in a cis-acting fashion at the
initiation of transcriptional/translational level by binding with a specific metabolite and controlling various biochemical path-
ways. Riboswitch binds with flavin mononucleotide (FMN), a phosphorylated form of riboflavin and controls gene expression
involved in riboflavin biosynthesis and transport pathway. The first step of the riboflavin biosynthesis pathway is initiated by
the conversion of guanine nucleotide triphosphate (GTP), which is an intermediate of the purine biosynthesis pathway. An
alternative pentose phosphate pathway of riboflavin biosynthesis includes the enzymatic conversion of ribulose-5-phosphate
into 3, 4 dihydroxy-2-butanone-4-phosphates by DHBP synthase. The product of ribAB interferes with both GTP cyclohy-
drolase II as well as DHBP synthase activities, which catalyze the cleavage of GTP and converts DHBP Ribu5P in the initial
steps of both riboflavin biosynthesis branches. Riboswitches are located in the 5" untranslated region (5’ UTR) of messenger
RNAs and contain an aptamer domain (highly conserved in sequence) where metabolite binding leads to a conformational
change in an aptamer domain, which modulate the regulation of gene expression located on bacterial mRNA. In this review,
we focus on how riboswitch regulates the riboflavin biosynthesis pathway in Bacillus subtilis and Lactobacillus plantarum.
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Introduction

Riboswitches are highly conserved structural domains
associated with mRNAs that recognize metabolites and
participated in the regulation of gene expression (Saberi
et al. 2016). These small mRNA elements possess binding
affinity with different metabolites and subsequently harmo-
nize transcription and translation with similar approaches
resembling protein genetic factors (Scull et al. 2021). This
appropriate metabolite binding system contains evolutionary
sequences that might pre-date the emergence of the proteins
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in the living system (Micura and Hobartner 2020). Typi-
cally, riboswitches consist of a conserved metabolite binding
domain (aptamer) and variable sequence region (expression
platform) located in the 5’ UTR of mRNAs. The binding of
the metabolite brings an allosteric change in the aptamer
domain leading to an expression platform to modulate the
expression of adjacent genes or operons (Jones and Ferré-
D’Amaré 2017). Flavin mononucleotide (FMN) riboswitch
is structurally more complex, located upstream of the rib
operon and controls the expression of both riboflavin bio-
synthesis and transporter genes in certain bacteria (Table 1)
(Lins et al. 2021). FMN binding domain/component of this
riboswitch was originally entitled REN element (Panchal and
Brenk 2021). FMN riboswitch is located 5" upstream of the
ribDEATH operon in Bacillus subtilis binds with riboflavin
100-folds more tightly than FMN due to the absence of a
phosphate group on riboflavin (Winkler and Breaker 2005).

In lactic acid bacteria (LAB), riboflavin biosynthesis
genes are sequentially arranged and form a single ribG-
BAH operon or rib operon controlled by FMN riboswitch
(Capozzi and Russo 2012). Modulation of gene expression
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Table 1 Distributions of FMN riboswitch in different prokaryotic genera (Winkler and Breaker 2005)

Name and functions of the riboswitch

Representative genera

FMN riboswitch
Functions: Control gene expression of riboflavin biosynthesis and trans-
port

Proteobacteria: a-proteobacteria (Mesorbizobium, Bradyrbizobium,
Sinorbizobium, Brucella, Agrobacterium)

p-proteobacteria (Nitrosomonas, Methylobacillus, Ralstonia)

y-proteobacteria (Escherichia, Salmonella, Klebsiella, Yersinia,
Vibrio, Pasteurella, Pseudomonas, Xanthomonas)

d-proteobacteria (Geobacter)

Deinococcales (Deinococcus)

Bacillales (Bacillus, Listeria)

Lactobacillales (Enterococcus)

Clostridiales/Thermoanaerobacteriales (Clostridium, Thermoan-
aerobacter)

Actinomycetales (Corynebacterium, Mycobacterium, Propionibacte-
rium, Streptomyces)

Cynobacteria (Anabaena, Thermosynecbococcus)

Chlorobiales (Chlorobium)

Bacteriodales (Bacteriodes)

Thermotogales (Thermotoga)

Spirobactales (Treponema, Leptospira)

Archaea (Aeropyrum, Sulfolobus, Pyrococcus)

Bold text indicates different classes of phylum “Proteobacteria”

by RFN element does not require any regulatory protein
factors rather than the basal gene expression system of an
organism. FMN Riboswitch can influence the generation of
an intrinsic termination—hairpin loop that leads to prema-
turely terminating transcription or can favor forming RNA
secondary structure which occludes ribosome binding (Chen
et al. 2019). Generally, riboswitches stop the synthesis of
enzymes or transporter when these are already available
at a sufficient level. Under certain circumstances, such as
increased production of metabolites, riboswitches can shift
to the salvage pathway, which is involved in the degrada-
tion of excess metabolites (Sherlock et al. 2018). Certain
riboswitches exhibit advanced mechanisms in gene expres-
sion systems, such as cooperative ligand binding (Mccown
et al. 2017), self-cleavage and tandem aptamer arrangements
(Tickner and Farzan 2021).

