
Regulatory noncoding RNAs are one of the func-

tional elements in any prokaryotic cell. A number of cell

metabolic pathways are regulated by these molecules. The

first prokaryotic regulatory RNAs were found long before

the discovery of eukaryotic microRNAs (miRNAs) and

small interfering RNAs (siRNAs). By 2001, 11 small

RNAs of E. coli were identified that were transcribed from

intergenic regions of the genome, and most of them were

discovered by accident [1]. A new era in the study of reg-

ulatory RNAs began in 2001-2002 with the development

of revolutionary bioinformatics methods for searching

small RNA candidates based on comparative analysis of

genomes of closely related bacterial species. Several hun-

dreds of bacterial small regulatory RNAs are now known.

Regulatory RNAs of bacteria can be divided into

riboswitches, small noncoding RNAs, and CRISPR-

RNAs. The term “riboswitches” is used for sequences

located at 5′-end, or more rarely at 3′-end, region of an

mRNA that can change conformation in response to

environmental signals or presence of a specific ligand and

thus regulate transcriptional activity. CRISPR-RNAs

(clustered regularly interspaced short palindromic

repeats) are sequences partially complementary to frag-

ments of bacteriophage genomes and regions of plasmid

DNAs. They render bacteria resistant to viruses and dis-

able plasmid conjugation. To be familiarized with these

types of noncoding RNAs in detail, we recommend the

reviews [2-4].

Small noncoding RNAs form the most numerous

group of regulatory RNAs. Their functions include modu-

lation of RNA-polymerase activity, regulation of stability

of mRNA, its translation, etc. After transcription, most

small RNAs are subject to processing with the removal of

extra residues at the 5′- and/or 3′-end [5]. Small noncod-

ing RNAs can be divided into three large classes: (i) anti-

sense RNAs interacting with target mRNAs, adjusting

their translational activity and/or stability; (ii) modifying

protein activity; (iii) structural RNAs that participate in

so-called “housekeeping” processes. For example, 4.5S

RNA and tmRNA can be included into the last group. In

this review, we will focus on small antisense RNAs.
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Abstract—The study of prokaryotic small RNAs is one of the most important directions in modern molecular biology. In the

last decade, multiple short regulatory transcripts have been found in prokaryotes, and for some of them functional roles have

been elucidated. Bacterial small RNAs are implicated in the regulation of transcription and translation, and they affect

mRNA stability and gene expression via different mechanisms, including changes in mRNA conformation and interaction

with proteins. Most small RNAs are expressed in response to external factors, and they help bacteria to adapt to changing

environmental conditions. Bacterial infections of various origins remain a serious medical problem, despite significant

progress in fighting them. Discovery of mechanisms that bacteria employ to survive in infected organisms and ways to block

these mechanisms is promising for finding new treatments for bacterial infections. Regulation of pathogenesis with small

RNAs is an attractive example of such mechanisms. This review considers the role of bacterial small RNAs in adaptation to

stress conditions. We pay special attention to the role of small RNAs in Mycobacterium tuberculosis infection, in particular

during establishment and maintenance of latent infection.
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SMALL ANTISENSE RNAs

The mechanism of antisense RNA action is based on

their complementary binding to mRNA-targets.

Depending on mutual location of genes of small RNAs

and their targets, cis- and trans-encoded antisense RNAs

are distinguished.

Cis-encoded antisense RNAs. Cis-encoded antisense

RNAs are encoded at the same locus as their mRNA-tar-

gets, but on the opposite genome strand. Thus, fully com-

plementary binding is achieved. Cis-encoded transcripts

participate in regulation of such processes as translation

and transcription, initiation of replication, plasmid con-

jugation, transposition, and mRNA degradation. They

also control some cellular metabolism pathways. The

simplest mechanism of cis-encoded small RNA action is

blocking translation via complementary binding to the

ribosomal binding site on the target mRNA.

The role of cis-encoded small RNAs is insufficiently

studied. It is known that some of them participate in

blocking of the expression of toxic proteins. An example

is the small RNA RatA found in the Bacillus subtilis tran-

scriptome. This cis-encoded RNA controls expression of

TxpA toxin. It was shown that in mutant B. subtilis strain

cells deleted for promoter and 5′ leader regions of the ratA

gene, TxpA level in cytoplasm is significantly increased.

Despite only partial complementarity between RatA

RNA and txpA gene transcript (the overlapping region

reaches up to 75 nucleotides), it was established that for-

mation of duplex between the two RNA molecules occurs

without the participation of mediator proteins [6]. Later,

both RNAs are degraded by ribonucleases RNase Y and

RNase III [7]. Another example is the SymR-SymE sys-

tem in E. coli, which consists of two genes: symR (a small

RNA) and symE (a SOS-induced toxin). Upon elevation

of SymE cellular concentration, synthetic activity of

ribosomes drops. SymR RNA plays a role in negative reg-

ulation of this toxin gene: it complementarily binds to the

mRNA transcribed from the symE gene, thus hindering

translation of the latter [8].

Other cis-antisense RNAs can modulate expression

within operons. For example, the small RNA GadY of E.

coli triggers cleavage of gadXW mRNA transcript into

gadX and gadW. GadX is a transcription factor that acti-

vates expression of glutamate decarboxylases GadA and

GadB, and this scheme is a part of an E. coli defense sys-

tem against acidic stress and the first described example

of positive influence of small RNA on the accumulation

of regulated mRNA [9]. In some cases, cis-antisense

RNAs can bind mRNAs and terminate transcription after

the binding site, thus hindering expression of associated

genes [10].

