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ABSTRACT DNA strands consisting of multiple runs of guanines can adopt a nonca-
nonical, four-stranded DNA secondary structure known as G-quadruplex or G4 DNA.
G4 DNA is thought to play an important role in transcriptional and translational
regulation of genes, DNA replication, genome stability, and oncogene expression in
eukaryotic genomes. In other organisms, including several bacterial pathogens and
some plant species, the biological roles of G4 DNA and G4 RNA are starting to be
explored. Recent investigations showed that G4 DNA and G4 RNA are generally con-
served across plant species. In silico analyses of several bacterial genomes identified
putative guanine-rich, G4 DNA-forming sequences in promoter regions. The sequen-
ces were particularly abundant in certain gene classes, suggesting that these highly
diverse structures can be employed to regulate the expression of genes involved in
secondary metabolite synthesis and signal transduction. Furthermore, in the patho-
gen Mycobacterium tuberculosis, the distribution of G4 motifs and their potential role
in the regulation of gene transcription advocate for the use of G4 ligands to develop
novel antitubercular therapies. In this review, we discuss the various roles of G4
structures in bacterial DNA and the application of G4 DNA as inhibitors or therapeu-
tic agents to address bacterial pathogens.

KEYWORDS G-quadruplex, transcriptional and translational regulation, host-pathogen
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In 1910, the ability of guanylic acid to form a gel at high concentrations was first
reported (1). In 1960, fiber diffraction and biophysical methods revealed the forma-

tion of G-quartets via Hoogsteen-bonded guanines (2–5). Later, formation of more
complex structures involving multiple G-quartets under nearly physiological conditions
was observed in vitro with G-rich sequences from telomeres or immunoglobulin
switching regions (6, 7). Correspondingly, guanine-rich sequences, which are wide-
spread in DNA and RNA, possess an inherent propensity to fold into a four-stranded
structure known as a guanine quadruplex, G-quadruplex, or G4 (8, 9). To form this sec-
ondary structure, multiple runs of guanines (at least four runs of guanines) are
required. Four guanine bases are bound together by Hoogsteen bonding and present
a square planar formation, making one G-quartet or G-tetrad (10). Two or more G-quar-
tets stack on top of each other to form a G-quadruplex.

Based on the number of guanines present in each run or tract involved in quartet for-
mation, G4 structures can be categorized into different types. G-quadruplexes with two
or three guanine bases in each, which are able to form two or three G-quartets, respec-
tively, are referred to as G2 or G3 type. Similarly, four G-quartets, consisting of four
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guanine bases in each run stacked on top of each other, form a G4-type G-quadruplex.
The guanine bases that are involved in quartet formation form the stem of the G4 struc-
ture, whereas the intervening sequences form loops of varying lengths and nucleotide
composition. In addition, the presence of monovalent cations such as Na1 and K1 con-
tributes to the folding and stability of these secondary structures (11). Depending on the
number of DNA strands involved, G-quadruplexes can be categorized as intramolecular
(a single DNA strand forming a G4) or intermolecular (multiple DNA strands involved in
forming a G4) (12, 13) (Fig. 1). Based on the relative orientation of the DNA strands
involved, a G-quadruplex is termed “parallel” if all strands are in the same orientation
or “antiparallel” if one strand has a 59 to 39 direction, opposite the other DNA strand
(14) (Fig. 1).

For in silico prediction of putative G-quadruplex-forming sequences (GQFSs) in the
genome, there are several easily accessible, widely used algorithms, such as Quadparser,
G4 calculator, QGRS Mapper, and QuadBase (15–18). Analyses of G4 motif distributions
in human, Saccharomyces cerevisiae, and a number of prokaryotic genomes confirmed
evolutionary conservation of the G4 motifs and their enrichment in certain functional
regions (19–28). In a wide range of organisms, association of G4 motifs with specific
genome features demonstrates that G4 DNA has in vivo functions that are under

FIG 1 Schematic categorization of G4 DNA based on DNA strands. (A) Intramolecular type of G4 DNA
(involving only one DNA strand in the formation of the quadruplex structure). (B) Intermolecular type
of G4 DNA (involving two or more DNA strands in the formation of the quadruplex structure). The
direction of the DNA strands is indicated by arrowheads.
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evolutionary constraint. Also, in plant species, including Arabidopsis thaliana, Zea mays,
Oryza japonicum, and Oryza sativa, the abundance of GQFSs upstream or downstream
of the transcription start site of a gene suggests their role in the regulation of gene
expression (22, 23). Gene ontology analyses have predicted the regulatory role of
G-quadruplexes during cellular responses to DNA damage and other internal and
external cues, such as sugar availability and metabolic and energy status (24).