Genetic organization of the rib operon

Riboflavin production in Bacillus subtilis is accomplished
by the riboflavin biosynthesis operon i.e. 7ib operon which
completely controls the riboflavin biosynthesis pathway
from its initial precursor molecule GTP (Zhang et al. 2021).
The genetic makeup of rib operon incorporates five non-
overlapping structural genes and three regulatory elements
represented as regulatory region ribO with promoter P1
and two internal supplementary promoters P2 and P3. P1
is the major promoter located in the 5’ upstream region and
P2 and P3 are located in the distal region of the ribB and
ribH respectively (Averianova et al. 2020). The major pro-
moter P1 (TTGGGT-17bp-TATAAT) of the rib operon is
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recognized by S1 mapping (Mironov et al. 1994). Promoter
P1 regulates transcription when flavin has directly interacted
with leader mRNA leading to a change in the secondary
structure of mRNA (Polaski et al. 2016), which modulates
the expression of genes probably by altering the formation
of the terminal hairpin loop. In this process, FMN ribos-
witch (RFN element), widely distributed in some prokary-
otic genera (Table 1), is a transcript of leader mRNA that
plays a very crucial role by providing a flavin binding site
(Irastortza-Olaziregi and Amster-Choder 2021). The struc-
tural and functional role of internal supplementary promot-
ers P2 and P3 is still unclear. Presumably, the P2 promoter
is involved in the riboflavin biosynthesis mechanism (Wilt
et al. 2020). Riboflavin precursors 5-amino-6-ribitylamino-
pyrimidinedione and 6, 7 dimethyl-8-ribitylluzine are syn-
thesized by both de novo and riboflavin biosynthesis path-
ways, respectively. However, the constitutive expression of
ribA and ribH stabilize the riboflavin intermediates, such as
pyrimidine and pteridine (Sklyarova et al. 2012). Promoter
P3 is located upstream of the ribTD gene, the function of
the T protein is not yet been reported. Inactivation of the 7D
gene does not originate riboflavin auxotrophy, but observed
a significant decrease in riboflavin biosynthesis in producer
organisms (Fuentes Flores et al. 2017).

The transcription initiation site of the P2 promoter is
located in the T base-rich region of the mRNA still; some
subsidiary signals are also present both downstream and
upstream of this region (Haberle and Stark 2018). It is pro-
posed that the structural sequence of the P2 promoter is
probably TTGAAG (-35 region) and TACTAT (-10 region)
segregated by a 17 bp spacer (Shimada et al. 2014). A frag-
ment of 296 base pairs is located between the transcription
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initiation site of the P2 promoter and the initiation codon
of the ribA gene (Sklyarova et al. 2012). Based on previ-
ous studies the structural arrangement of the P3 promoter
(Oliveira et al. 2017) is likely TTTAAA (-35 region) and
TATAAT (-10 region) separated by 16 bp spacer and 66 bp
sequence is present between the transcription initiation site
of P3 promoter and initiation codon of ribT gene (Fig. 1).
In Bacillus subtilis, riboflavin biosynthesis genes (rib
gene cluster) are located on the SHgw chromosome. As pre-
viously reported from seven ORFs, only five are reported
within the sequence, which constitutes genes ribG, ribB,
ribA, ribH and ribTD. The mRNA of these five-rib genes
is polycistronic in nature and consists of 4277 nucleotides
(Thakur et al. 2017). Computer analysis of these seven ORFs
revealed that the encoded proteins possess molecular mass
12,754 (ORF X), 39,305 (ORF 1), 23,481 (ORF 2), 44,121
(ORF 3), 16,286 (ORF 4), 14,574 (ORF 5) and 15,551 (ORF
Y) Daltons where X and Y orientation are opposite to oth-
ers. Each ORF is preceded by the Shine—Dalgarno sequence
(SD). The ORF 2 region could be potentially translated from
three nearby codons ATG (2299), GTG (2302) and ATG
(2308) while the last codon ATG possesses the best SD
sequence (Kil et al. 1992; Wang et al. 2021). In addition,
a small ORF (OREF 0) is also reported which precedes and
partially overlaps ORF 1 with a good SD sequence (Orr et al.
2021). The sequence of rib operon attribute three termina-
tor—hairpin structures including IR sequences (IR 1, IR 2
and IR 3) with a T-rich fragment at the end of the 3' termi-
nal. Most probably, the function of IR 1 and IR 2 is tran-
scription termination from the downstream of the ORF X

and ORF 5, respectively (Henkin et al. 1992; Di Salvo et al.
2019). The absence of a terminator-like-hairpin structure at
the 3’ end of the ORF 1 along with ORF 4 and due to the
shortness of IGR indicated that ORF 1 along with ORF 5 is
co-transcribed. The function of IR 2 is rarely studied when
compared with IR 1. It might be expected that IR 2 controls
downstream gene expression (Lah et al. 2011). IR sequences
are usually located at the 5' end of the transcriptional unit in
Bacillus subtilis in some cases it is also observed that these
are essential for gene regulation (Shaw and Fulco 1992; Hel-
mann 2019).