Trans-encoded antisense RNAs. Genes of trans-

encoded antisense RNAs are located in genome regions

distant from a regulated gene. Lengths of these RNAs vary

from 50 to 300 nucleotides. Trans-encoded RNAs are syn-

thesized in bacteria in response to various stress factors

(see more details in the third part of this review). Most are

transcribed from independent promoters that do not differ

significantly from promoters of other bacterial genes.

Such small RNAs are only partially complementary

to targets. In view of this, every such regulatory transcript

is potentially able to interact with mRNA of many genes.

Since a complementary region usually does not exceed 25

nucleotides, this regulation mechanism is very sensitive to

single nucleotide replacements. For example, only four

nucleotide changes can affect activity of the small RNA

SgrS that controls repression of the ptsG gene encoding a

glucose-6-phosphate transporter [11].

Most trans-encoded antisense RNAs require special

chaperones to stabilize the mRNA binding. One of the

best-studied chaperones of this kind is the Hfq protein

[12]. At least 40% of small RNAs bind to Hfq in E. coli

[13]. Hfq was first identified as a protein essential for

replication of Qβ phage in E. coli (Hfq, host factor Qβ)

[14]. The amino acid sequence and structure of Hfq (a

hexameric ring) indicate its resemblance to eukaryotic

Sm-proteins that are components of spliceosomes [15].

Deletion of the gene of this protein leads to negative con-

sequences for growth and viability of bacteria under vari-

ous stress conditions, e.g. osmotic shock and oxidative

stress. It was also established that Hfq is an essential viru-

lence factor of pathogens belonging to genera Brucella,

Vibrio, Listeria, Salmonella, etc. [16-18].

Hfq can regulate decay of some mRNAs by compet-

ing with the ribosome and exposing an RNase E cleavage

site on this mRNA [19]. However, the main function of

Hfq protein is its participation in trans-encoded RNA

binding to target mRNAs, which also influences stability

or translation of mRNA. In the structure of RNAs bind-

ing to Hfq, three domains can be distinguished (Fig. 1): a

hairpin at the 3′-end provides Rho-independent tran-

scription termination and protects a small RNA from the

action of 3′ endonucleases; another domain, Hfq-binding

site, provides functioning and stability of a small RNA; a

third region (the so-called “seed region”) is required for

binding to a target mRNA. In a complex with small RNA,

Hfq binds to A/U-rich single-stranded mRNA regions,

improving a complementary interaction between mRNA

and small RNAs.

The reasons for Hfq requirement for binding of small

trans-encoded RNAs to target RNAs remain unknown.

There are two hypotheses. First, Hfq may be a “platform”

for interaction of trans-encoded RNAs with target RNAs.

In other words, binding to Hfq increases a local concen-

tration of these transcripts, which increases probability of

duplex formation between them. The second hypothesis

is based on the assumption that interaction of RNAs with

Hfq affects their secondary structure: in a complex with

the protein, the transcripts adopt conformations that are

more appropriate for the complementary interactions as

compared to the free state [20].
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It was established that degradation time for most

trans-encoded E. coli RNAs decreases significantly in the

absence of Hfq chaperone. Formation of an RNA–pro-

tein complex protects short regulatory transcripts from

degradation by ribonucleases, RNase E in particular. This

enzyme has an endonuclease activity and cleaves single-

stranded regions of an RNA, thus it performs not only

degradation, but also processing of certain transcripts

[21]. The participation of the RNase E in cleavage of

trans-encoded RNAs was first demonstrated in studies on

the physiological activity of the small RNA RyhB [22].

The C-terminal domain of RNase E can bind to the RhlB

helicase, polynucleotide phosphorylase PNPase, and

enolase, thus forming a protein complex, the so-called

degradosome. Degradosome components assist in the

complete cleavage and destruction of small RNA/mRNA

duplexes [23].

There are various known mechanisms of action of

Hfq-dependent trans-encoded small RNAs on target

mRNAs.

1) Inhibition of mRNA translation by blocking ribo-

somal binding sites with small RNA (Fig. 2a). Negative

regulation of expression of the E. coli ptsG gene is an

example of this kind of regulation. Small RNA SgrS with

the help of Hfq blocks a ribosomal binding site on ptsG

mRNA, encoding one of the glucose transporters of the

phosphoenolpyruvate–phosphotransferase system. Such

interaction impedes translation of this mRNA. Then, the

SgrS–ptsG complex is degraded by RNase E by a mecha-

nism that will be reviewed below [5].

2) Activation of an mRNA translation because of

destruction of a secondary structure hiding the ribosomal

binding site (Fig. 2b). This mechanism unusual for small

RNAs is exemplified by the functioning of the σ-factor

RpoS. Translation of this factor is regulated by small

RNAs DsrA and RprA that interact with a 5′ leader

sequence of rpoS mRNA. As a result, formation of a sec-

ondary structure that hides a ribosomal binding site

becomes impossible, and translation levels of rpoS mRNA

increases [24].

3) Stabilization of an mRNA caused by complemen-

tary interaction of an mRNA with a small RNA (Fig. 2c).

It has been repeatedly shown that small RNAs are very

labile while not stabilized by binding to Hfq. So, the half-

life for the small RNA LhrA (Listeria monocytogenes) in

wild type strains is more than 30 min, while it drops to

mRNA-binding
site Hfq

site
Terminator

10 nt

Fig. 1. Structural elements of Hfq-binding trans-encoded RNAs exemplified by some small RNAs of enterobacteria (modified from [133]).