In eukaryotes, G4s are particularly abundant within regulatory elements of both
genomic DNA and mRNAs (20, 25). In addition, G4s are enriched at chromosomal telo-
meric sequences (26–28), promoter regions and transcription start sites (29–33), splice
sites (34), and 59 and 39 untranslated regions (UTRs) of mRNAs (35–37). The presence of
G4 at 59 UTRs in mRNA suggests a regulatory role of G4s in gene expression, through
either inhibiting or promoting translation (38), whereases G4s within 39 UTRs of mRNA
are hypothesized to obstruct translation and to regulate polyadenylation, as well as
subcellular localization of mRNAs (39–42). At the level of transcription, G4 DNA appears
to play a regulatory role in a position- and orientation-dependent manner (see Fig. 4)
(43, 44). G-quadruplexes are also present in the promoter regions of numerous proto-
oncogenes, including bcl-2 (45), c-myc (29), c-kit (46, 47), c-myb (48), VEGF (49), KRAS
(50, 51), and HIF-1 (52), which further suggests their role in the development and
progression of cancer.

The study of G4 DNA has emerged in the forefront of research because of its
proposed role in several biological functions, ranging from physiology to pathology, in
various forms of life, including humans, bacteria, protozoans, viruses, and plants (24).
The role of G-quadruplexes in recombination and replication has been implicated and
generally appreciated in recent years, although it is still relatively less understood
(53–56). The significance of G4 DNA has been enhanced by recent technological
advances allowing in vivo detection and verification of the presence of G4 DNA. In par-
ticular, the G4 DNA-specific antibodies 1H6 and BG4 emerged as valuable tools for
studying G4 DNA in cells (57–59). The presence and formation of G4 structures in
human and murine cells were first determined based on the intensity of 1H6 nuclear
staining, which becomes stronger upon stabilization of G4 structures by treatment
with agents, as well as in cells lacking a G4 DNA-specific helicase (FANCJ) (57).
Additionally, DNA and RNA G-quadruplex structures within human cells were visualized
by using a G-quadruplex-structure-specific antibody (BG4) (58, 59). Using the BG4
antibody, the same laboratory identified G4 DNA-containing genomic loci in human
breast adenocarcinoma cells by chromatin immunoprecipitation followed by deep
sequencing (ChIP-seq) (60). In prokaryotes, the biological significance of G4 structures
is yet to be significantly appreciated. Only sparse reports are available regarding the
possible roles of G4 structures in prokaryotes in the context of either gene regulation
or genome instability (61). In the current review, we attempt to highlight the presence,
importance, and biological role of G4 DNA in bacterial genomes, along with the
application of G4 aptamers in targeting bacterial pathogens.

G4 DNA-FORMING SEQUENCES IN BACTERIA

In yeast and mammalian systems, bioinformatic analyses of the genomes identified
putative G4 sequences that were further confirmed by identification and mapping
using the G4-specific antibodies. Those studies have provided information about the
biology of G4s in transcriptional regulatory regions, which suggests that they are
involved in a broad range of biological processes (24). However, information regarding
the dynamics of G-quadruplexes in bacterial cells remained very sparse until recently,
when in silico analyses of bacterial genomes gave insight about the occurrence of
these secondary structures in the genomes, specifically in genes that are involved in
virulence and pathogenesis. These studies in microbes together propose a regulatory
role for G4s in gene expression.

In 2006, in silico analyses showed the enrichment of G4s in putative regulatory
regions across 18 prokaryotic genomes, including that of Mycobacterium tuberculosis
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(20). Those computational studies highlighted the need to experimentally confirm the
in vivo existence of G4 DNA and further to evaluate the function(s) of G4s in biologi-
cally relevant contexts to gain insight about their potential as therapeutic targets.

In the past few years, genome-wide analyses of the occurrence and distribution of
GQFSs in the genomes of bacterial human pathogens have become a prime interest,
owing to their roles in survival, propagation, and pathogenesis (20, 62–64). The discov-
ery of conserved G-quadruplex structures in various bacterial strains can lead to the
development of an effective therapy for drug-resistant and susceptible strain alike to
manage the infections caused by bacterial pathogens.

Computational analyses of 18 bacterial genomes identified enrichment of GQFSs in
regulatory regions within 200 bp upstream of coding regions (20, 65). Moreover, cluster
analyses of another 19 well-annotated bacterial species showed that gene groups
with G4 DNA are distributed nonrandomly and are associated with specific functions
(66). In Escherichia coli, G4 DNA is associated with target sites of the global regulators
FIS and Lrp and the sigma factor RpoD (s70) (20). Overall, these in silico analyses found
that, in multiple bacterial systems, GQFSs are enriched in the promoter regions of
genes that are associated with transcription, secondary metabolite biosynthesis, and
signal transduction (20). Such distribution suggests a specific regulatory role for GQFSs
in prokaryotes. Additionally, GQFSs were present between the genes that encode
two-component system response regulators, pyrophosphokinases, and diguanylate
cyclases, with an average distance of ;84 bp from the start of the following coding
regions (20).