Strength of promoters and interactions
between ORFs and riboflavin biosynthesis
genes

Corresponding regions of the promoters P 1, P 2 and P 3
is cloned into an integrative expression vector pDG268,
which contains the LacZ reporter gene and then introduced
into the chromosome of Bacillus subtilis strain RKH25
at amylase locus and other homologous variants (Cao
et al. 2017). The strain RK25-C1 is not able to synthe-
size FMN due to a mutation in the ribC gene. The strains
were observed at the transcription level with each pro-
moter by evaluating f-galactosidase activity (Pedrolli et al.
2015b). Evaluating the pB-galactosidase level in wild-type
Bacillus subtilis strain RKH25 recommended that the P 2
promoter is 10-20 times lower than the major promoter
of rib operon, P1 promoter whereas the P 3 promoter,
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Fig. 1 The genetic organization of the rib operon in Bacillus subtilis
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Promoter P1 regulate transcription when flavin are directly
interacting with leader mRNA leads to change in secondary
structure of mRNA, which modulate the expression of genes
probably by altering the formation of a terminal hairpin loop
or inverted repeats (IR).
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increases the efficiency of the P 1 promoter by five times
(Kil et al. 1992; Hoffmann et al. 2021). Comparisons of
B-galactosidase activities under the control of promot-
ers P1, P2 and P3 by evaluating the effect of flavins on
the expression of all three promoters (Lara et al. 2017;
Micura and Hobartner 2020). It is observed that only the
P1 promoter increased (tenfold) activity. A 4.3 kb tran-
script is reported with a transcription start site upstream
of ORF 1 and a termination site just downstream of ORF
5, covering all riboflavin biosynthesis genes. The transla-
tion product of ORF 4 is identical to lumazine synthase
(ribH gene product) except for one amino acid of Bacillus
subtilis (Lin et al. 2001). In Bacillus subtilis, the amino
acid sequence of an enzyme riboflavin synthase encoded
by the ribB gene, which is varying from the translated
product of ORF 2 due to the absence of 13 C-terminal
amino acids. The ribT and ribD genes are located in the
ORF 5 region of the rib operon but in all other species,
these genes might be genetically separable and possess
different functions (Vitreschak et al. 2002). In the expo-
nential growth phase of Bacillus subtilis, ORF Y tran-
script is not observed, which means ribY does not pertain
to rib cluster. At the 5' end of the transcript, it is believed
that a promoter-like element is present in Bacillus subti-
lis (Sudzinova et al. 2021), which is mostly recognized
by RNA polymerase, as a result, rate of transcription is
maximum at the late exponential growth phase. Inverted
Repeats 3 (IR3) is located in the T-rich region from 47 bp
downstream of ORF 5 at 3’end of polycistronic mRNA
which influences the transcription termination in Bacillus
subtilis (Sklyarova et al. 2012). Ultimately this extended
fragment between transcription and translation initiation
site incorporates small stretches of palindromic sequences
that can form a hairpin loop structure which is possibly
targeted transcriptional regulators involved in riboflavin
biosynthesis (Garcia-Angulo 2017).

Fig.2 General organization of
riboswitch RNAs in bacterial

Riboswitches (structural aspects)

Riboswitches are small stretches that frequently originate
in the 5" UTR of the mRNA that strive its regulatory con-
trol over the transcribed mRNA in a cis-manner by bind-
ing with a small metabolite i.e. ligand (Ray et al. 2019).
Usually, riboswitches consist of two recognizable func-
tional domains. An aptamer domain recognized an effector
molecule as a receptor and create a specific compact struc-
ture from three-dimensional to scaffold providing a ligand-
binding pocket (Page et al. 2018). Like proteins, these RNA
receptors can distinguish among the chemically different
metabolites with high selectivity and are capable to elicit
an appropriate regulatory response. A second domain is the
‘expression platform’ consisting of a regulatory switch that
interferes with the transcriptional and translational machin-
ery (Abduljalil 2018). Regulation is accomplished by the
evolutionary conserved regulatory sequence of an element
located in the overlapping region of these two domains
(Cheng et al. 2021). The sequence is originally known as
the ‘switching sequence’ that pairs directly with the folding
of the mRNA into either mutually incompatible structure
in the expression platform that acts as an on and off switch
(Fig. 2) of the mRNA (Garst et al. 2011).

This model of the riboswitch highlights two fundamen-
tal points regarding their regulatory mechanism. First, the
formation of a binding pocket performs both high affinity
and specificity with different effector molecules. The second
is binding of the effector communicated with the expres-
sion platform to initiate regulatory outcome (Batey 2012).
To understand this, knowledge is required of the potential
of ligand-induced conformational changes in the binding
pocket (aptamer) and co-transcriptional turn-up mechanism
of the mRNA (Gong et al. 2017). Since the transcriptional
attenuation mechanism is the prevalent approach of ribos-
witches regulation (Barrick and Breaker 2007), they quickly

Riboswitch

mRNAs. The binding of the !

ligand to the aptamer domain

mRNA
stabilizes an altered conforma- 5’ — — —

Aptamer

tion of the expression platform
that results in a change in the
regulation of gene expression