The most conserved areas (regions shown in gray) correspond to a small RNA region complementarily interacting with mRNA (“seed

region”). Regions of Hfq binding and Rho-independent transcription terminator are indicated.
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3 min in an hfq mutant strain [25]. Small RNAs MicA,

GlmY, RyhB, and SgrS are shortened from the 3′-end in

the absence of Hfq [26].

4) Small RNA-induced decay of an mRNA (Fig.

2d). Such mechanism was first demonstrated for the

trans-encoded small RNA RyhB, triggering degradation

of several mRNAs. Binding of RyhB to target mRNAs

causes their degradation by RNase E, which forms vari-

ous ribonucleoprotein complexes with Hfq and small

RNAs using its C-terminal domain. Such complexes

function as initiators for degradation of these mRNAs

[27]. Despite the fact that complete degradation of an

b

a c

mRNA

mRNA

Small RNA

Translation

inhibition

Translation

Translation

inhibition

Translation

Small RNA

Small

RNA

mRNA

Small RNA

Small RNA

degradation

Stabilization

of small RNA

Fig 2. Mechanisms of action of Hfq (modified from [12]). a) Complex of Hfq with trans-encoded small RNA blocks the ribosomal binding

site (RBS); b) complex of Hfq with trans-encoded small RNA inhibits formation of a secondary structure in the 5′-UTR (untranslated mRNA

region) that blocks the ribosomal binding site; c) complex of Hfq with trans-encoded small RNA protects small RNA from degradation by

ribonucleases; d) complex of Hfq with trans-encoded small RNA can induce cleavage of RNA–RNA duplexes formed by a small RNA and

an mRNA.

d
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mRNA is the most frequent result, RyhB binding can lead

to selective degradation of a polycistronic mRNA. It is

supposed that in this case mRNAs carry additional infor-

mation that determines their fate upon RyhB binding. In

this system, Hfq protein increases efficiency of binding of

a small RNA/target mRNA (changes the mRNA second-

ary structure that hinders binding), stabilizes small

RNAs, protects mRNAs from degradation in the absence

of RyhB, and attracts RNase E upon complex formation

between RyhB and mRNA.

It is worth mentioning that an Hfq protein was not

found in all bacteria. For example, its presence is not

shown for such ε-proteobacteria as Helicobacter pylori

and Campylobacter jejuni [28], though these species

encode many small RNAs. Hfq or its counterparts were

also not found in mycobacteria [29]. It is suggested that

the presence of long regions of complementarity in the

target mRNA molecule as well as an increased concentra-

tion of short regulatory RNAs under certain conditions

can increase likelihood of binding of these RNAs with

their target RNAs in the absence of Hfq. There are exam-

ples of such regulation, for instance, small RNAs of

Staphylococcus aureus have several trans-encoded targets

and interact with them without the participation of Hfq

or its counterparts [30]. In hfq mutant strains of Vibrio

cholerae, expression of an ompA gene is blocked by the

trans-encoded small RNA VrrA [31]. In addition to Hfq,

some other proteins can also act as an RNA-chaperone,

e.g. E. coli protein ProQ [32] and YbeY of Sinorhizobium

meliloti [33].

SMALL NONCODING RNA TARGETS

AND THEIR ROLE IN REGULATION

OF CELLULAR PROCESSES

Despite the fact that the number of discovered small

RNAs in bacterial cells reaches several hundred, only for

some are molecular targets and consequences of interac-

tion of these small RNAs with corresponding targets

known. Recently published reviews contain comprehen-

sive information regarding this subject [34, 35].

Summarizing the available data, it becomes clear that

small RNAs in bacterial cells are involved both in regula-

tion of various metabolic links in bacterial cells, and in

certain processes of adaptation to environmental

changes. The most represented group of characterized

bacterial small noncoding RNAs comprises small RNAs

regulating cell response to various stress factors.

Examples of such small RNAs are listed below.

Nutrient deficiency. In E. coli cells, the RNA-binding

regulatory protein CsrA plays an important role under car-

bon source starvation. CsrA binds to mRNAs of several

genes including a repressor of glycogen synthesis, cstA pro-

tein, and inhibits their translation [36]. The CsrA protein

as such is inhibited by binding of small RNAs CsrB and

CsrC, whose secondary structures contain hairpins mim-

icking CsrA binding sites on its target mRNAs [37]. The

competition for CsrA between these small RNAs and target

mRNAs leads to repression of glycolysis and activation of

gluconeogenesis [38]. Transcription of the csrB and csrC

genes is triggered by two-component regulators

BarA–UvrB upon a shift to a nutrient-depleted environ-

ment [39]. Homologs of CsrB and CsrC (RsmY, RsmZ)

are found in many bacterial genera (Salmonella, Erwinia,

Yersinia, Vibrio, etc.), in which they affect secondary

metabolism by interacting with CsrA counterparts [40-42].

Under nutrient deficiency, in bacteria belonging to

genera Staphylococcus, Macrococcus, and Bacillus, tran-

scription of the small noncoding RNA RsaE is induced at

the end of exponential growth. The secondary structure of

this small RNA contains two hairpins divided by a 17-

nucleotide sequence. Because of this, RsaE RNA can

prevent formation of ribosomal complex on two target

mRNAs, opp3B and opp3A, within a single locus opp3 that

encodes proteins of the system of peptide and amino acid

transport. RsaE also decreases activity of key proteins of

the tricarboxylic acid cycle (e.g. succinyl-CoA synthetase

SucB) and the purine biosynthesis cycle, which promotes

adaptation of S. aureus cells to low concentration of

nutrients [30, 43].