In general, GQFS frequencies were correlated with the GC contents of the genomes.
An exception to this rule was observed in the phylum Proteobacteria, which includes a
wide variety of pathogens such as Escherichia, Salmonella, Vibrio, Helicobacter, Yersinia,
and Legionellales species (67). The genomes of these microbes have high GC contents
(.50%) but exhibit relatively lower GQFS densities. In thermophiles, however, higher
frequencies of GQFSs were observed in their genomes than expected by random
chance (67). The highest density of GQFSs was found in the Deinococcus-Thermus
phylum, with genomes with high GC contents (.60%), followed by Actinobacteria
(67, 68). Also, in the Deinococcus-Thermus phylum, the GQFS distribution has evolved
to be uniquely different from those of other closely related species. For instance, G-rich
sequences were found to be randomly distributed in the order Thermales, whereas
GQFSs were abundant in the order Deinococcales and enriched at locations proximal to
the transcription start sites of genes. The occurrence and favored enrichment of GQFSs
around regulatory regions such as those near or around the transcription start sites in
the genomes of stress-resistant bacteria of Deinococcales suggest their role in gene
regulation. In contrast, in other thermophiles such as Hadesarchaea archaeon, a ran-
dom distribution of frequently occurring GQFSs may be associated with their extremo-
philic life at high temperatures (67). However, further work would be necessary to suffi-
ciently compare G4 densities in acidophilic, thermophilic, halophilic, and psychrophilic
organisms. Future studies could focus on the specific archaeal GQFS loci, for example,
genes with high phylogenic conservation (69), answering questions regarding whether
the G4-dependent regulatory mechanism is universal or confined to a given domain.

REGULATORY ROLE OF G4 DNA IN BACTERIA

In bacterial genomes, analyses of relationships between functional classes of genes
and the presence of G-quadruplexes in gene promoters were conducted both at a
genome-wide level and in individual genes. The occurrence of G4 DNA in the pro-
moters of key genes is likely to impart species- and gene-specific functional attributes
and may play a critical role in a certain cellular pathway (66).

(i) Functional variability of G-quadruplexes within promoter regions. As men-
tioned earlier, the order Deinococcales, which includes stress-resistant bacteria, exhibits
favored enrichment of GQFSs around regulatory regions. Deinococcus radiodurans and
Deinococcus geothermalis are able to withstand high levels of radiation (66, 70, 71). In
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silico analyses of the genome of D. radiodurans confirmed enrichment of GQFSs in pro-
moters of key genes, strongly suggesting a regulatory role of G4 in the response to
radiation (66). For instance, the presence of G4 in the promoter regions of recA, recF,
recO, recR, and recQ genes, which are important components of the RecF recombina-
tional DNA double-strand-break repair pathway, suggested that promoter G4s
influence selective functions and regulate expression of the DNA repair proteins
required for radioresistance. In an effort to determine the functional relevance of G4
DNA in microorganisms, intracellular quadruplex-binding ligands such as N-methyl
mesoporphyrin (NMM) have proved to be very useful tools. Stabilization of the G4
structure by NMM repressed the gamma radiation response of many DNA repair genes
and attenuated the radioresistance of D. radiodurans and D. geothermalis (66) (Fig. 2
and 3). However, the precise mechanism underlying the role of G4 in radioresistance is
not yet known and would be worth further investigating (71). In a Gram-negative soil
bacterium, Paracoccus denitrificans, G-quadruplexes were identified in the promoter
region that activates transcription of the nas genes (assimilatory nitrate/nitrite reductase
system) (72). Stabilization of this secondary structure using a G4 ligand resulted in
attenuation of gene transcription, indicating G4-mediated regulation of bacterial nitrate/
nitrite metabolism (Fig. 2). InM. tuberculosis, G4-mediated positive transcriptional regula-
tion has been demonstrated for zwf1 (glucose-6-phosphate dehydrogenase 1), clpx (ATP-
dependent Clp protease), mosR (oxidation-sensing regulator transcription factor), and
ndhA (membrane NADH dehydrogenase) (73). Additionally, in a recent study of G-quad-
ruplexes in M. tuberculosis, G4 ligands inhibited growth with MICs in the low micromolar
range (64). These data support the in vivo formation and functional relevance of G4 DNA
in M. tuberculosis and their potential role in the regulation of gene transcription, and
they suggest the use of G4 ligands for developing novel antitubercular agents (61).

