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Abstract

Small RNAs (sRINAs) are central regulators of gene expression in bacte-
ria, controlling target genes posttranscriptionally by base pairing with their
mRNAs. sSRNAs are involved in many cellular processes and have unique reg-
ulatory characteristics. In this review, we discuss the properties of regulation
by sRNAs and how it differs from and combines with transcriptional regu-
lation. We describe the global characteristics of the sSRNA—target networks
in bacteria using graph-theoretic approaches and review the local integra-
tion of sSRINAs in mixed regulatory circuits, including feed-forward loops
and their combinations, feedback loops, and circuits made of an SRNA and
another regulator, both derived from the same transcript. Finally, we discuss
the competition effects in posttranscriptional regulatory networks that may
arise over shared targets, shared regulators, and shared resources and how
they may lead to signal propagation across the network.
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INTRODUCTION

Small RNAs (sRNAs) are major posttranscriptional regulators of gene expression in bacteria (86,
95). These 50- to 400-nucleotide-long RNA molecules are encoded in the genomes of many
bacteria and play central roles in various cellular processes, especially under specific growth and
stress conditions (62, 97). Most sSRNAs exert their regulatory function by base pairing with the
mRNA of their target genes in trans (86, 95, 97). Base pairing with the mRNA of the trans targets
is often incomplete and affects the transcript stability and/or the translation rate (Figure 1) (95). It
is often mediated by the RNA chaperone protein Hfq, which stabilizes the sSRNA and facilitates its
interaction with the target RNA (reviewed in 93). Trans-base-pairing sSRNAs act mostly as negative
regulators of their targets but can also function as positive regulators. In fact, an SRNA can act
as both a positive and a negative regulator, downregulating some targets and upregulating others
(e.g., DsrA, RprA, and RyhB in Escherichia coli). As negative regulators, sSRINAs can destabilize
the target mRINA by inducing RNA cleavage and degradation by an RNase (e.g., 57, 81), and/or
inhibit translation by blocking the ribosome binding site (e.g., 5, 81). As positive regulators, they
can either stabilize the mRNA by interfering with cleavage by an RNase or enhance translation
by preventing intramolecular base pairing that otherwise blocks the ribosome binding site (79).
In case of negative regulation, it was suggested that there are various possible fates for the SRNA
and target mRNA in the complex: (#) they are both degraded (27, 58), (b) only one of them is
degraded (27, 29), or (¢) none of them are specifically targeted for degradation and the regulatory
effect is manifested at the protein level (27). An sSRNA can regulate different targets by different
mechanisms (13, 27) and even the same target by more than one mechanism (81). Recently, it
was shown that t7ans-base-pairing sSRNAs can also affect the expression level of some targets by
interfering with premature Rho-dependent transcription termination (83).

In recent years, the important roles of sSRNAs in the cellular networks and their integration
with transcriptional regulation in regulatory circuits have been increasingly recognized (10). In
this review, we focus on trans-base-pairing SRNAs and their implications in the cellular circuitry.
Several aspects of the involvement of sSRNAs in regulatory networks were discussed in previous
excellent reviews (10, 55, 95). Here we attempt to provide a comprehensive conceptual view on the
principles of sSRNA-mediated regulation and the special contribution of sSRNAs to the local and
global regulatory circuitry of the cell. We first summarize the current understanding of the kinetic
properties of this type of regulation and how it differs from transcriptional regulation. Second,
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Mechanisms of regulation by trans-base-pairing sSRNAs. (70p row) sSRNA base pairing with the target mRNA in the vicinity of the
ribosome binding site (RBS) inhibits translation by preventing ribosome binding [e.g., the base pairing between the sSRNA ChiX and
the mRINA of chiP in Salmonella (29) and Escherichia coli (77)]. (Second row) sSRINA base pairing with the target mRNA establishes a
double-strand substrate for RNase III [e.g., the base pairing between RNA IIT and the mRNA of its target, spa, in Staphylococcus aureus
(39)]. (Third row) sSRNA exposes an occluded ribosome binding site by base pairing with a region in the mRNA that otherwise would
have base paired with the RBS [e.g., the base pairing between RNA III and the mRNA of its target, h/a, in S. aureus (71)]. (Bottom row)
sRNA stabilizes the mRNA of the target by preventing single-strand cleavage by an RNase [e.g., the base pairing between FasX and the

mRNA of its target, ska, in group A Streptococcus (82)].

we characterize the network of sSRNA-target interactions and how it rewires across internal and
external conditions. Third, we describe how sRINAs are integrated in specific regulatory circuits
along with transcriptional regulators. This is exemplified by identified circuits in various bacteria,
mostly E. coli and Salmonella enterica serovar Typhimurium (hereinafter, Sa/monelln). Finally, we
discuss the effects of competition between sRINAs and between targets in posttranscriptional
regulatory networks and their global effects on network dynamics.