During amino acid starvation or in response to bac-

tericidal action of polymyxins disrupting the structure of

a cell wall in Salmonella enterica cells, the activation of

stress sigma factor σS occurs, which controls synthesis of

the small noncoding RNA SdsR. SdsR, in a complex with

Hfq protein, decreases expression levels of the outer

membrane protein OmpD [44], which is the prevailing

porin in S. enterica [45]. Presumably, decrease in the

outer membrane permeability prevents “leakage” of low

molecular weight compounds (including amino acids)

from cells.

Hfq-associated small noncoding RNA GcvB plays

an important role in the physiological response of E. coli

and S. typhimurium to amino acid starvation. Transcrip-

tion of the gcvB gene is activated by GcvA protein at high

intracellular levels of glycine and is repressed under

glycine deficiency. Small RNA GcvB represses synthesis

of OppA and DppA proteins (components of a transport

system for small peptides, polar and branched-chain

amino acids, toxins, and antibiotics). Thus, it can prevent

influx of toxic compounds into the cell [46-52].

Interestingly, small noncoding RNA GcvB contains two

sequences that bind to a corresponding target mRNA

[51-53].

Under glucose limitation, cellular cAMP levels in E.

coli and S. typhimurium cells is increased, which activates

expression of the small noncoding RNA CyaR (earlier

known as RyeE) by the activator protein CRP (cAMP

receptor protein). At the same time, Hfq-associated

CyaR represses expression of the ompX gene encoding a

protein that stimulates bacterial adhesion [54-56].
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Repression of OmpX protein expression apparently

improves “metabolic economy” by reducing excessive

biosynthetic pathways [55].

Under iron deficiency and in case of inactivation of

an iron uptake regulator Fur, which is a global iron-

dependent transcription repressor, in Shigella dysenteriae

cells an increase in expression of a small noncoding RNA

RyhB is observed. This RNA in a complex with Hfq

represses expression of a transcription activator VirB that,

in turn, reduces levels of synthesis of a sodB gene mRNA

encoding a superoxide dismutase. In E. coli cells, Hfq-

associated RyhB also represses expression of sdhCDAB

operon that encodes a succinate dehydrogenase and acnA

and fumA genes that encode the tricarboxylic acid cycle

enzymes aconitase and fumarase. This “balances” central

metabolic pathways, including iron-containing and non-

containing enzymes and ftnA and bfr genes that encode

ferritin [57-59].

In iron-reach media, Fur protein in Pseudomonas

aeruginosa cells represses expression of two small regula-

tory RNAs encoded by prrF1 and prrF2 genes. These

small RNAs repress genes of an antABC operon carrying

the genes for enzymes that cleave anthranilate, which is a

signal quinolone precursor in Pseudomonas (PQS). Small

PrrF RNAs are functional homologs of small noncoding

RNA RyhB, as they reduce levels of sodB, sdhCDAB, ftnA,

and bfr mRNAs [60].

In Neisseria meningitidis cells an Hfq-associated,

small RNA NrrF was discovered that reduces expression

levels of sdhCDAB genes during cultivation in iron-limit-

ed media similarly to RyhB in S. dysenteriae and PrrF in

P. aeruginosa [61, 62]. Under the iron deficiency condi-

tions in B. subtilis cells expression rate of a small noncod-

ing RNA FsrA is increased that also blocks synthesis of a

succinate dehydrogenase SdhCDAB [63].

Acidic stress. In the stationary phase, acidification of

E. coli culture medium occurs. Under this circumstance,

noncoding RNA GadY expression levels are increased,

leading to an increase in synthesis rate of the mRNA of

transcription activator GadX. GadX, in turn, activates

transcription of genes gadA and gadB encoding glutamate

dehydrogenases – proteins that reduce intracellular

hydrogen ion concentration [9]. Survival of E. coli cells at

low pH of the medium is also promoted by noncoding

RNA GcvB, as it positively regulates transcription of the

rpoS gene encoding the stress sigma factor σS [64].

Excessive accumulation of glucose 6-phosphate.

Under certain conditions, in bacterial cell excessive accu-

mulation of glucose 6-phosphate (G6P) or the non-

metabolized glucose analog methyl-glucoside 6-phos-

phate (MG6P) occurs, which causes growth arrest [65]

and cell death [66]. Hfq-associated small noncoding

RNA SgrS (earlier known as RyaA) under glucose-phos-

phate stress in E. coli inhibits synthesis of PtsG protein,

which is one of the main glucose transporters of the bac-

terial phosphoenolpyruvate–phosphotransferase system

(PTS), preventing further G6P or MG6P accumulation

in the cell [11, 67]. Regulation is achieved through a com-

plementary interaction between SgrS and ptsG mRNA

leading to translation inhibition and consequent degrada-

tion of the complex by RNase E [27, 68]. In addition,

small RNA SgrS encodes SgrT peptide, which also

inhibits activity of PtsG [5]. Another target regulated by

SgrS RNA at posttranscriptional level is the manXYZ

operon of a PTS system that encodes glucose and man-

nose protein transporters [69].