(ii) Significant role of G-quadruplexes in essential genes. A study of all 160 repre-
sentative M. tuberculosis genomes found in the NCBI database revealed the occurrence

FIG 2 Graphical diagram representing the regulatory role of G-quadruplex sequences in replication and transcription (by either inhibiting or promoting
expression). The presence of secondary structure G4 DNA stalls DNA replication in many bacterial species, while the destabilization of G4 DNA in the
presence of helicase enzymes Rec Q, Rec A, and UvrD (studied in E. coli) and UvrD1, UvrD2, and DinG (investigated in M. tuberculosis) and topoisomerase
DraTopoIB of M. tuberculosis results into the resumption of stalled DNA replication. The transcriptional regulation of many genes is observed to be either
continued or hindered by G4 DNA in many bacteria. With the use of certain ligands such as NMM and TMPyP4, G4 DNA is stabilized and transcription of
genes such as recA, recO, recF, recR, and recQ in D. radiodurans, espK, espB, and cyp51 in M. tuberculosis, and nasT in P. denitrificans is observed to be
obstructed.
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of highly conserved G-quadruplexes in three essential genes, i.e., espK, espB, and cyp51
(64). Functional assays (e.g., polymerase inhibition and quantitative reverse transcrip-
tion-PCR assays) and biophysical characterization (e.g., NMR, circular dichroism, and
gel electrophoresis) of these G-quadruplexes in the presence of the G4-stabilizing
agent tetra-(N-methyl-4-pyridyl)porphyrin (TMPyP4) revealed the formation of stable
intramolecular parallel G4 DNA structures. In this experiment, it was also shown that
TMPyP4 inhibited the intracellular transcription of these G-quadruplex-containing
genes (Fig. 2). The occurrence of these highly conserved G-quadruplexes suggests
their conserved role in bacterial survival and pathogenesis and demonstrates that
these G-quadruplexes can be considered as potential drug targets for the development
of effective antituberculosis therapeutics.

In Streptococcus pneumoniae, detailed analysis of G4 structures in all 39 completely
sequenced strains available revealed the presence of highly conserved, putative GQFSs
in three essential genes (recA, pmrA and hsdS) (74). All three genes are virulence genes
that are important in recombination repair, drug efflux, and host-pathogen interac-
tions. The conservation of G-quadruplex motifs in these three virulence genes among
various S. pneumoniae strains promises a formulation of a universal drug target against
S. pneumoniae infection.

(iii) Impact of strand orientation and position of G4 on bacterial gene
expression. In eukaryotic systems, several reports indicate strand-orientation-
dependent effects of G4 DNA in regulating gene expression at the transcriptional or
translational level (75). Since major differences in transcription and translation

FIG 3 G-quadruplex-mediated regulatory mechanism of radioresistance in D. radiodurans.
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machinery exist between prokaryotes and eukaryotes, data generated in eukaryotic
systems regarding the orientation-dependent effect of G4 DNA cannot be readily
applied to gene regulation in prokaryotic systems. Seminal work performed by two in-
dependent groups to understand the functional significance of G4 in bacterial biology
and the impact of G4 orientation on gene regulation in bacterial systems has been
summarized in Fig. 4 (20, 44). A key question regarding the G4-mediated regulation of
gene expression in bacterial systems was asked by Holder and Hartig using E. coli as a
model system (44). To check the positional and strand orientation effects of G-quadru-
plexes on gene expression, a reporter gene construct containing a GQFS at various
positions inserted into the promoter, 59 UTR, or 39 UTR was developed. The result of
this experiment showed that the presence of G4 sequences within the promoter and
in proximity to the ribosome-binding site exhibited strong inhibitory effects on gene
expression, which led to the conclusion that the exact position and strand orientation
of these secondary structures significantly influence the transcription and translation
machinery. In bacterial systems, G4-mediated bacterial gene regulation occurs at both
the transcriptional level and the translational level, as insertion of G-rich sequences
on the antisense strand of the core promoter resulted in a decrease in gene expression
at the transcriptional level.

Binding of the RNA polymerase (RNAP) to the promoter region is essential for
initiation of transcription. The sigma70 factor of the RNAP, which binds to the210 and
235 regions, plays an important role in promoter recognition and subsequent unwind-
ing of double-stranded DNA (dsDNA) or promoter melting (76). After initiation of tran-
scription, a 10-nucleotide transcript is generated, which causes release of the sigma70