PROPERTIES OF REGULATION BY sRNAs

To better understand the kinetic properties of posttranscriptional regulation of gene expression
by sRNAs, it is useful to compare it to the widely studied and well-established transcription regu-
lation by transcription factors (TFs) (41, 59, 85, 86). Generally, TFs, which regulate transcription
initiation at the promoter of the target gene, cause a greater effect on the target gene expression
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Kinetic properties of regulation by sSRINA. (7) Regulation by an sRNA leads to a faster decrease in the level of the target’s protein
product than regulation by a transcription factor (TF) (schematic representation adapted from Reference 85). (b) Inverse relations
between the levels of free SRINA and free target mRNA (schematic representation based on results reported in References 8 and 11).
(c) sSRINAs establish a threshold-linear response. As long as the transcription rate of the target gene is lower than the transcription rate
of the SRNA, the target is not expressed. Once the target’s transcription rate exceeds that of the sSRNA (marked by *), the target is
expressed and its expression level is linearly proportional to the difference between the two transcription rates (schematic
representation adapted from Reference 50).
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than sRNAs do (41). In addition, the dynamics of SRNA and TF regulation differ. Computational
analysis by Shimoni et al. (85) showed that the change in the level of the target’s protein product
following the activation of a negative regulator is faster for regulation by sRNAs than by TFs
(Figure 2a). They suggested that this may stem from two possible reasons: () SRINA expression
involves only the transcription process, as opposed to transcription and translation for TF expres-
sion, and (b)) sSRNAs act posttranscriptionally directly on the mRNA level. In the case of negative
regulation, for example, a TF represses the transcription of the target, yet available mRNAs keep
being translated until their pool is depleted (depending on their half-life), whereas an sSRINA leads
to a faster depletion of the mRNA pool available for translation because it directly destabilizes the
mRNA or blocks translation. However, in a paper by Hussein and Lim (41), it was claimed that
these two intuitive mechanistic details of regulation by sSRNAs have relatively little impact on the
target’s dynamics, and instead, it is primarily determined by clearance rates, steady-state levels
and response curves of the regulators. Both studies agreed that target gene expression changes
with a minimal delay when the transcription of the sSRNA is turned on or off. Hence, sSRNAs often
play important roles in biological processes that require quick regulatory responses, such as stress
response (32, 95). The drawback is that under sSRNA repression, the synthesis of new mRINAs
persists, implying that for sustained downregulation, continuous production of sSRNAs is required
(assuming the sRINA is degraded or sequestered).

TFs and sRNAs exhibit distinct types of interactions with targets. In TF—target interaction,
one molecule of the TF (or a few, in the case of a multimer) binds the DNA, usually upstream of
the transcription start site of the target gene. In contrast, sSRNA—target interaction may involve
many pairs formed between RNA molecules of the regulator and the target, and the levels of
free molecules of the two types are inversely related (Figure 2b). This property of regulation by
sRNAs has a couple of implications:

1. An increase in the level of free sSRINA leads to more sSRNA—target mRNA complexes and to
a decrease in the level of free target mRNA. Likewise, a change in the free—target-mRNA level
has an inverse effect on the level of free SRNA. Thus, there are bidirectional effects between the
sRNA and target RNA, which might have local and even global effects on other interactions in
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the regulatory network (75). Consequently, it was suggested that expression noise (both internal
and external) of a few principal targets of SRINAs can be buffered through the regulation of many
other weak targets (44). It is of note that in case the RNAs in the complex are degraded as a result
of the interaction, there are inverse effects between the SRINA and target not only on the levels of
free molecules but on their total levels.

2. sRNAs establish a threshold-linear response for their targets’ expression with ultrasensitivity
near the threshold (41, 51, 59, 66; for review, see 50). If the target’s transcription rate is lower
than that of the SRNA, then all target RNAs are sequestered by the sSRNA. If the transcription
rate of the sSRNA is lower than that of the target, the target’s effective transcription rate is linearly
proportional to the difference between its own and the SRNA transcription rate (Figure 2¢). This
mechanism can aid in avoiding target expression following weak or transient internal or external
transcription signals, can lead to faster target response following changes in conditions that require
derepression of the target, and promotes homogenous target kinetics by, for example, filtering
transcriptional noise (6).