Aerobic-anaerobic shift stress. Hfq-associated small

noncoding RNA FnrS, whose expression rate is increased

under shift of E. coli from aerobic to anaerobic condi-

tions, inhibits expression of genes encoding enzymes

involved in respiration: malate dehydrogenase MaeA,

ethanol dehydrogenase/reductase AdhP, D-lactate dehy-

drogenase Dld, which are required for aerobic growth of

cells in lactate-containing media. The expression of some

other genes is inhibited – those encoding isoenzyme of

phosphoglycerate mutase Gpm that converts 3-phospho-

glycerate into 2-phosphoglycerate, mRNA of sodB

encoding superoxide dismutase that protects cells from

superoxide radicals, and, finally, two mRNAs encoding

enzymes participating in folic acid metabolism – dihy-

droneopterin triphosphate epimerase FolX and a GTP-

dependent cyclohydrolase I FolE [70].

Under anaerobic conditions in Neisseria meningitidis

cells, synthesis of the small noncoding RNA AniS occurs,

which is triggered by transcription activator FNR. Hfq-

associated small noncoding RNA AniS inhibits expres-

sion of the NMB0214 gene that encodes oligopeptidase

PrlC. The exact cellular function of the PrlC protein

remains unknown. However, it was shown that this pro-

tein is involved in processes of protein export and degra-

dation and cell cycle regulation in E. coli [71-73].

Under oxygen deficiency in stationary phase, global

regulator ANR-mediated activation of synthesis of the

small noncoding RNA PhrS occurs in P. aeruginosa cells.

The Hfq-bound small RNA PhrS is an activator of PqsR

protein synthesis, which is a signal quinolone receptor

[74].

Oxidative stress. In response to oxidative stress in E.

coli cells, the small noncoding RNA OxyS is produced,

which inhibits translation of the gene of the transcription

activator of formate metabolism fhlA. Besides, OxyS

represses expression of the rpoS gene [75-78].

Stationary phase stress. In the stationary phase, the

number of transcripts of the ompA gene encoding an outer

membrane protein is reduced in E. coli or S. typhimurium

cells. This process is linked to expression of the Hfq-asso-

ciated small noncoding RNA MicA, which causes degra-

dation of ompA mRNA by duplex formation with the lat-

ter [79, 80]. Under these conditions, expression of the

small noncoding RNA RybB is observed, which inhibits

translation of outer membrane proteins OmpC and

OmpW [81-83].
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In V. cholerae cells in the stationary phase, synthesis

of the σE-dependent small noncoding RNA VrrA is acti-

vated, which inhibits translation of ompA mRNA. It was

also demonstrated that VrrA reduces V. cholerae virulence

by inhibiting expression of the tcpA gene encoding a sub-

unit of toxin-associated pili [31].

Quorum sensing. Besides the above-mentioned func-

tions, small RNAs participate in quorum sensing – the

ability of bacteria to exchange information between cells

by means of extracellular signal molecules, autoinducers,

in response to a change in environmental conditions.

Vibrio cholerae cells respond to autoinducers using a two-

component system associated with a membrane kinase

that acts as a signal receptor [84]. Every such receptor

transmits information to LuxU protein that, in turn,

transmits signal to regulatory protein LuxO [85-87]. At

low cell density, LuxO is phosphorylated and activates

transcription of five small noncoding RNAs: Qrr1, Qrr2,

Qrr3, Qrr4, and Qrr5 [88]. These small RNAs inhibit

activity of their own regulator LuxO and translation of

three targets that belong to the global pathogenicity regu-

lation network in V. cholerae: the hapR gene encoding a

transcription factor reducing activity of virulence genes

[89], the aphA gene encoding a transcription factor

inducing the expression of virulence genes [90], and the

vca0939 gene encoding a protein that stimulates biofilm

formation [91]. At high cell density, dephosphorylation of

LuxO protein occurs. As a result, activation of small

RNAs Qrr becomes impossible.

Synthesis of virulence factors in S. aureus cells is also

regulated by means of a quorum sensing system. The

small protein RAP (RNAIII-activating protein) acts an

autoinducer. In the middle of the exponential growth

phase, the concentration of RAP secreted by bacteria is

increased, and this induces phosphorylation of its protein

target TRAP (target of RNAIII-activating protein).

TRAP phosphorylation leads to activation of the agr

operon-comprising gene of the small RNA RNAIII.

RNAIII induces expression of numerous virulence fac-

tors including α-, β-, γ-, and δ-hemolysins [92].

ROLE OF SMALL RNAs IN DEVELOPMENT

OF INFECTION CAUSED

BY BACTERIAL PATHOGENS

Interaction of a pathogenic microorganism with a

host can be imagined as a special case of a combination of

different stress factors towards the pathogen. Therefore, it

is no coincidence that small RNAs, as it was recently

found, play an important role in development of the

pathological process. It was found that in S. aureus cul-

ture in the early stationary phase, expression of the non-

coding RNA SpdR is increased, which inhibits expression

of Sbi protein that evades the action of the host’s immune

system [93]. Small noncoding RNA RivX of Streptococcus

pyogenes is co-expressed with a gene encoding regulatory

protein RivR. This small RNA stimulates expression of

genes of the Mga-regulon, which in turn activates expres-

sion of 10% of the genes of S. pyogenes genome, including

virulence genes of peptidase ScpA, a secreted inhibitor

the complement Sic, and the fibronectin-binding protein

Fba, and collagen-like protein SclA [94, 95]. In S. pyo-

genes, small noncoding RNA FasX inhibits expression of

two adhesin fibronectin-binding proteins (FBP54 and

MRP) and positively affects activity of two secreted viru-

lence factors (streptokinase and streptolysin S) [96]. FasX

also controls the interaction of S. pyogenes cells with

epithelial cells of the larynx [97, 98].