FIG 4 Effects of G-quadruplexes with respect to positioning and strand orientation. (A) G4 DNA formed in different regions on the sense and antisense
strands. (B) The presence of G4 quadruplexes on the sense strand leads to inhibition of gene expression by formation of a DNA-RNA hybrid. (C) In the
presence of these secondary structures on the antisense strand, both mRNA expression and inhibition occur. In the presence of transcription factors (TFs)
and RNAP in the upstream or downstream promoter region, near the 59 UTR of mRNA, or within genes, mRNA expression is downregulated; the presence
of a G-quadruplex in the 39 UTR of mRNA shows no significant effect. RNAPs can also upregulate gene expression. (D) G4 sequences present in the 59 UTR
of mRNA, in the gene body, within genes, and in the 39 UTR of mRNA can either inhibit, upregulate, or downregulate protein expression. P, promoter.
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factor from the promoter and initiation of the elongation phase (77, 78). Adoption of
the DNA secondary structure by G-rich sequences in the promoter regions of the anti-
sense strand hinders the binding of sigma70 factor and thus inhibits transcription; in
the downstream region of the promoter, RNAP actively separates the dsDNA, which in
turn would facilitate the formation of G4 DNA. The antisense strand would be in a sin-
gle-stranded confirmation, supporting and helping to separate the dsDNA, which
would contribute to increases in gene expression (77, 78).

Moreover, the occurrence of G-rich sequences in the open reading frame (ORF)
region of the gene causes inhibition of initiation of translation and elongation in E. coli
(79). In silico analysis of the E. coli K-12 genome led to the identification of 46 GQFSs
that coincide with the Shine-Delgarno (SD) sequences on the coding strand. Formation
of these secondary structures at SD regions putatively complicates the binding of ribo-
some machinery to the SD region and thereby decreases protein expression (80). An
experiment employing an artificial reporter showed that G4 DNA located at the ribo-
somal binding site within mRNA inhibited protein expression in E. coli and the level of
repression was dependent on the thermodynamic stability of the G4 structures (80). A
more recent work demonstrated that the presence of G-quadruplexes in mRNA can
lead to ribosome stalling and a21 ribosomal frameshift (81).

Analogous to the role of G4 DNA in plants, where G4 DNA regulates the expression
of genes involved in several pathophysiological conditions, including responses to
biotic and abiotic stresses as well as DNA damage, G-rich sequences present in bacte-
rial systems might have the propensity to form these secondary structures under cer-
tain physiological conditions. During osmotic shock and general stress responses, the
intracellular potassium (K1) concentration increases, which is a condition known to
facilitate G-quadruplex formation (82, 83). Differential gene regulation mediated by
these secondary structures is thereby postulated to be a potential mechanism to cope
with adverse conditions. In this context, putative G-quadruplexes have been identified
in the 59 UTR of several stress-related genes, suggesting that these highly diverse struc-
tures in microbes can be employed to regulate gene expression under stress response
conditions involving the expression of oxyR, relA, and/or rseA. OxyR is a transcriptional
regulator in the oxidative and nitrosative stress responses (84, 85). The enzyme
encoded by relA is involved in the responses to adverse conditions (86). RseA is
involved in heat shock, osmotic shock, and other stress responses (87). These findings
strongly support the role of G4 motifs as regulatory elements involved in responses to
adverse condition or environmental changes. For pathogenic microbes, adaptation to
different conditions during host-microbe interactions is regulated by several complex
and overlapping pathways, which makes it difficult to clearly deduce the role of these
transient structures formed in vivo.

ROLE OF G4 DNA IN PATHOGENESIS

In many bacterial pathogens, such as S. pneumoniae and M. tuberculosis, G4 DNA
appears to be an important element in the mechanism of transcriptional regulation
(64, 73, 74). As described above, G-quadruplexes are found to be highly conserved in
the promoters of multiple essential genes in these organisms. In this section, we
discuss additional reasons why G-quadruplexes might contribute to the virulence of
bacterial pathogens.