POSTTRANSCRIPTIONAL REGULATORY NETWORKS
INVOLVING sRNAs

It is illuminating to describe the SRNA-target interactions in the cell as a network, where nodes
represent either sSRINAs or their targets and edges represent regulatory interactions between them.
"This representation allows the characterization of both structural and dynamical properties of the
regulatory system, as discussed below. Regulatory networks are usually represented as directed
networks, with edges pointing from the regulator node to the target node. However, the bidirec-
tional effects between the sSRNA and target (Figure 2b) suggest that the sSRNA-target networks
can be better represented as undirected (or bi-directed) networks (15, 28, 75). In the discussion
below, we treat and analyze the sSRNA-target networks as undirected. Because the number of
known sRNA-sRNA interactions is very small (60, 67), these networks have been considered
essentially bipartite, with interconnections mainly between the two node groups of sSRNAs and
targets.

Experimentally determined sSRNA-target interactions have been gradually accumulating (see
table S3 in Reference 60). Recently, a few studies described experimental approaches to glob-
ally capture sSRNA-target interactions in bacteria (36, 49, 60, 98), enabling the description of
sRNA-target networks at a transcriptome-wide scale. Here, we characterize the properties and
dynamics of SRNA-target networks using the networks deciphered in E. co/i by Melamed et al. (60)
under three different conditions (log phase, stationary phase, and iron limitation), because they
are the most extensive networks deciphered and allow comparison between different conditions.
Pairs of sSRNA-target included in these networks were determined using a new experimental-
computational methodology, RIL-seq (RINA interaction by ligation and sequencing), by which
Hfq-mediated sSRNA—target interactions are identified. RIL-seq involves co-immunoprecipitation
of Hfq and bound RNAs, ligation of RNAs, sequencing, and identification of chimeric fragments,
which represent RINA pairs interacting while bound to Hfq (60).

In Figure 3 we present the unified network involving the interactions in all three conditions
(~2,800 interactions), and in the discussion below, we refer to the three networks in the three con-
ditions. Approximately two-thirds of the interactions in the three networks involve well-established
Hfq-bound sRNAs, whereas the additional interactions involve newly identified Hfq-bound
sRNAs. For simplicity, we analyze the subnetworks involving the well-established sRNAs and
their target mRINAs (analysis of the full networks yielded very similar characteristics). We first
analyze the degree distribution of the nodes, where a node’s degree refers to the number of edges
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Figure 3

Network of sSRNA-target interactions in Escherichia coli (based on data from Reference 60). sSRNA nodes are
shown in green and targets in orange. Edges connect between sSRNAs and their targets. The network
comprises ~2,800 interactions in total, unifying the interactions in the three studied growth conditions.

connecting it to other nodes. Analysis of the degree distributions of the three networks revealed
that they are scale-free, meaning that they exhibit a power-law degree distribution, characterized
by P(k) ~ k~¢, where P(k) is the probability of a node to have degree k£ and « is 2.32, 2.08, and 2.04
for log phase, stationary phase, and iron limitation, respectively. These results are in accord with
many other real-world networks, specifically biological networks, in which « is usually in the range
2 <a <3 (2,3; for review, see 9). This means that most of the RNAs in the networks are sparsely
connected, yet there is a small fraction of hub nodes that are connected to many other RNAs. These
hubs refer mostly to sSRNNAs that have many targets but also to several targets that are regulated
by multiple sSRNAs [such as fIhD (23)]. Whereas the sSRNA-target network rewires substantially
between conditions, 34% of hub nodes retained their high connectivity across conditions.

Biological networks are exposed to various perturbations. These include external perturbations
(e.g., drugs or chemicals) and internal perturbations (e.g., mutations), which may affect the nodes
and/or edges. Our computational analysis of the SRNA-target networks under all three conditions
revealed their robustness to mutations or perturbations applied to random nodes. However, they
were found to be highly vulnerable to targeted hub perturbations, highlighting the important role
that hub nodes have in maintaining the structural integrity of the networks. These results are
consistent with findings for other scale-free networks (17, 35, 43).
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Another network measure of interest is the shortest path length between two nodes. When
computing the average shortest path length over all node pairs in a network, we find that it is
3.89, 3.34, and 3.63 for log phase, stationary phase, and iron limitation, respectively. Consistent
with findings for the miRNA-target network (75, based on data from 37), the distributions of
shortest path lengths are sharply peaked around these averages, suggesting the potential for cross-
talk between most nodes in these networks (75). This implies that perturbations of a node may
propagate in the network and influence distant nodes, as discussed in the final part of this review.

