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ARTICLE INFO ABSTRACT

Riboswitches are mostly cis-acting gene control elements residing at the 5-prime 
untranslated region of mRNAs in bacteria and archaea. Riboswitches control gene 
expression by directly binding their ligands without the need for any protein factors. 
Among the nearly 40 distinct riboswitch classes discovered, for the time being, there is 
only one riboswitch class with the dual function of both a self-cleaving ribozyme and 
a metabolite-responsive riboswitch. The glucosamine-6-phosphate-sensing ribozyme 
cleaves its mRNA upon binding to glucosamine-6-phosphate, which serves as a co-factor.  
As a result, it controls the gene expression of glmS mRNA as a riboswitch. Therefore, the 
translation of the enzyme glucosamine-6-phosphate synthase, essential for the synthesis 
of glucosamine-6-phosphate, is inhibited when there is enough glucosamine-6-phosphate 
in the bacterial cell. Glucosamine-6-phosphate is a key precursor for cell-wall synthesis 
mainly in Gram-positive bacteria.  Therefore, glucosamine-6-phosphate’s analogs that 
trigger self-cleavage of the glmS ribozyme may be used for antibacterial drug discovery. 
Here, we present a mini-review of currently known glmS riboswitch activators, which can 
play a role in substituting glucosamine-6-phosphate and possibly inhibiting pathogenic 
bacteria.
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Introduction
Riboswitches are regulatory RNA elements, which are usually 

found in the 5’-untranslated regions (UTR) of the gene in many 
bacteria.  They regulate gene expression by directly binding a specific 
ligand [1]. Most of the riboswitches are found using a combination 
of bioinformatics approaches and experimental methods such as 
inline probing of RNAs. The bioinformatics approaches including 
a search for conserved sequences (motifs) in non-coding regions of 
RNAs and their alignment with specialized software [2].  As a result 
of the bioinformatics research, riboswitch distribution throughout 
the three domains is almost exclusively found in the domain 
Bacteria and Archaea and is very rare in Eukaryota [3].  Bacterial 
riboswitches are potential targets for antibacterial drug discovery, 
and as such the glmS riboswitch presents a prospective target for 
novel antibacterial compounds [4,5].

The glmS riboswitch, also known as a glucosamine-6-phosphate 
activated ribozyme, is the first discovered naturally occurring 
catalytic RNA, which can sense a small molecule as a coenzyme 
[6].  It controls gene expression by mRNA destabilization by self-
cleavage. This unique characteristic makes the glmS ribozyme also 
a riboswitch the only discovered dual-functioning riboswitch/
ribozyme class. The specific ligand that is being recognized of the 
glmS riboswitch is glucosamine-6-phosphate (GlcN6P), which in 
cases of absence or a very low concentration does not activate the 
glmS riboswitch and the glmS mRNA is successfully translated into 
the enzyme glucosamine 6-phosphate synthase (Figure 1). The 
latter catalyzes the synthesis of the GlcN6P, which is an essential 
precursor for the cell wall in bacteria. When the concentration of 
GlcN6P is high enough for the bacteria on a micromoles scale, the 
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glmS ribozyme cleaves itself and down-regulates the glmS gene 
expression. Hence, GlcN6P synthase is not translated. 

The secondary structure оf the glmS riboswitch consists of 4 
highly conservative paired regions (P1-P4). The mechanism by 
which the glmS riboswitch is self-cleaved is suggested to be due 
to the GlcN6P binding to a pre-folded active site pocket (ligand-
binding pocket) and direct catalysis of the process with the support 
of Mg2+ [7]. Another research by Jansen et al. also suggests the 
direct involvement of the ligand as the cleavage site is at the 5′-end 
of the catalytic core of the riboswitch [8]. The ribozyme catalyzes 
transesterification, which is dependent upon the availability of 
the amine group in GlcN6P and its acid dissociation constant. As 
a result, there are 5′-hydroxyl and 2′,3′-cyclic phosphate termini 
of the cleavage products which do not integrate the ligand [9]. The 
free 5’- hydroxyl group is recognized by the bacterial RNase J and 
the latter degrades the glmS mRNA.