(i) Antigenic variability in pathogenic microbes. In some pathogenic microbes,
G4 DNA-mediated programmed recombination facilitates antigenic variation of certain
surface-expressed immunogenic proteins. This process of antigenic variation helps the
pathogens evade the host immune system and has been implicated as playing an
important role during host-pathogen interactions. In Neisseria gonorrhoeae, a causative
agent of gonorrheal infection, a 16-nucleotide sequence containing multiple runs of
guanine (59-GGGTGGGTTGGGTGGG-39) is located upstream of the transcription start
site for the pilin protein gene (pilE) (62). In addition, a small noncoding RNA (sRNA) pro-
moter was found adjacent to G4 DNA and upstream of the pilE promoter in an
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opposite orientation of transcription. N. gonorrhoeae contains multiple silent pilin
donor cassettes (pilS), which are used for pilE antigenic variation via a homologous
recombination process. The antigenic variation ability of N. gonorrhoeae was abolished
by mutations disrupting the G4 DNA folding, indicating that secondary DNA structure
formation is a key step in the homologous recombination between pilE and pilS. The
antigenic variation is thought to initiate upon the formation of G4 DNA upstream of
the transcription start site for pilE, causing nicks in the DNA (88–90). The G4-mediated
DNA break is then further processed by the recombination process, which uses one of
the pilS donor cassettes as a template, leading to a change in pilE sequence (91). The
strand orientation and direction of the G4 motif present at the promoter of the pilE
gene have a significant effect on the recombination process required for antigenic vari-
ation. When the G4 motif is located on the nontranscribed strand, the DNA-RNA hybrid
would be generated on the C-rich transcribed strand, which in turn would facilitate the
adoption of the secondary structure (i.e., G4 DNA) on the nontranscribed strand (91).
However, when G4 motifs were placed in different configurations i.e., on the tran-
scribed strand (inverted), in the reverse direction on the nontranscribed strand
(reversed), or in the reverse direction on the transcribed strand (reversed and inverted),
pilin antigenic variation was abolished, which suggests that both the correct orienta-
tion and the correct direction are required for the G4 structure to form and to function.
Similarly, for the sRNA with the G4 motif acting in cis, the orientation and direction of
the sRNA at the endogenous locus were critical for its function. These results suggest
that the G4-mediated break is a key step in the process of pilin antigenic variation.
Replacement of G4 DNA by an I-SceI cut at the pilE G4 sequence did not yield any anti-
genic variants, which emphasizes that pilE G4 requires either a different type of break,
a nick, or more complex interactions with other factors to stimulate this programmed
recombination system to promote pilin antigenic variation (92). In addition, transcrip-
tion of cis-acting RNA (G4-sRNA) encoded within G4 DNA of pilE was also found to be
essential for pilin antigenic variation (93). Significant changes in the size and
nucleotide composition of the loop with the core guanine unchanged decreased or
abrogated pilin antigenic variation due to the decrease in the thermal stability of
pilE G4, which demonstrates the importance of folding kinetics and stability of G4
structures for pilin antigenic variation (94).

Similar to N. gonorrhoeae, the human pathogen Borrelia burgdorferi, the causative
agent of Lyme disease, also undergoes the modification of a surface-exposed protein
of unknown function, VlsE, which allows the pathogen to escape detection by the host
adaptive immune system (95–97). This process is also putatively accomplished through
G4-mediated homologous recombination between VlsE and one of the many silent
cassettes with homologous sequences. Also, in Treponema pallidum, a G-rich sequence
motif (d[(G4CT)3G4]) is potentially involved in the antigenic variation of the surface-
exposed antigen TprK protein, which plays an important role in both treponemal
immune evasion and persistence. Nonreciprocal gene conversion between the tprK
expression site and donor sites causes tprK heterogeneity. Comparative genomic analy-
ses of the donor sites, as well as the tprK expression sites, among different T. pallidum
isolates were performed to understand the diversification of tprK during infection (98).
The T. pallidum d[(G4CT)3G4] sequence motif was found to be highly overrepresented
(in total, 58 times) in a diversity of bacterial genomes, including Burkholderia, Frankia,
Salmonella, Shigella, and Geobacter strains. The d[(G4CT)3G4] pattern, which has a strin-
gent selectivity for K1 as the G4-stabilizing ion in vitro, was equally distributed at the
ORFs and the UTRs (99).

(ii) RNA G-quadruplexes associated with bacterial pathogenicity and virulence.
G-rich RNA sequences can adopt diverse RNA G-quadruplex (rG4) structures and are
involved in various biological functions and cellular processes (100). In eukaryotes,
rG4s are associated with telomere elongation, recombination, and transcription, as
well as RNA posttranscriptional mechanisms (including pre-mRNA processing and
mRNA turnover, targeting, and translation), and have a role in cancer and
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neurodegeneration (101, 102). However, the presence and role of rG4s in prokaryotes,
especially in bacterial species that are human pathogens, are not much appreciated.

A 2016 study conducted by Guo and Bartel showed the occurrence of fewer rG4s in
bacterial systems, compared to eukaryotes (103). Interestingly, only one rG4 site was
found in Pseudomonas putida, an opportunistic human pathogen with a high GC
content. In contrast, thousands of RNA regions in eukaryotic genomes have repetitive
G-rich sequences that can fold into rG4s in vitro. In vivo, these regions of RNA were
mostly unfolded, as indicated by their accessibility to dimethyl sulfate modification
(103). Transcriptome-wide rG4 sequencing analyses and subsequent biophysical, func-
tional, and phenotypic characterizations in a wide range of bacterial species revealed
that rG4s are abundant RNA secondary structures (104). Interestingly, these rG4 sites
were enriched among genes involved in virulence, gene regulation, cell envelope syn-
thesis, and metabolism in pathogenic bacteria. Such an indication of rG4-mediated
regulation of bacterial pathogenicity and metabolic pathways in a wide range of bacte-
rial species suggests that rG4s hold the potential to serve as therapeutic targets.