REGULATORY CIRCUITS INVOLVING sRNAs

The availability of large-scale data enumerating regulatory interactions has paved the way to the
identification of regulatory circuits—distinct connected patterns of regulators and targets in the
network. Often, a regulatory pattern is recurring in different parts of the network and in differ-
ent contexts, suggesting the wide functional use of those circuit structures. Such patterns in the
sRNA-target network include, for example, the single input module, where an sSRNA regulates
several targets, and the dense overlapping regulon, where multiple sSRNAs coregulate several tar-
gets. These regulatory patterns were comprehensively reviewed in Reference 10. Here we focus
on distinct structures of mixed regulatory circuits that involve transcription regulation by a TF and
posttranscriptional regulation by an sSRNA. With the accumulation of data of regulatory interac-
tions, various configurations of such mixed circuits were deciphered, and it would be illuminating
to exemplify them and discuss their properties and functionality.

Mixed Feed-Forward Loops

A feed-forward loop (FFL) is a three-node circuit in which a regulator regulates the expression of
a target gene both directly and indirectly via another regulator (Figure 44, top). FFLs can exhibit
different logic gates for their target’s dual regulation; two of these are the AND logic gate, where
both regulators are required to exert the regulatory function on the target, and the OR logic
gate, where one regulator suffices. FFLs can also be characterized as coherent or incoherent. In
coherent FFLs, the two regulation paths lead to the same overall effect on the target (activation or
repression), whereas in incoherent FFLs, the two paths lead to different results, one to activation
and the other to repression. Because each of the three edges in the FFL can represent either
positive or negative regulation, there are eight (2*) possible configurations of FFLs, four coherent
and four incoherent. Mangan & Alon (56) classified them into types (coherent types 1-4 and
incoherent types 1-4), and we follow this classification in our discussion (Figure 4a, middle).

Systematic analyses of the transcriptional regulatory networks of E. coli and Saccharomyces
cerevisiae identified the FFL as a main building block of those networks (65, 84; for review, see 4).
Both the coherent and the incoherent transcriptional FFLs were shown to have unique properties.
Coherent FFLs were shown to function as sign-sensitive delay elements, where the FFL structure
leads to a delay in the response of the target following a stimulus to the top regulator in only one
direction but not the other (e.g., OFF to ON step but not ON to OFF step), a property that can
protect against fluctuations or noise by avoiding a response to transient inputs. Incoherent FFLs,
on the other hand, were shown to function under suitable conditions as pulse generators and as
sign-sensitive accelerators (56 and reviewed in 4).

Given the characteristics of regulation by sRNAs, inclusion of sSRNAs in FFLs has several
benefits. It allows an enhanced response and provides a tighter, double-layered regulation. A
double-layered repression of a target prevents possible transcriptional leakage at the posttran-
scriptional level, whereas a double-layered upregulation enhances simultaneously the target’s
transcription and translation rates (either directly or as a result of the increase in the target
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Mixed regulatory circuits involving an sSRINA and a transcription factor. () Mixed feed-forward loops (FFLs) can involve either an
sRNA or a transcription factor (TF) as top regulator. Shown are all possible configurations of coherent mixed FFLs along with
biological examples, when available. The examples are from various bacteria: Salmonella, type 1 with top sSRINA; Staphylococcus aureus,
types 2 and 4 with top sRNA; Escherichia coli, types 1-4 with top TF. The numbering of FFL types follows Reference 56. Arrows
indicate positive regulation, and truncated arrows indicate negative regulation. (b)) Double selector switch in S. aureus composed of two
combined mixed FFLs, controlling the inverse expression of spz and hlu (left). Upon a quorum-sensing signal, spz is quickly
downregulated, whereas the upregulation of hla is delayed (right) (73). () Mixed negative-negative feedback loops in E. coli (left),
showing bistable dynamics, exhibiting two stable states with fluctuation-driven transitions between them (right) (74).
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mRNA’s stability). Because the TF and sRNA regulate the target at two different layers, the logic
gate controlling the multiple inputs to the target can be considered (for an ideal leakage-free
system) as an AND gate if both regulation paths lead to activation of the target and as an OR
gate if both regulation paths lead to repression of the target. However, in more realistic scenarios,
combination of regulation by TFs and sSRNAs can result in more elaborate logic gates (96).