During mutational analysis of the pol locus

(pleiotropic effect locus) of S. pyogenes carrying the strep-

tolysin S gene (segA), data were obtained indicating that

pol mRNA as such (regardless of translation) can be a reg-

ulator of expression a number of genes encoding viru-

lence factors. Interestingly, regulation of expression of a

number of genes occurs at a level of transcription (for

instance, genes emm, sic, and nga), while expression of

some other virulence factors (e.g. multifunctional protein

SpeB) – at the posttranscriptional level [99].

In the pathogenic bacterium Shigella flexneri, the

small noncoding RNA RnaG is a negative translation reg-

ulator for icsA mRNA encoding an outer membrane pro-

tein that facilitates colonization of the host by this bac-

terium [100].

SMALL RNAs IN MYCOBACTERIA

AND THEIR ROLE IN REGULATION

OF STRESS RESPONSE AND PERSISTENCE

Characteristics of small RNAs. Small RNAs of

mycobacteria, whose most important representative is

Mycobacterium tuberculosis, attract special attention. The

main feature of tuberculosis is prevalence of its latent

form. Approximately 30% of the Earth’s population are

carriers of latent M. tuberculosis infection and live under

the constant risk of rapid development of acute infection

[99]. The transition of the bacterial pathogen into meta-

bolic shutdown (latency) occurs probably due to action of

various stress factors caused by the host’s immune system

during the active immune response. Reactivation of the

latent form happens under the influence of incompletely

understood environmental factors or low immune status,

e.g. in patients with HIV [101, 102]. The molecular

mechanisms of the reactivation of latent tuberculosis also

remain obscure. Since small noncoding RNAs participate

in an adaptive response to environmental stress condi-

tions, one can assume that they play a role in the transi-

tion into a dormant state and development of latent infec-

tion.

Using high-throughput sequencing and computer

algorithms, several dozen small RNAs were found in
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some species of mycobacteria [103-111]. However, deter-

mination of the role of these small RNAs in physiology of

mycobacteria is a more difficult task. Only a few works

have been published that elucidate the function of small

RNAs in mycobacteria. The history of discovery and

detailed list of known small RNAs in various species of

mycobacteria can be found in a recent review by Haning

and coworkers [107]. The description of different types of

noncoding RNAs in M. tuberculosis, discussion of the

absence of Hfq protein in M. tuberculosis, and the role of

small RNAs in stress response and pathogenesis in M.

tuberculosis can be found in a review by Arnvig and coau-

thors [29]. In our review, we focus on data related to func-

tioning of intergenic small RNAs of M. tuberculosis, their

role in infection development, and generation of the dor-

mant state.

Recently, unified nomenclature was proposed for

designation of the small noncoding RNAs in M. tubercu-

losis [112]. However, its use is not currently widespread.

The nomenclature is based on relative position of loci

encoding small RNAs among adjacent genes in the bacte-

rial chromosome. In this connection, if the small RNA

gene is located in the “minus” strand of the genome, a

“–c” suffix as added to its name (for “complement”).

Cis-encoded small RNAs are designated according to the

protein gene with which they overlap. For instance, anti-

sense RNA encoded on a “minus” strand of genome and

overlapping gene Rv0539 is referred to as ncRv0539c.

Trans-encoded small RNAs are designated according to

name of the protein gene situated upstream of the small

RNA gene. Number “1” added prior to the gene number

indicates that this small RNA is a trans-encoded one. For

example, a small RNA encoded on the “plus” strand of

the genome downstream of the Rv0243 gene should be

named ncRv10243. If several small RNAs are found in

one locus relative to adjacent genes, denomination of

each is supplemented with a Latin alphabet letter.

It is worth mentioning that in the literature there are

designations that do not correspond to this nomenclature

as they were proposed before its invention for M. tubercu-

losis small RNAs. So, for example, the small noncoding

RNA Mcr11 reported in 2010 [106] is referred to as

MTS0997 [104] and ncrMT1302 [113] in literature. All

the variant designations of M. tuberculosis small RNAs

found in the literature will be used below in this review.

The MTS194 RNA gene (F6, ncRv10243) was local-

ized between genes Rv0243 and Rv0244, whose products

are involved in lipid degradation [29]. Transcription of

MTS194 is controlled by SigF, an auxiliary sigma factor

activated during starvation [114]. Under oxidative stress

caused by adding hydrogen peroxide to the medium, and

during acidification of the medium, expression of

MTS194 is increased [105]. Overexpression of MTS194

RNA in cells lowers the growth rate of M. tuberculosis

cells, but it does not influence growth of Mycobacterium

smegmatis cells [105]. Though MTS194 targets are still

unknown, the most recent data indicate a role of MTS194

in stress response.

The Mcr7 RNA gene is located between genes Rv2395

and PE_PGRS41. Expression of this small RNA is con-

trolled by the two-component signal system PhoPR

[115]. By now, Mcr7 is the only small RNA in M. tuber-

culosis for which mRNA target was determined. Mcr7

RNA binds to tatC gene mRNA and hinders its transla-

tion. Binding occurs due to partial complementarity

between the small RNA and a portion of the mRNA com-

prising predicted ribosomal binding site and first six

codons. Gene tatC encodes a transmembrane protein, a

component of the secretory complex Tat (twin arginine

translocation). In M. tuberculosis, this complex secretes a

number of proteins having a specific signal sequence with

two arginines, e.g. the immunodominant complex Ag85

[116] and β-lactamase BlaC [117]. The putative regula-

tion mechanism seems to be as follows: the two-compo-

nent PhoPR system modulates expression of the small

RNA Mcr7, which in turn inhibits translation of tatC

mRNA. In the absence of TatC protein, secretory com-

plex Tat becomes inactive, which results in reduced secre-

tion of a number of proteins that are substrates for this

complex [115].