Aptamer

jllate ¢llodl ay .
des Shevis @) Springer

—_—

7 Coding region
Expression

platform

V" ¢ \/ Ligand

Expression Coding region

platform



3 Biotech (2022) 12: 278

Page50f14 278

acquire the essential conformations to perform before run-
ning off RNA polymerase away from its 3'end (Mehdiza-
deh Aghdam et al. 2017). As previously reported that rigid
coupling of the transcription and translation mechanism in
prokaryotes may convey a similar transient obstruction on
translation (Irastortza-Olaziregi and Amster-Choder 2021).
Riboswitches are fragments of RNAs organized as a
receptor using numerous similar architectural principles
recognized in other giant RNAs (Bou-Nader and Zhang
2020). In the purine riboswitch, the structural sequence of
the aptamer domain consists of three evolutionary conserved
helical fragments (P1, P2 and P3) (Fig. 3) that are existing
in all ~500 determined sequences (Liberman et al. 2015).
These helices are arranged in high-order structures of RNA
by two principles (Holbrook 2008). First, they are arranged
in sets of coaxial stacks inside of which at least two or more
solitary helices are organized into an individual pseudo-
continuous helix, illustrated through the P1 and P3 stack.
Second, helices and stacks of helix accomplish to be
organized into a parallel configuration. This type of struc-
tural arrangement is apparent in approximately all RNAs
possessing three or more helices (Heinemann and Roske
2020). A remarkable exception to this arrangement is tRNA,
inside of which two coaxial stacks are aligned perpendicu-
larly through the synergy of the D-loops and T-loops. In
addition, RNA helices are arranged in sequence motif that
supports secondary structure segments: internal bulges and
loops, terminal loops and multi-helix junctions (Hendrix
et al. 2005; Bittrich et al. 2020). One of the unexceptional
RNA motifs is the GAj; tetraloop, which contains the first
guanosine nucleotide along with the three-adenosine nucleo-
tides. This tetraloop represents a guanosine stack that is rec-
ognized by other RNA motifs including the tetraloop recep-
tor (Wu et al. 2012), which was reported in the subgroup of
di-cyclic guanosine monophosphate riboswitches (Sudarsan
et al. 2008). Two helices are anchored together in a side-by-
side adjustment throughout the interaction between loops
and receptors that facilitate parallel packing. Variations
were also observed in this terminal loop—internal loop in the
structures of the thiamine pyrophosphate (TPP) and lysine
riboswitches to execute the same structure consequences
(Garst et al. 2011; Anderson et al. 2019), sarcin—ricin loops
(Grundy et al. 2003), pseudoknots (McDaniel et al. 2005)
and T-loops (Barrick and Breaker 2007). Some riboswitches

RFN -35 -10 -35
5'

3!
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|
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TTGGGTAAATTGGCCCTTCGCATA TATAATAAGGCCCCC |TTGAAGATGTTGTAAAATTCATATACTAT GGAATGCCAA | AAA GGCCCTTCCCCCGGCGAATGGCC 3

17 bp spacer

possess multiple-helix junctions that contributed an impor-
tant part of riboswitches while their structure and sequences
vary, reflecting exclusive requirements for arranging the
flanking helices or introducing active sites (Scull et al.
2021).

Recognition mechanisms of effector
molecule by riboswitch

Properly folded structure of aptamer domain must succeed
with two interlinked cascade processes: (1) Recognition
of specific effector molecule and (2) communication with
expression domain. The first objective needed that the RNA
must be able to discriminate among similar compounds
present in the cell. For instance, the purine riboswitches
accomplish more than 10,000-fold strength to discrimi-
nate between guanine and adenine (Husser et al. 2021).
Although lysine riboswitch accomplished over a 5000-fold
strength of discrimination between lysine and ornithine.
In addition, amino acids are discriminated by 5000-fold
strength due to the presence of a single methylene group
at their side chain (Irla et al. 2021). Based on their effec-
tor molecule the purine riboswitches family is divided into
three classes, guanine/ frequent RNA building blocks that
are observed in riboswitches, such as kink-turns (k-turns)
(Schroeder et al. 2011), kissing-loop interactions hypoxan-
thine, adenine and 2'-deoxyguanosine (Polaski et al. 2016).
The purine riboswitch family of aptamers is described by
an ordinary conserved secondary and tertiary structure. In
each class of this family, the effector molecule is held by a
pocket constructed by the RNA three-way junction (Maty-
jasik and Batey 2019). The five-base triples model between
the nucleotide defines the basic architecture of the binding
pocket within the junction. At the central region, the base
triple is located and involved in ligand binding and the other
two-pyrimidine residues are involved in the recognition of
a particular nucleobase (Espah Borujeni et al. 2016). Each
functional group of the effector molecule is precisely rec-
ognized by H-bonding interactions, moderately justifying
the capability of the RNA to attain high specificity for this
particular compound (Weinberg et al. 2017). Especially, the
nucleobase does not stack above or below nitrogenous bases,
this feature is commonly found in the other riboswitches that