In addition to rG4 formation, DNA-RNA hybrid G4 structure (HQ) formation during
transcription was reported for an E. coli plasmid. HQs are a new type of G-quadruplexes
that form during in vitro transcription and are more prevalent and abundant than DNA
G-quadruplex (DQ)-forming motifs in genes (105). A unique distribution of HQs in ani-
mal genomes and their correlation with transcription suggest a role of HQs in the regu-
lation of transcription. It was recently suggested that the formation of HQs dominates
over that of DQs in cells and that conversion/competition between HQs and DQs may
regulate transcription (106).

RESOLUTION OF G-QUADRUPLEXES IN BACTERIA
(i) Role of topoisomerase. The molecular mechanisms underlying the regulation

of G4 DNA formation and resolution have not been sufficiently studied in bacterial
pathogens and need to be further explored. In yeast genomes, the role of topoisomer-
ase I in the inhibition of genomic instability associated with highly transcribed
G4 motifs has been extensively studied (107). Similarly, the role of human topoisomer-
ase I in the resolution of G4 DNA structures has been reported (108). In D. radiodurans,
K1-dependent type IB topoisomerase, DraTopoIB, mediates the resolution of G4 DNA
(109). In the standard Taq DNA polymerase stop assay, DNA synthesis past the G4 motif
in the template is hampered in the presence of G4-binding drugs (110). However, incu-
bation of the G4 DNA-containing template with recombinant DraTopoIB expressed
and purified from E. coli led to the full-length product, which suggests that DraTopoIB
is capable of destabilizing these secondary structures. Treatment with the topoisomer-
ase I inhibitor camptothecin restored the polymerization block at G4 DNA, suggesting
that the catalytic activity of DraTopoIB is required to resolve the parallel G4 DNA.
Future studies are needed to test whether such a role of DraTopoIB as a G4 resolvase
has significant relevance in the regulation of gene expression under G4 DNA control.

(ii) Role of DNA helicases. In eukaryotes, several different classes of DNA helicases
have been proposed as the major G4 DNA resolvases. These classes include the RecQ
family (human BLM and WRN and yeast Sgs1), XPD family helicases with 59 to 39 direc-
tionality (human FANCJ and Caenorhabditis elegans DOG-1), and the Pif1 family (32,
111–115). In S. cerevisiae, Pif1 is essential for genome integrity and helps in resolving
G4 DNA. In Schizosaccharomyces pombe, the absence of Pfh1, which is an ortholog of
Pif1, leads to replication fork slowing and chromosomal fragility around G4 sites,
although Pfh1 is not involved in replication fork progression in general (114, 116–118).
RecQ family helicases are a large family of proteins found in both microbes and eukar-
yotes and include enzymes such as BLM, WRN, and RECQ4 in humans and Sgs1 in
yeast. In E. coli, bacterial RecQ helicase resolves G4 structures in an ATP-dependent
manner in the presence of divalent cations as cofactors (119). NMM, a G4 ligand, is a
highly specific inhibitor of RecQ helicase activity on G4 substrates but has no inhibitory
effect on RecQ helicase activity on non-G4 duplex DNA (119). In addition to RecQ heli-
cases, UvrD, which is a multifunctional helicase/translocase, plays a role in resolving G4

Minireview Journal of Bacteriology

July 2021 Volume 203 Issue 13 e00577-20 jb.asm.org 10

https://jb.asm.org


structures in E. coli (120). Recently, in E. coli, the G4-unwinding activity of Rep helicase
and Rep-X (an enhanced version of Rep) has been observed in vitro (121). The unwind-
ing capacity of Rep helicase is significantly greater than that of the closely related UvrD
helicase. In addition to Rep helicase and Rep-X, RecA recombinase can disrupt G4
structures and remove G4-stabilizing ligands in vitro. The M. tuberculosis genome enco-
des two orthologs of E. coli UvrD helicase, UvrD1 and UvrD2. Both helicases are profi-
cient in resolving tetramolecular G4 structures in an ATP-dependent manner and in
maintaining genome integrity (122). Another helicase, DinG, which is a member of the
iron-sulfur family of helicases, also unwinds G4 tetraplexes in E. coli and M. tuberculosis
(123). Discovery of small inhibitory molecules specific for these G4-interacting helicases
may be useful for the development of novel antibacterial regimens.