The MTS0997 RNA gene (Mcr11, ncrMT1302,

ncRv11264c) was localized in the region between genes

Rv1264 and Rv1265. The expression of MTS0997 is

increased during transition from exponential growth

phase to stationary phase [104, 106, 113]. Furthermore,

MTS0997 expression is significantly decreased during

acidification of the medium, which probably shows the

role of this small RNA in the stress response to low pH

[113]. Interestingly, products of genes that flank

MTS0997 participate in cAMP metabolism: Rv1264

encodes an adenylyl cyclase that is activated at low pH

[118], and expression of Rv1265 is regulated by the

cAMP-binding protein Cmr [119]. These data show the

role of MTS0997 RNA in regulation with participation of

cAMP [106, 113]. Expression of MTS0997 is apparently

regulated by cAMP, though details of this regulation have

not been elucidated. It is established that addition of

cAMP to the medium reduces expression of MTS0997 in

bacteria in the exponential growth phase and induces its

expression in the stationary phase [113]. Furthermore,

deletion of a functional copy of the neighboring gene

Rv1264 encoding a pH-dependent adenylyl cyclase caus-

es a significant decrease in MTS0997 expression in the

exponential and late stationary growth phases [113].

Possible involvement of the small RNA MTS0997 in reg-

ulation with participation of cAMP is of great interest, as

cAMP plays an important role in pathogenesis of M.

tuberculosis [120].

The MTS1338 RNA gene (ncRv11733) is localized in

an intergenic region between genes Rv1733c and Rv1734c

on the complementary DNA strand. MTS1338 is a part of

the DosR regulon: there are three sites for DosR regula-
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tor binding between the transcription start points of genes

MTS1338 and Rv1733c. Besides, dosR gene knockout sig-

nificantly reduces expression of MTS1338 RNA [104].

DosR is a regulatory component in a two-component sys-

tem that is activated under hypoxia and the action of

nitric oxide [121]. DosR and the genes it activates play a

key role in transition of M. tuberculosis to the dormant

state under hypoxia [122]. MTS1338 RNA is virtually not

expressed in the exponential growth phase, but it is one of

the most common transcripts during the transition to the

stationary phase [104]. Significant induction of expres-

sion in the stationary growth phase and DosR-mediated

regulation show that MTS1338 may play a role in gener-

ation of dormant M. tuberculosis cells and the latent form

of tuberculosis [29].

The MTS2822 RNA gene (B11, ncRv13660c) was

localized between genes Rv3660c and Rv3661. MTS2822

contains a so-called 6C motif consisting of two hairpins

whose loops contain six and seven cytosine nucleotide

residues arranged in sequence [123]. Small RNAs con-

taining the 6C motif are widespread in Actinobacteria.

However, their function is still unknown. A sequence

common for SigA-promoters is situated in front of the

MTS2822 transcription start point. Expression of the

MTS2822 gene is elevated under oxidative stress and low

pH. Hyperexpression of MTS2822 is lethal for M. tuber-

culosis, while in M. smegmatis it causes changes in cell

morphology and reduces growth rate [105]. This could be

evidence of a role of MTS2822 in regulation of cell wall

synthesis or cell division [29].

The MTS2823 RNA gene (Mpr4, Ms1, and

ncRv13660c) is located between genes Rv3661 and

Rv3662c. The chromosomal locus containing closely

located genes of small RNAs MTS2822 and MTS2823 is

conserved in most mycobacteria species. MTS2823 is

efficiently expressed in the exponential growth phase,

while its concentration in cells is even increased in the

stationary growth phase. Hyperexpression of the small

RNA MTS2823 in M. tuberculosis results in somewhat

decreased growth rate and a positive regulation of genes

Rv2035 (putative activator of HspG protein) and Rv3229

(acyl desaturase), and strong repression of transcription

of a number of genes, including energy metabolism genes,

among which genes prpC and prpD are the most repressed

[107]. These genes encode, correspondingly, methylci-

trate synthase and methylcitrate dehydratase. These pro-

teins participate in detoxification of metabolites – prod-

ucts of cholesterol and fatty acid decay with uneven num-

ber of carbon atoms, which are in turn one of the most

important carbon sources during survival of bacteria

inside macrophages [124]. MTS2823 RNA was first

found during a bioinformatics search for homologs of the

small RNA 6S [125]. The 6S RNA is widespread in vari-

ous bacterial species, and its structure is reminiscent of

the structure of an “open” promoter. Due to this fact, 6S

RNA binds to RNA-polymerase containing σ-factor A

(σA). This interaction hinders RNA-polymerase binding

to promoter sequences and reduces its transcriptional

activity [126]. Hnilicova and coworkers showed that in M.

smegmatis the small RNA Ms1, a homolog of MTS2823,

also binds to the RNA-polymerase. However, in distinc-

tion from the 6S RNA, Ms1 interacts with RNA-poly-

merase that does not contain factor σA. The interaction of

Ms1 with RNA-polymerase does not impede binding

with σA. However, σA is able to either displace Ms1 or

hinder Ms1 binding to RNA-polymerase [127]. These

data reveal the principally different mechanism of Ms1

action as compared to 6S RNA. A hypothesis was pro-

posed that Ms1 could stabilize RNA-polymerase not

bound to σA in the stationary phase and in the dormant

state. One can also assume that upon binding to RNA-

polymerase, Ms1 changes its affinity to alternative sigma

factors [127].