-10 -35 -10

NACCCATTTAACCGGGAAGCGTAT ATATTATTCCGGGGG | AACTTCTACAACATTTTAAGTAT ATGATA CCTTACGGTT JAAATTTCCGGGAAGGGGGCCGCTTACCGG 5§
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Fig.3 The structure of promoters P1, P2, and P3 of rib operon in Bacillus subtilis

Piedlae clodl ayao .
KACST ,161)lg rogLe Ll @ Springer



278 Page6of 14

3 Biotech (2022) 12: 278

recognize nucleobase-containing effector molecules (Stodd-
ard et al. 2008). A base-triple model of two pyrimidine resi-
dues with the effector molecule attains the purine, specific-
ity. The nucleotide located at the 74 positions participates in
the Watson—Crick base pair with the ligand favor the RNA to
distinguish between adenine and guanine/2’-deoxyguanosine
(Balasubramaniyam et al. 2021). The position of this nucleo-
tide is always exhibited in uridine and cytosine in adenine
riboswitches and guanine/2’-deoxyguanosine riboswitches
respectively. Similarly, the nucleotide located at position
51 forms a Watson—Crick base pairing with a ligand that
is used to distinguish between nucleosides and nucleobases
(adenine and guanine) (Balasubramaniyam et al. 2021). In
adenine and guanine riboswitches the nucleotide 51 always
acts as uridine whereas in 2'-deoxyguanosine riboswitches
it acts as cytosine. This cytosine shifts in the close vicinity
of the nucleotide 74 to open the binding pocket to recognize
the presence of 2'-deoxyribose sugar moiety (Sherlock et al.
2018). In consequence, the small sequence might change to
the aptamer structure and can create new riboswitches that
deal with chemically distinct effector molecules.

Ligand binding induces conformational
changes in the receptors

The effector molecules ensure that the aptamer domain must
acquire a flexible "open" state that permits the effector mol-
ecule to enter into the binding pocket, as a result, the con-
formational change in the region of the effector-binding site.
This phenomenon known as an induced-fit-binding mecha-
nism is a very ordinary attribute of RNA binding processes,
acting as in RNP structure organization (Kovach 2021). The
conformational changes in the aptamer domain of ribos-
witches are responsible to control the regulatory switch
in the expression platform which instructs the transcrip-
tion and translation mechanisms (Sinumvayo et al. 2018).
The Nuclear Magnetic Resonance (NMR) studies of purine
aptamers pbuE and xpt-pbuX reported that in the absence
of effector molecules, the nucleotides are completely disor-
dered in a specific region called three-way junction (Maty-
jasik and Batey 2019) even at comprehensive temperatures
the peaks of corresponding nucleotides are absent (Noeske
et al. 2007). These regions are continuously observed as the
same at the intensity of reactivity determined by SHAPE
chemistry (Hurst et al. 2018) and the in-line probing method
(Mandal et al. 2003). The data obtained from both NMR and
chemical probing methods indicated that the regions J1/2
and J2/3 of the aptamer domain are disordered due to the
absence of effectors molecule (Miao and Westhof 2017),
perhaps these elements make a flexible lid that covers the
docked ligand. In lysine riboswitch, ligand-induced folding
of the aptamer domain is identical to the purine riboswitch.
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The approach of small-angle X-ray scattering (SAXS) pro-
posed the global conformation of the ligand-binding pocket
in the solution (Drogalis and Batey 2020), indicating that
lysine aptamer is predetermined by Mg**. Although on the
N-methyl isatoic anhydride (NMIA) chemical probing data
exhibit a subset of nucleotides of five-way junction present
in a disorder manner under these disproportionate conditions
or absence of lysine (Garst et al. 2008). In the presence of an
appropriate concentration of lysine, the subset of nucleotides
is non-reactive to NMIA, demonstrating that lysine has par-
ticipated in the local organization of the five-way junction.
Interestingly, the fragments of RNA crystallize adequately in
the lacking conditions of lysine (Chillén and Marcia 2020),
enabling the free-state structure of aptamer for further
characterization. Even though the crystal structure of the
aptamer in both state free as well as bound is almost similar.
This indicates that the aptamers behave like an ensemble of
reciprocates structures in the solution and lysine restructures
the other binding component of the RNAs. The aptamer can
change its conformation and adopt a "bound-like" structure
in the absence of an effector molecule so lysine is neces-
sary to stabilize the crystallographically obtained structure
(Novoseltseva et al. 2018).

Riboswitch genetic control mechanisms

The feedback repression mechanism of genes inside a cell
is a dominant system to control genetic regulation, despite
the several riboswitches involved in the gene activation by
sensing the metabolite concentration (Bervoets and Char-
lier 2019). It is not caused by any limitations of the regula-
tory system or any deficiency in the RNA functions that
have caused riboswitches to be involved in gene regulation.
Somewhat, in bacteria, there is an incessant need to sense
the excess concentration of metabolites and to stop the
expression of particular genes involved in the biosynthesis
or transport pathway (Machtel et al. 2021). But in a cell, it
is less common to sense a similar compound and activates
gene expression for that particular compound (Winkler and
Breaker 2005). The riboswitches are predominantly used
two basic mechanisms to control gene regulation i.e. control
at transcription termination and control at the translation
initiation level. Although these mechanisms can harness
equal changes in the folding of the RNA structures contain
Watson—Crick base pairing (Scull et al. 2021). The natural
structure of aptamers is sub-sequentially reorganized upon
metabolite binding (Hermann and Patel 2000). After bind-
ing of metabolite the aptamer converts into a stable form
of the secondary and tertiary structure whereas, in the
absence of metabolite, the aptamer reveals heterogeneous
nature and is involved in the formation of alternative struc-
ture over the expression platform (Findeif et al. 2017). This
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metabolite-binding-dependent folding of the aptamer can
be exploited in many ways to regulate the expression of the
proximate coding region of the mRNA (Ge and Marchisio
2021).