It was shown that the transcription of quite a few sRNAs is regulated by TFs and/or various o
factors [e.g., regulation of 7yhB by Fur (58), micF by OmpR (22), and 7ybB by o® (31); reviewed in
55], and many sRNAs regulate TF-encoding genes or o factor-encoding genes [e.g., regulation
of fbiA by OxyS (5), esgD by RprA (63), and 7poS by RprA (53); reviewed in 55]. This implies there
are two possible node architectures of mixed FFLs, depending on the locations of the TF and
sRNA—either an SRNA occupies the top layer, regulating the target both directly and indirectly
through a TF, or a TF is at the top layer, regulating the target both directly and indirectly through
an sRNA (Figure 44). Data from studies focusing on various specific SRNAs led to identification
of different configurations of mixed FFLs arising in different contexts. Interestingly, in several
identified mixed FFLs, the same two regulators are included and regulate many different targets
(such circuits were termed multi-output FFLs) (11,47, 84). Examples of mixed FFLs are illustrated
in Figure 4 and discussed below.
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The dynamics of mixed FFLs can be studied both experimentally and computationally. Exper-
imentally, one of the interactions in the FFL is artificially abolished and the change in expression
of the target is compared to the change governed by the wild-type circuit upon change in con-
ditions (11). Computationally, the dynamics are usually investigated by mathematical modeling
and simulations, achieved by describing the change in target protein level over time by rate equa-
tions, taking into account the rates of generation and degradation of the regulators and target
and the relevant binding and dissociation constants (25, 59, 73, 85). The dynamics obtained in
the simulations depend to a large extent on the parameter values used, but for widely acceptable
biological ranges of those parameters, general conclusions can be drawn for the various configura-
tions. However, comprehensive comparisons of circuit dynamics between mixed FFLs of identical
architectures that differ in the location of the sSRNA and TF over a wide range of parameters are
not yet available. Here, for the sake of space, we focus on mixed coherent FFL configurations
(Figure 4a). We describe the qualitative dynamic properties of several identified coherent mixed
FFLs in bacteria, referring also to experimental measurements when available.

Feed-forward loop type 1. FFL type 1 filters transient signals by delaying the response of
the target. With either sRNA or TF at the top, expression of the target is enabled when its
transcription is activated by the TF and its translation is enhanced by the sRNA, whereas the
expression of the bottom regulator depends on its activation/enhancement by the top regulator.
The FFL comprising RprA-RpoS—ricl, recently discovered in Salmonella, provides an example for
type 1 FFL with sRINA at the top (78). In this example, membrane stress and Rca phosphorelay
activate RprA, which enables the translation of 7poS posttranscriptionally. RpoS transcribes 7icl,
and RprA enables its translation. The end result is prevention of plasmid conjugation by Ricl.
Ricl protein is expressed only when both RprA and RpoS activate it. Thus, the circuit ensures
that upon persistent membrane stress, plasmid conjugation is prevented. When the signal is not
present (OFF state), the activity of 7icl is quickly diminished because RprA is inactive. The circuit
involving Crp-McaS—flhD, identified in E. coli, represents a type 1 FFL with TF at the top, but its
physiological role is not yet clear (88).

Feed-forward loop type 2. In FFL type 2, the bottom regulator activates the target, and upon
external signal activation, the top regulator suppresses both the bottom regulator and the target,
enhancing the downregulation of the target. When the external signal to the top regulator is turned
off, the target activation is expected to be delayed, because the pool of active RNA transcripts of
the bottom regulator needs to be refilled. An example for this FFL with sRNA as a top regulator
is the circuit RNA III-Rot-spa in Staphylococcus aureus (14). Rot is a TF that activates spz when
local cell density is low. Upon increase in cell density, a quorum-sensing signal leads to activation
of the regulatory RNA, RNA III, which suppresses posttranscriptionally both 7ot and spa. Abol-
ishing the activation of the transcription of spz by Rot and repressing it posttranscriptionally by
RNA III, downregulates spa and prevents transcription leakage (73). Upon decrease in cell den-
sity (OFF signal), there is a delay in the upregulation of spz because its expression requires Rot’s
protein pool to refill. The circuit with TF at the top is exemplified by ArcA-ArcZ—rpoS (54, 64),
where, under anaerobic conditions, phosphorylated ArcA represses the transcription of both 7poS
and the gene encoding the SRNA ArcZ, which activates 7poS posttranscriptionally (54, 83). Under
aerobic conditions (OFF), ArcA does not act as a repressor and 7poS is expressed.

Feed-forward loop type 3. In FFL type 3, the top regulator represses the target and activates the
bottom regulator that also represses the target. Several such circuits with TF as the top regulator

were identified in E. co/i. Although no such circuit with an SRNA as a top regulator has yet been
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identified, it will conceivably be deciphered when more regulatory interactions are revealed along
with their regulation sign (positive or negative). An example of a circuit with a top TF is provided
by OmpR-MicF-ompF in E. coli (22, 34, 69, 85). Upon high osmotic stress, phosphorylated OmpR
represses the transcription of ozzpF and activates the SRNA mzicF, which represses ompF posttran-
scriptionally. This double-layered regulation enhances the downregulation of ozpF and prevents
its transcriptional leakage. In this FFL, the transition to OFF state is delayed and depends on the
half-life of MicF.