Small RNAs in dormant M. tuberculosis cells.

Recently, it was shown that under potassium limitation in

a culture, M. tuberculosis cells pass to the dormant state

featuring very low level of metabolic activity and tempo-

ral inability to form colonies (“nonculturability”) [128].

A sharp decrease in general transcription is also common

for dormant cells. However, it is not true for a number of

small RNAs, which may indicate their relative stability

and involvement in maintenance of M. tuberculosis dor-

mancy and latent infection. The most common small

RNAs in dormant nonculturable cells are MTS0997,

MTS1338, and MTS2823. Maximum accumulation for

MTS2823 was demonstrated in the initial steps of M.

tuberculosis transition to dormancy, while the concentra-

tion of MTS0997 and MTS1338 was stably high in various

stages of the dormant state, including its late stage

(Ignatov et al., unpublished). It was shown that overex-

pression of MTS0997 and MTS1338 in M. tuberculosis

cells leads to substantial decrease in cell growth rate. This

is especially apparent in the case of MTS1338 (Ignatov et

al., unpublished). Furthermore, during analysis of tran-

scription profile of dormant cells, the accumulation of

cis-encoded small RNAs ncRv0539c (an antisense RNA

for mRNA Rv0539), ncRv1162c (an antisense RNA for

narH mRNA), and ncRv12659 (an antisense RNA for

mRNA Rv2660c) (Ignatov et al., unpublished) was found.

It was shown that ncRv12659 might be synthesized in

large quantities in cells in response to nutrition shortage

[129, 130]. However, the role of this transcript in regula-

tion of physiological processes remains unknown.

Small RNAs in M. tuberculosis during development of

infection. Studying the expression of small RNAs in M.

tuberculosis during development of infection may provide

important information regarding their role in pathogene-

sis. Lung infection in mice is perhaps the most wide-

spread infection model. Several works have been pub-

lished where expression levels for M. tuberculosis small

RNAs were determined using such methods as real-time

PCR and northern blot hybridization. Arnvig and coau-
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thors demonstrated that expression of small RNAs

MTS0997, MTS1338, and MTS2823 is substantially

increased upon infection in mice. It was calculated that

the number of MTS2823 transcripts during infection is

approximately 10% of the amount of ribosomal RNA,

and transcripts of MTS2823 are the most represented in

the cell [104].

Ignatov and coauthors studied expression of

MTS0997, MTS1338, and MTS2822 upon infection in

two mouse lines: mouse line B6 is resistant to M. tubercu-

losis infection, while infecting inbred line I/St leads to

death of the animals in 3-4 months. It was found that

genetic features of these mouse lines and different devel-

opment of the disease have only marginal influence on

expression of these three small RNAs. Expression of

MTS0997, MTS1338, and MTS2822 is increased upon

infecting the animals as compared to growth in a culture,

and it remains equally high at different stages of the dis-

ease. It is worth mentioning that in lungs of mice of line

B6, expression of all the three small RNAs is reduced in

the late stages of the infection, which may be explained by

transition to a chronic infection [131].

Houghton and coauthors studied expression of

ncRv12659 upon infecting mice. It was shown that in

mouse lungs a shortened form of the transcript is synthe-

sized to a higher degree [129]. This may be related to a

premature termination of the ncRv12659 transcription.

Increased expression of small RNAs MTS0997,

MTS1338, MTS2822, and ncRv12659 during develop-

ment of infection indicates their possible role in patho-

genesis of tuberculosis.

Thus, we conclude that small RNAs undoubtedly

play a role in adaptation of pathogens (in particular,

tuberculosis) upon host infection, and, thus, in pathogen-

esis. It should be noted that only the first steps have been

made in this direction, and determination of the role of

small RNAs in host/bacterial cell relationship requires

extensive studies.

Regulatory mechanisms of microbial pathogens

facilitate their survival under environmental stress condi-

tions, in particular, in an infected host, which allows

them to avoid the action of the host immune system on

the pathogen. These facts indicate that newly discovered

small noncoding RNA “world” has novel global cellular

regulators [13] participating in adaptive response of bac-

teria to changing environmental conditions [107].

Finding the adaptive role of small noncoding RNAs in a

cell may serve as a key to understanding of regulation of

bacterial stress response, including the transition to the

dormant state and reactivation of dormant cells, which is

important for comprehension of pathogenesis of a num-

ber of latent infections.

Though the overall number of small noncoding

RNAs with documented function is still not very large,

diversity of processes in which their participation is

experimentally established indicates that the considered

regulation level covers vast areas of cellular metabolism. It

is very likely that further studies will reveal participation

of small RNAs in other cellular processes, which would

allow referring this type of regulation to global regula-

tions. Thus, the small noncoding RNA pool has to be

considered as entering the hierarchy of levels of cellular

regulation along with regulation at the transcription level,

translation level, and posttranslational modification [35].

An apparent advantage and peculiarity of this level of reg-

ulation is its transient nature, which is achieved due to

absence of the translation process [132]. Special flexibili-

ty of this regulation by means of small noncoding RNAs

is achieved owing to fast decay of small RNAs in a com-

plex with target, which prevents accumulation of an

effector RNA after the action of a stimulus. In general,

this allows a cell to respond instantly and efficiently to

changing environmental factors by adjusting cellular

metabolism.
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