FMN riboswitch (RFN element)-mediated
attenuation mechanisms of rib operon

Riboflavin biosynthesis metabolic pathway is extensively
distributed in eubacteria. But especially in Spirochetes, Rick-
ettsia and Mycoplasmas have neither rib operon nor RFN
element (Vitreschak et al. 2002). The RFN element is an evo-
lutionarily conserved region and is only located upstream of
the riboflavin biosynthesis and transporter genes. The ribo-
flavin biosynthesis genes form a single DEA/BTH operon
(Pedrolli et al. 2015a) in several LAB and Bacillus/Clostrid-
ium groups except for Streptococcus pyogenes, Enterococ-
cus faecalis and Listeria (Thakur et al. 2017). The absence
of rib operon observed in some bacterial species is com-
pensated by the presence of the riboflavin transporter YpaA
gene (Vogl et al. 2007). In the group of proteobacteria, the
redundancy of riboflavin biosynthesis genes is reported due
to the presence of paralog genes of ribH, ribE and ribB/A
(Fuentes Flores et al. 2017). Furthermore, in some bacteria,
ribB/A genes are fused or present as additional genes. In
proteobacteria, tightly RFN-regulated genes of the riboflavin
biosynthesis pathway are ribB and ribH2. The ribH2 gene is
a paralog to ribH gene and is located in the genome of some
a-proteobacteria (Nouwen et al. 2021). The RFN elements
are divided into two major groups based on the presence
of two evolutionary conserved regions; AGCG and GTC
AGCA, which exist inside the branching loops. The RFN
element recognized FMN which influences the structural
rearrangement of the mRNA (Winkler et al. 2002). In the
interhelical regions of the RFN element certain nucleotides
break spontaneously from their original position in the pres-
ence of FMN this suggested that these nucleotides interact
with FMN and form a stable FMN-RNA complex, which
controls the structural restraint to the mRNA (Ganser et al.
2020). It was reported that FMN regulates the riboflavin
biosynthesis operon and transporter ypaA genes in Bacillus
subtilis. Here we briefly illustrate the possible mechanism
of FMN-mediated regulation of rib operon via RFN element
(Averianova et al. 2020).

In the downstream of all RFN elements, either there is
a possibility to form a hairpin structure that is succeeded
by thymidine (terminators) or crisscrossing the translation
initiation site of the first transcribing gene of the operon
(sequesters) (Serganov et al. 2009; Gupta and Pal 2021).
Additionally, the RFN elements efficiently form alterna-
tive structures, inside of which the base stem of RFN ele-
ments communicates to the regulatory hairpin (terminator/

sequester). This trigger configures a structure substitute to
the regulatory hairpin, involved in transcriptional and trans-
lational attenuation mechanisms (Wang et al. 2019). Hence,
two different regulation mechanisms are reported, possible
attenuation of transcription by anti-terminator and possible
attenuation of translation via sequestering of the Shino—Dal-
garno (SD) sequence (Kochhar and Paulus 2010). Gram-
positive bacteria contain complementary sequences located
between the RFN element and translation initiation site capa-
ble to form a hairpin loop which acts as a Terminator-like
structure of RNA (Chetkowska-Pauszek et al. 2021).

Moreover, these complementary sequences are always
involved in the formation of new stable secondary struc-
tures, as previously reported these structures act as anti-
terminator (Hua et al. 2020). Excess concentration of FMN
inside a cell leads to preventing the formation/configuration
of an anti-terminator hairpin loop subsequently terminator
is formed and transcription is initially terminated (Strobel
et al. 2020). In the absence of FMN, the unstable structure
of RFN is replaced by stable and anti-termination favora-
ble conformation that allows the transcription continuously
(Wilt et al. 2020) (Fig. 4). In some riboswitches, the interior
of the expression platform is a helical element, which is
varying in length and the region of the SD sequence. This
helical element is called sequestering-helix because it has
the capability of base pairing to the SD sequence region
(Bhagdikar et al. 2020).

On the other hand, a fragment of the helix (mostly the
left half) is effective to pair within an oligonucleotide of the
aptamer domain (mostly the right half of the P1 helix) hence
configuring anti-sequestering helix (Findeif3 et al. 2017).
This fundamental structural organization suggests that these
riboswitches can regulate the initiation of translation effi-
ciently by occluding Ribosomal Binding Site (RBS) under
some specific conditions (Fig. 5a and b) (Chatterjee et al.
2021). Predominantly in Gram-negative bacteria, down-
stream of the RFN element, the RNA hairpins are used to
sequester the RBS (SD sequence) (Yakhnin et al. 2006).