Current Glms Riboswitch Activators
As already mentioned, glmS ribozyme/riboswitch is 

programmed to sense the presence of the enzyme GlcN6P and 
selectively bind to it which leads to its self-cleavage and degradation 
of the glmS mRNA (Figure 1). This mechanism of gene regulation 

can be used for the development of novel anti-riboswitch drugs 
by substituting the original glmS cofactor/ligand. Some of the 
approaches in the research and development of new binding ligands 
include performing high-throughput assays (HTS), screening 
libraries with hundreds of small therapeutic chemicals [10,11]. 
Such assay was performed among 960 bioactive compounds, as 
only 5 were considered active [11]. To be considered as such, their 
fluorescence had to be more than 10 standard deviations higher 
in comparison with the mean of the fluorescence intensity in the 
control probes in the absence of the GlcN6P ligand. However, after 
retesting only 1 was found to successfully activate the riboswitch 
self-cleavage and that was the cofactor analog glucosamine. 
Glucosamine (GlcN) can activate the glmS riboswitch self-cleavage, 
while glucose-6-phosphate (Glc6P) and glucose (Glc) cannot, 
suggesting the partially dispensable phosphate moiety of GlcN6P 
and confirming the essential role of the anime group. However, 
glucosamine is a weaker activator in comparison with GlcN6P due 
to its inability to interact with the N1 of G1 through a phosphate. 
Meanwhile, it has been demonstrated that b-hydroxylamines such 
as TRIS can also activate self-cleavage in the bacteria B. cereus. This 
is possible due to the presence of amine and hydroxyl groups in a 
proper orientation [12].

Figure 1: Mechanism of the glmS riboswitch regulation. At low levels or full absence of intracellular glucosamine-6-phosphate 
(GlcN6P) in the bacterial cell, the enzyme glucosamine-6-phosphate synthase is translated and used for catalytic regulation in 
the biochemical pathway for synthesis of peptidoglycan. GlcN6P acts as a co-factor of the glmS ribozyme, which as a result 
goes through self-cleavage and leads to degradation of the glmS mRNA.

The prospect of using glmS riboswitch activators as antibacterial 
agents has been proven by investigating alternative compounds, 
demonstrating the antibacterial activity of carba-α-D-glucosamine 
(CGlcN), and carba-α-D-glucosamine-6-phosphate (CGlcN6P) in 
the highly pathogenic bacteria Staphylococcus aureus [13]. Also, 
the same team discovered that fluoro-carba-sugars such as (5aR) ‐
Fluoro‐carba‐α‐D‐glucosamine‐6‐phosphate are also glycomimetic 
activators of the glmS riboswitch [14]. They mimic the natural 
sugar conformations and successfully activate the self‐cleavage 
mechanism in glmS in both Bacillus subtilis and Staphylococcus 

aureus. However, they are still less active than the non-fluorinated 
analogs in the research. 

Discussion
Targeting various RNAs has emerged as one of the most 

promising approaches in the battle with antibiotics resistance in 
bacteria. For instance, riboswitches with their highly conserved 
sequences and often-essential roles in bacterial metabolism are 
considered as potential new targets. Performing high-throughput 
screening assays for drug-like compounds, including for glmS 
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ribozyme activators, cannot always be a useful method as the 
currently available chemical libraries are of limited diversity. Even 
so, it is a good starting point for finding analogs, which activate 
the self-cleavage mechanism, and analyzing the reasons why 
some of them have higher activity than others. In addition to HTS, 
novel approaches might be more successful in the search for pro-
antibacterial and highly active substitutes for the glmS ligand. Such 
techniques can be the application of the antisense technology of 
engineered phage therapy [15].

Conclusion
Some riboswitches, and particularly the glmS riboswitch, 

are being employed as new targets for the development of novel 
antibacterial agents. However, there are still not many discovered 
glmS substitute activators and hence inhibitors of the bacterial 
growth in vivo. Nevertheless, we strongly believe based on our 
current research that such inhibitors can be developed soon.
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