G4 APTAMERS TO TARGET BACTERIAL PATHOGENS

Owing to its versatile nature, G4 DNA has been identified in a number of random
DNA library screens as synthetic functional nucleic acid molecules, also known as
aptamers (124, 125). Aptamers selectively recognize and bind various targets, ranging
from small molecules to proteins to whole cells. Due to the extraordinary ability of G4
aptamers to withstand harsh environments such as serum nucleases, they are being
used in diagnostics and therapeutics (126–128). A large number of G4 aptamers
have been identified for small molecules, proteins, and enzymes (126). One classic and
well-studied G4 aptamer is the antithrombin aptamer that was generated through the
systematic evolution of ligands by exponential enrichment (SELEX) process. This
thrombin-binding aptamer is an antiparallel G4 aptamer that binds to exosite I of
thrombin (129). In recent years, G4 aptamers have also been developed to tackle
bacterial pathogenesis. Recently, Shum et al. identified a G4 DNA aptamer against
M. tuberculosis polyphosphate kinase 2 (PPK2), which regulates the intracellular
metabolism of inorganic polyphosphate (polyP). PolyP is vital for M. tuberculosis main-
taining its virulence (130). Therefore, blocking PPK2 with a G4 aptamer is detrimental
to M. tuberculosis. This PPK2-specific aptamer was highly potent and exhibited a 50%
inhibitory concentration (IC50) of 40 nM, with a dissociation constant (Kd) of 870 nM.
That study clearly demonstrated the potential of G4 aptamers in controlling bacterial
infections by targeting vital enzymes. In another recent work, Kalra et al. developed
two high-affinity G4 aptamers (HupB-4T and HupB-13T) against M. tuberculosis HupB
protein (131). HupB is an essential histone-like protein of M. tuberculosis that plays an
important role in bacterial entry and survival in host cells. Both of these aptamers
have submicromolar Kd values and bind to two distinct sites on HupB, inhibit the DNA-
binding function of HupB, and block M. tuberculosis entry into host monocytic cells
by targeting the surface-associated HupB. Additionally, the theranostic potential of a
G4-forming DNA aptamer targeting malate synthase (MS) of M. tuberculosis, an enzyme
in the glyoxylate pathway, has been demonstrated (132). MS also plays an important
role as an adhesin and helps bacteria invade the host cell. In that study, through SELEX
and post-SELEX optimization, an 11-mer parallel G4-forming aptamer with picomolar
affinity for MS was identified. The G4 aptamer exhibited robust inhibition of the
catalytic function of MS, with an IC50 of 251 nM and a Ki of 230 nM. Furthermore, this
aptamer blocked mycobacterial entry into host cells by targeting the adhesin function
of MS (132). Additionally, this G4 aptamer was successfully used in the diagnosis of
tuberculous meningitis with cerebrospinal fluid specimens, with sensitivity and specific-
ity values of.97%, demonstrating the potential of G4 aptamers for the diagnosis of bac-
terial infections (132). Another possible advantage of G4 aptamers could be that, if a
panel of G4 aptamers were carefully developed, it could be used for multidrug-resistant
pathogens if it were used in a cocktail in which each aptamer binds to a unique target.
Overall, the recent investigations described here fully support the effectiveness of G4
aptamers as a new class of therapeutic agents that can complement the existing drug
regimens to treat bacterial infections.
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Finally, we have a cautionary note regarding the potential therapeutic applications
of aptamers. Broadly, aptamers are nonimmunogenic; in recent years, however, it has
been seen that CpG oligonucleotides can induce innate immune responses through
their binding to some Toll-like receptors (TLRs). Therefore, as a caution, exposed CpG
sequences in aptamers should be avoided. One intelligent way of doing this would be
truncation of aptamers or methylation of cytosines in CpG regions, which could poten-
tially overcome the problem of aptamer toxicity (133, 134).

FUTURE PERSPECTIVE

To date, understanding of the association of G-quadruplex motifs with intrinsic cel-
lular functions in bacterial systems lags significantly behind that in eukaryotic microbes
or in protozoan systems. However, studies are being conducted to understand the
roles of G4 structures in the pathogenesis of several important microbial pathogens.
Computational analyses of diverse prokaryotes suggest that highly disparate microor-
ganisms can use G4 DNA in transcriptional regulation. Furthermore, the occurrence of
highly conserved DNA secondary structures within the bacterial genome suggests their
regulatory role in bacterial virulence and pathogenesis. Overall, these findings suggest
the potential of G-quadruplexes either as drug targets or as therapeutic aptamers in
pharmaceutical applications. In addition, helicases with G4 substrates may be promis-
ing drug targets for antibacterial agents to combat specific pathogenic bacteria. In the
future, for G-quadruplexes beyond the current status of the computational predictions
(65), adaptation of the high-throughput, genome-wide methods used for G4 detection
in higher eukaryotic organisms to bacterial systems would provide a significant
advance in the understanding of the role of G4 in gene regulation and host-microbe
interactions.
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