Feed-forward loop type 4. In FFL type 4, the bottom regulator represses the target and the top
regulator represses the bottom regulator and activates the target, leading to an increase in the target
level. An example of such an FFL with a top TF is provided by the CRP-Spot 42—gu/K circuit (11).
Other genes encoding metabolic enzymes are also targets in this multi-output FFL, controlled by
CRP-Spot 42 (11). In the presence of glucose, enzymes involved in metabolism of other sugars
are not activated and any leaked transcripts are repressed by Spot 42 (OFF state). In the absence
of glucose (ON state), metabolism of other sugars, such as galactose, takes place. When Crp is
active (ON state), it directly enables the transcription of g#/K and indirectly enables its translation
by the downregulation of Spot 42. Consistent with computational predictions for transcriptional
coherent FFL type 4, it was demonstrated experimentally that this circuit provides a delayed
increase in the target protein level when Crp is activated (ON) (11). In addition, experiments
also revealed an accelerated decrease in target protein level when Crp was deactivated, which
was attributed to the posttranscriptional downregulation performed by Spot 42 (11). An example
of a coherent type 4 FFL with an sRNA on top is provided by the RNA ITI-Rot-A/z circuit in
S. aureus. Upon increase in cell density and activation of RNA I, the expression of b/z is enabled,
as RNA IIT represses posttranscriptionally the gene encoding its transcriptional repressor Rot and
enhances its translation by releasing its otherwise-blocked ribosome binding site (71). Therefore,
the repression of hla is enforced at two regulation layers, and its expression upon ON step is
delayed because it requires the depletion of Rot’s protein pool (73).

Elaborate Circuits Made by Combinations of Feed-Forward Loops

As an FFL structure has been considered to be one of the building blocks of the transcriptional
regulatory network (65), a mixed FFL can be considered as one of the building blocks of the
integrated regulatory network of transcriptional and posttranscriptional regulatory interactions.
Two such FFLs can combine in the network to establish more elaborate regulatory circuits, such
as sophisticated switches. One example for such a switch is between ozpF and omzpC, encoding two
porins that are required under different osmotic stresses. This switch is formed by combining a
type-3 FFL with a type-4 FFL, where a common regulator, the TF OmpR, is at the top of the two
FFLs (21, 22, 34, 69, 85). Under high osmotic stress, the FFL. OmpR-MicF-ompF (Figure 4a,
bottom) leads to repression of ozpF, whereas the second FFL, OmpR-MicC-omzpC, leads to delayed
accumulation of OmpC. Another intriguing double-layered regulatory switch was identified in
S. aureus and termed the double selector switch (DSS) (73) (Figure 4b). The DSS controls the
ability of S. aureus to switch between a defensive and an offensive state according to a quorum-
sensing signal. It coherently controls two targets, sps, encoding protein A (which supports the
ability of the bacterium to defend itself against phagocytosis), and hla, encoding the toxin Hla
(which creates pores and tunnels in targeted cells) (76). The DSS is formed by combining a type-2
FFL and a type-4 FFL, sharing a top sRNA regulator, RNA III, and a bottom TF regulator, Rot.
Compared to the simplest switch composed of a single regulator, either a TF or an sSRNA, the
DSS was shown both computationally and experimentally to induce asymmetric response of its
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targets (a delay in the induction of Az upon ON step and a delay in the induction of spa upon
OFTF step; see Figure 4b, right, for the ON step), guarantee tight regulation, and filter transient
external signals (73).

Mixed Feedback Loops

Another circuit involving both transcriptional and posttranscriptional regulations is the mixed
feedback loop, where a TF regulates an sSRNA, which in turn regulates the TF. Two prominent
configurations of this circuit are discussed below:

1. Positive—negative, where one regulation is positive and the other is negative (e.g., the TF-
sRNA circuit LuxO-(Qrr1-5) in Vibrio barveyi and V. cholerae; reviewed in 10, 72). In a
positive-negative mixed feedback loop, oscillatory dynamics may arise (48, 52).

2. Negative-negative, where a TF and an sSRNA repress each other [e.g., the circuit Lrp—MicF
(38), or Fur—RyhB, where the binding of RyhB is to a transcriptionally coupled upstream
gene of fur (92); see Figure 4c, left]. Dynamically, a negative-negative mixed feedback loop
was shown to exhibit bistability under suitable parameter values, where two stable states can
coexist, one dominated by the sSRNA and the other by the TF (74). Because of stochasticity,
transitions between the two stable states can occur (Figure 4¢, right). The frequency of
such transitions and the regulators’ levels characterizing the two stable states are functions
of the parameters of the synthesis and interactions of the two regulators. Thus, suitable
adjustment of external conditions may lead to dynamical states that best fit the current
biological condition (7, 74).