Mostly, highly evolutionary conserved sequence GCC
CTGA, are reported which are overlaps with the pro-
spective sequester hairpin and showed complementary
sequence with the base stem of the RFN element (Wilt
et al. 2020). RNAs always used these two complemen-
tary sequences to form secondary structures, anti-seques-
ter, and these structures are highly stable than the RFN
element (Steinert et al. 2017). Probably, the proposed
mechanism of regulation of initiation of translation of
the riboflavin biosynthesis genes (rib operon) is closely
similar to the mechanism as discussed above (termina-
tion—anti-termination), but in this mechanism, SD-seques-
ter (Shine-Dalgarno sequence) is involved (Chandra
et al. 2017) rather than terminator or terminator hairpin
loops. Under repressive conditions, the RFN prevents the
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Fig.4 The predicted attenuation
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formation of the anti-sequester, and the anti-sequester
as well as SD-sequester inhibit the initiation of transla-
tion. In the de-repressing circumstances, RFN is replaced
by an anti-sequester, as a result, SD-box is released that
permits translation to begin (Chatterjee et al. 2021). All
riboswitches are selectively bound by their correspond-
ing ligand and control gene expression if any removal and
addition of a single functional group typically cause a less
binding affinity (Jones and Ferré-D’Amaré 2017).

Riboswitch-mediated genetic control at the transcrip-
tional as well as translational levels improves the meta-
bolic stability and survival strategy in bacteria and encour-
ages us to develop biotechnologically favorable strains
using genetic engineering techniques. The mutated strain
can be used for the synthesis of a particular metabolite
such as riboflavin (vitB2) and cobalamin (vitB12) at the
commercial level via biotechnology (Sherlock et al. 2018).
Hence, some metabolic effects of different riboswitch-
mediated regulations are discussed as follows:
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KACST3.060lq oglell 22 Springer

FMN riboswitch

The FMN riboswitch is more complex and more wide-
spread in bacteria and binds with FMN. In this riboswitch,
the RFN element controls the riboflavin (vitB2) biosyn-
thesis and transport genes. When RNA is incubated with
FMN, it undergoes structural change due to the binding of
FMN without requiring any proteins (Panchal and Brenk
2021). Part of this increase in structural complexity might
be required for the RNA to make productive interactions
with the phosphate moiety of FMN. The similar chemi-
cal riboflavin, which differs from FMN by the absence
of a single phosphate group, binds almost 100-fold more
tightly than the riboswitch found in the 5° UTR region of
the ribDEATH operon in Bacillus subtilis (Winkler and
Breaker 2005).

Coenzyme B,, riboswitch

Numerous bacterial species contain 1-13 representatives’
coenzyme B, or adenosylcobalamin-specific riboswitches
only in a single genome. This riboswitch controls the
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expression of cobalamin synthesis protein-producing genes,
but it may also regulate the expression of porphyrin and
cobalt transport genes (Osman et al. 2021). In specific situ-
ations, this riboswitch controls the expression of proteins for
succinate, glutamate and coenzyme B, independent ribonu-
cleotide reductase (Nahvi et al. 2002). The largest aptamer
domains of all-natural aptamers discovered to date are often
found in members of this class of riboswitches, indicating
that the structural requirements are high for an RNA that is
selectively recognizing this huge and chemically complex
metabolite (Garst et al. 2011).

Lysine riboswitch

Another class of riboswitches that preferentially binds to
L-lysine also seems to contain the k-turn motif. Again, this
structural component is probably crucial for this RNA to
fold extended stem — bulge elements into a more compact
RNA structure, as does another frequent RNA motif known
as loop E (Serganov and Patel 2009). Although the mini-
mal lysine-binding aptamer from the Bacillus subtilis lycC
mRNA has a low affinity (K;=1 uM), this low affinity may
be due to the large size and extensive nucleotide conserva-
tion of lysine aptamers, which may be required to create
a structure that excludes the numerous close analogous of
lysine that is found in the majority of cells (Elskens et al.
2020). For instance, the aptamer distinguishes between the
1 and d forms of lysine and disqualifies substances like orni-
thine, homolysine and 5-hydroxylysine because they have
a different side chain length or structure than I-lysine. The
compound S-2 aminoethyl L-cysteine (AEC) is one L-lysine
analog that the riboswitch binds to with a respectable affinity
(~30 uM) (Wickiser et al. 2005). AEC is an antimetabo-
lite that is poisonous to many bacteria and AEC-resistant
strains of Bacillus subtilis possess mutations that impair the
riboswitches ability to function and this mechanism makes
this observation noteworthy (Blount et al. 2007). Although,
the incorporation of AEC into proteins during translation
(in place of lysine) might produce the antimicrobial effects
observed in bacteria, the fact that AEC also activates ribos-
witch function suggests that at least some of the antimi-
crobial action of this compound could be attributed to the
repression of genes involved in lysine biosynthesis (Mach-
tel et al. 2016). Similarly, the other riboswitches could also
be used as inventive drug targets to develop new classes of
antibiotics.

Glycine riboswitch

In a wide range of bacteria, two remarkably comparable
RNA structures were conserved upstream of the glycine cat-
abolic and efflux genes (Khani et al. 2018). These domains
are often located in the 5’ UTR of genes that encode the
glycine cleavage machinery, which degrades glycine when
there is an excess of this amino acid present (Serganov and
Patel 2009). It was later discovered through biochemical
studies utilizing creations from the bacteria Bacillus subtilis
and Vibrio cholera that each conserved domain is associated
with a single glycine molecule. Surprisingly, these aptam-
ers reject chemical compounds with a similar structure, like
alanine, serine and dipeptide glycylglycine (Torgerson et al.
2020). It is even more remarkable to see that once glycine
binds to one aptamer domain, the second domain displays a
cooperative increase in glycine affinity of at least 1000-fold
(Butler et al. 2011). By variations in metabolite concentra-
tion that are much smaller than those seen with other ribos-
witches, this cooperative mechanism enables to control of
gene expression across its whole range (Garst and Batey
2009). The microorganisms that use a cooperative riboswitch
for glycine sensing may have a clear evolutionary advantage
because this particular class is typically used for controlling
glycine catabolism, in which over-expression would have
detrimental effects (Mandal et al. 2004). With the help of
a digital riboswitch, cells can maximally express glycine
cleavage system proteins when there is a slight excess of
glycine available and maximally suppress the expression of
these proteins when glycine concentration is getting close
to the critical limit for their critical use in protein synthesis
(Elskens et al. 2020).

Techniques used to study
riboswitch-mediated regulation

Riboswitches are dynamic RNA patterns, most frequently
found in the 5’ UTR region of bacterial mRNAs that regu-
late the transcription and translation of genes by undergoing
conformational changes upon binding of a ligand or metabo-
lite (Wilt et al. 2020). The small size of a typical ligand or
metabolite means that only a little amount of free energy
is available from ligand binding to break through the fre-
quently high energetic barrier of modifying RNA structure.
Instead, most riboswitches seem to use the ligand as a struc-
tural “linchpin” to change the kinetic partitioning between
different folds, using the directed and hierarchical folding of
RNA (Wu and D’souza 2020). Since they avoid the ensem-
ble averaging of bulk techniques, which obscures unsyn-
chronized, transitory and/or multi-state kinetic behavior, the
single-molecule (SM) microscopy technology is especially
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suited to explore such kinetically regulated RNA folding
(Wu et al. 2012). In response to the binding of a metabolite
or ligand that is small as compared to the riboswitch and/
or especially the gene expression machinery, the riboswitch
often undergo allosteric structural rearrangements (Sher-
wood et al. 2018). Because of this, the amount of binding
energy released through the net gain of just a few kcal/mol
of hydrogen bonds, ion—ion and/or stacking interaction
might be insufficient to overcome the potential high (tens to
hundreds of kcal/mol) free energy barriers to interconvert
alternate RNA secondary structure (Suddala et al. 2018).
Notably, the ligand frequently attaches as a structural “linch-
pin” to condense the aptamer and topologically close distal
RNA segments. Because of the directional and hierarchical
co-transcriptional folding of RNA, this may enable ribos-
witches to change the kinetic partitioning between various
RNA folds to bring distal sequence fragments closer during
transcription (Jones and Ferré-D’Amaré 2017). A branch
point in the folding landscape where a little free energy bias
can significantly affect the final secondary structure within
an acceptable time may be exploited (i.e. seconds rather than
days). SM approaches are frequently necessary for a quan-
titative description of the folding and unfolding of dynamic
structural motifs of riboswitches (Zhang and Ferré-D’Amaré
2014). The key determinants of whether the downstream
gene (s) are expressed, more specifically the kinetic varia-
tions of the riboswitch folding in the absence and presence
of ligand relative to the kinetics of the cellular gene expres-
sion machinery. Rapid uptake of SM approaches for studying
riboswitch processes is a result of their ability to specifically
detect and quantify rare molecular events, transiently, visited
states and different kinetic characteristics (Helmling et al.
2018).

In conclusion, the participation of non-coding RNAs
and untranslated regions of mRNAs over gene control
mechanisms seems to be more considerable than initially
believed. Several mechanisms involved in the expression
of small RNAs specifically recognize mRNAs and regulate
the gene expression of that particular mRNAs. These non-
coding RNAs or gene control factors could easily appear
through the evolutionary mechanisms, provided that con-
tingent base-pairing interactions with mRNAs influence cel-
lular gene expression. These non-coding RNAs, and ribos-
witches form a binding pocket for particular metabolites
and carry an essential domain that allosterically responds
to metabolite binding. To perform these functions there is
a need to attain specific structures by RNAs, which suggest
that riboswitches contain highly evolutionarily conserved
sequences. However, natural and artificial aptamers (engi-
neered aptamers) are shows high affinity and specificity for
a selected compound. In contrast, this cannot easily be pre-
cluding that ligands have not been changed over billions of
years. In addition, the biochemical and structural studies
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of riboswitches help to understand how non-coding RNAs
folded into a functional unit and allow us to make a clear
picture of the structures and functions of non-coding RNAs
and riboswitches.
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