Mixed Circuits of Two Regulators Derived from the Same Transcript

Circuits involving two regulators derived from the same transcript can be established in at least
two ways: (#) when the sRNA includes an open reading frame that is translated into a protein
product (91) and (b)) when an mRNA of a protein-encoding gene is processed to produce an
sRNA [frequently, from its 3’ untranslated region (UTR)] (19, 60; reviewed in 68). When the
two products derived from the same transcript function in the same or complementary cellular
pathways, they make up intriguing regulatory circuits, where the two regulators are inherently
coordinated (Figure 5). The first scenario is exemplified by SgrS in E. coli and Salmonella (94)
and RNA III in S. aureus (42). SgrS regulates genes that play a role in the response to glucose—
phosphate stress by base pairing with their mRNAs through its 3’ region. SgrS$ also encodes in its
5’ region a small protein, Sgr'T’, which is translated and participates in the response to the same
stress. RNA III in S. aureus plays a role as a regulatory RNA in the virulence pathways of the
bacterium, as described above, and also encodes a small protein, Hld, which is a toxin that plays a
role in the virulence of the bacterium (42). In both examples, it seems that the two manifestations
of the sSRNA (as a protein-encoding gene and as a base-pairing regulatory RINA) are mutually
exclusive (12, 94). The second scenario is exemplified by the CpxP-CpxQ circuit in Salmonella
and E. coli (20, 33) and the GadE-GadF circuit in E. coli (60). CpxQ sRNA is generated from the
3" UTR of ¢pxP (a gene encoding a chaperone that plays a role in the response to inner-membrane
stress) and was shown to repress many inner-membrane proteins by base pairing to their mRNAs.
GadF sRNA is generated from the 3’ UTR of gadE, which encodes a transcriptional activator that
regulates many genes involved in the response to acidic stress (60). Because GadF was found to
base pair with mRNAs of genes in the same pathway (and among them with three targets of GadE),
the GadE-GadF circuit provides an example of a regulatory circuit comprising a transcriptional
and a posttranscriptional regulator derived from the same transcript. As additional SRNAs were
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Mixed circuits involving two regulators derived from the same transcript. (Left) An sSRNA that includes an
open reading frame and is translated into a protein. (Right) An mRINA that is processed by an RINase to
produce an sRNA. In both cases, the resulting sSRNA and protein function in the same or complementary
cellular pathways. A curly green line represents an sSRNA, and a curly orange line represents an mRNA. An
orange circle represents a protein.

recently discovered in the 3’ UTR of mRNAs (e.g., 19, 60), other such circuits are expected to be
revealed.

COMPETITION EFFECTS IN sRNA-TARGET NETWORKS

The inverse relation between the levels of free SRNA molecules and free target RNA molecules
for a given sSRNA-target interaction (Figure 2b) implies that targets that are coregulated by the
same sSRNA compete over its binding. Hence, common targets of an sRNA affect each other’s
binding to the sSRNA and, consequently, their level of free molecules. If two targets, A and B, bind
an sRNA regulator, an increase in the expression level of free A will lead to more complexes of
A with the sRNA, lowering the number of complexes with B and leading to an increase in the
level of free B. In such a scenario, target A is often regarded as sponging the sSRNA and relieving
its regulatory effect from other targets. Examples of this phenomenon were demonstrated for
miRNAs in eukaryotes and sSRNAs in prokaryotes, where the sponges span a wide range of RNA
molecules [e.g., circular RNA (61); long noncoding RNA (18); and pseudogene transcripts (80)
in eukaryotes, and mRINA (29, 77); sRNA (60, 67); and tRNA (49) in prokaryotes; for review see
16, 26, 79]. In eukaryotes, there has been a debate about the physiological implications of such
miRNA sponging (89). Although sponging was shown to play a role in the physiological response
to cellular stress in plants (30) and was shown to play a role in cancer in humans [e.g., (45, 46,
80, 87)], the general physiological relevance of miRINA sponges in eukaryotes was challenged by
demonstrating that high nonphysiological concentrations of an mRNA acting as a sponge are
needed to observe an effect on the expression level of other targets of the miRNA (24).

In bacteria, a few sponging interactions were shown to play a role in cellular physiology. The
first example is of ChiX sRNA, which conventionally represses the expression of the chitoporin
ChiP. In the presence of chitosugars, ChiX is sponged by an intergenic region of the chbBCARFG
transcript, encoding genes involved in the same pathway. The ch#B-ChiX interaction leads to ChiX
degradation and relieves the repression of ¢hiP (29, 77). It is interesting that conventionally, chbB
transcription is repressed and ChiX prevents its possible leaky transcription. It is only in the
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presence of chitosugars that the level of ¢hbB transcript increases and enables it to function as
a sponge of ChiX. This exemplifies that the sponging capability depends on the relative levels
of the sSRNA and its RNA interactor. Another example of sponging interaction is provided by
SroC-GevB. SroC is an sSRNA generated from the 3" UTR of one of the targets of GevB, gltl.
The interaction SroC-GevB leads to degradation of GevB and to relief of its targets’ repression
(mostly involved in amino acid metabolism and transport), including g/#I (67). SroC is processed
from g/#l transcript and acts as an Hfq-bound sRNA to establish sSRNA-sRNA interaction with
GevB. Interestingly, in enterohemorrhagic E. coli, it was found that a bacteriophage-encoded
sRNA antagonizes GevB in a similar manner, granting the bacteria a growth advantage (90).
Recently, another sSRNA, PspH (derived from the 3" UTR of pspG), was shown to sponge Spot
42 and upregulate its targets, but the physiological context of this sponging is not yet clear (60).
Finally, the 3’ end of a tRNA was shown to sponge two sSRNAs in E. co/i—RyhB and RybB. This
region is cleaved from the pre-tRNA and base pairs with the two sSRNAs under conditions in which
they are not needed, buffering any unnecessary transcriptional noise (49).

The inverse relationship between the levels of free SRNA and target suggests there may also
be competition between sRNAs over shared targets and, hence, mutual effects between sRINAs
through their shared targets (15, 28, 75). Combination of the two competition types—of sSRNAs
over shared targets and of target RNAs over common regulatory RNAs—suggests that perturba-
tions can gradually propagate in the network through such posttranscriptional regulatory paths,
as demonstrated in Figure 6 (1, 15, 28, 75). It was found that the extent of such propagation
is a function of the network topology as well as the parameters of synthesis, degradation, and
interactions of the sSRNAs and targets composing the chains along which information can flow
(75). This suggests a potential for distant effects between genes in the posttranscriptional regula-
tory network, with possible implications for indirect effects of mutations and off-target effects of
drugs. The physiological implications of this type of information flow in cellular networks are yet
to be discovered. sSRNAs do not compete only over shared targets but also over shared resources,
most prominently over binding to Hfq (40, 70). Hence, a change in the expression of a certain
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Figure 6

Propagation of a perturbation effect along a chain of sSRNA—target interactions. (#) Schematic representation of a chain of interactions
comprising recurrent interacting SRNAs ( green circles) and target RNAs (orange circles). The network in panel # is perturbed out of
steady state by decreasing the level of the leftmost target (“source”), marked by a downward black arrow. The colors of targets get
lighter with increasing distance from the source. Shown are the changes in target levels over time, normalized (4) by the maximal and
minimal levels within each individual RNA component and (¢) by the maximal level of the source. The perturbation effect is delayed (5),
and its amplitude decreases () with the increase in distance from the perturbed source (schematic representation adapted from
Reference 75). Colors of the lines in panels # and ¢ correspond to the colors of circles in panel 4.
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sRNA could affect the ability of other sSRNAs to bind to Hfq and hence affect the regulation of
genes that are not direct targets of the perturbed sRNA. It is the combination of competition over
binding to Hfq and binding to shared targets that determines the relative amounts of Hfq-bound
sRINA molecules available for interaction with target RNAs. A major challenge is to quantify the
effects of these two types of competitions and to take into account the mutual effects of RINAs
in the network, which would enhance our understanding of the functionality of the sSRNA-target
network and its dynamic response to perturbations.

CONCLUDING REMARKS

sRINAs play important roles in the control of gene expression in central cellular pathways in bac-
teria. They are integrated in regulatory circuits that participate in the adaptation of bacteria to
new environmental conditions and in the response to various stresses. The special properties of
regulation by sSRNAs and by TFs and their combination in regulatory circuits award each circuit
configuration with distinct dynamic properties. As more sRNAs and sSRNA-target interactions
become available, the analysis and implications on the posttranscriptional regulatory network are
expected to broaden, both at the global scale (affecting the statistical and dynamical properties
of the network as a whole) and the local scale (revealing additional regulatory circuits and their
biological function, dynamics, and regulatory context). Identifying the interactions by themselves
is still insufficient for revealing the functionality of regulatory circuits, as knowledge about the
properties of regulation (positive or negative) is required for this. There is a challenge therefore to
develop efficient methods not only for interaction determination but also for determining whether
the sSRINA acts as a repressor or activator. It is also intriguing to understand how the sSRNAs are in-
tegrated with additional regulatory interactions, such as protein-RINA interactions. Taking a more
global view, extension of the network analyses to additional posttranscriptional networks (includ-
ing other regulatory mechanisms in addition to sSRNA—target interactions, networks deciphered
under additional conditions, additional high-resolution dynamic phases, and other organisms)
could enable extended comparative analysis and highlight the consistencies, inconsistencies, and
their significance across the different networks.
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