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Summary

Quorum sensing is a cell-cell communication process that bacteria use to transition between 

individual and social lifestyles. In vibrios, homologous small RNAs called the Qrr sRNAs 

function at the center of quorum-sensing pathways. The Qrr sRNAs regulate multiple mRNA 

targets including those encoding the quorum-sensing regulatory components luxR, luxO, luxM, 

and aphA. We show that a representative Qrr, Qrr3, uses four distinct mechanisms to control its 

particular targets: Qrr3 sRNA represses luxR through catalytic degradation, represses luxM 

through coupled degradation, represses luxO through sequestration, and activates aphA by 

revealing the ribosome-binding site while the sRNA itself is degraded. Qrr3 forms different base-

pairing interactions with each mRNA target, and the particular pairing strategy determines which 

regulatory mechanism occurs. Combined mathematical modeling and experiments show that the 

specific Qrr regulatory mechanism employed governs the potency, dynamics and competition of 

target mRNA regulation, which in turn, defines the overall quorum-sensing response.

Introduction

Small regulatory RNAs (sRNAs) act as core regulators in many bacterial signal transduction 

cascades (Waters and Storz, 2009). Bacterial sRNAs function by several mechanisms. Here, 
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we focus on trans-encoded Hfq-binding sRNAs. This class of sRNA can act positively or 

negatively, and non-contiguous base-pairing with mRNA targets is employed. In the case of 

negative regulation, trans-encoded sRNAs base-pair near the ribosome binding site of the 

mRNA target, leading to ribosome occlusion (Altuvia et al., 1998; Kawamoto et al., 2006; 

Møller et al., 2002; Udekwu et al., 2005). In most cases, occlusion is associated with RNase 

E recruitment and degradation of the mRNA (Massé et al., 2003; Prévost et al., 2011). In the 

case of positive regulation, trans-encoded sRNAs perform anti anti-sense base-pairing with 

the mRNA target (Fröhlich and Vogel, 2009; Majdalani et al., 1998). Binding reveals the 

ribosome binding site and promotes stabilization of the mRNA target, and, in turn, gene 

expression (McCullen et al., 2010). The RNA chaperone Hfq mediates the interactions 

between trans-encoded sRNAs and their mRNA targets and protects the sRNAs from RNase 

E-mediated degradation (Vogel and Luisi, 2011; Kawamoto et al., 2006). Hfq is thought to 

be limiting, leading to competition between different sRNA-mRNA pairs for its chaperone 

function (Fender et al., 2010; Hussein and Lim, 2011; Moon and Gottesman, 2011).

The implications of trans-encoded sRNA regulation at the systems level depend on the fate 

of the sRNA. First, sRNAs can undergo coupled degradation in which both the sRNA and 

the mRNA target are degraded following base-pairing. The RyhB sRNA exemplifies this 

mode of regulation (Massé et al., 2003). Second, sRNAs can act catalytically, in which the 

target mRNA is degraded but the sRNA is not. Thus, the sRNA is available to recycle. One 

such example is the MicM (ChiX) sRNA, which acts catalytically on the mRNA target ybfM 

(chiP) (Overgaard et al., 2009). Third, sRNAs can also act by sequestering their targets. An 

example of this type of regulation occurs between the sRNA Spot42 and its mRNA target 

galK. In this case, Spot42 specifically blocks the ribosome-binding site of galK, but no 

mRNA degradation occurs (Møller et al., 2002). Finally, the fates of sRNAs that act as 

activators have not been well characterized. In theory, activating sRNAs can be degraded, 

recycled, or sequestered.

The Qrr sRNAs (Quorum Regulatory RNAs) are Hfq-dependent trans-encoded sRNAs that 

control vibrio quorum sensing (Lenz et al., 2004). Quorum sensing is a cell-cell 

communication process that bacteria use to monitor changes in cell-population density and 

control collective behaviors such as biofilm formation and virulence factor production. 

Quorum sensing involves production, detection, and population-wide response to 

extracellular signal molecules called autoinducers (Rutherford and Bassler, 2012). In vibrio 

quorum-sensing circuits, several nearly identical Qrr sRNAs control multiple target mRNAs, 

and the Qrr sRNAs act as both positive and negative regulators. These features enable us to 

exploit this set of sRNAs and their particular mRNA targets to dissect pairing regimes, 

target preferences, and modes of regulation. The Qrr sRNAs positively control the 

production of the low-cell-density master regulator AphA, and they repress the production 

of the high-cell-density master regulator LuxR (Rutherford et al., 2011; Tu and Bassler, 

2007). The Qrr sRNAs feed back to repress the genes encoding one of the quorum-sensing 

synthase-receptor pairs, LuxMN, and the gene encoding the transcriptional factor LuxO 

(Teng et al., 2011; Tu et al., 2010). The Qrr sRNAs also post-transcriptionally regulate 

sixteen genes outside of the quorum-sensing circuit (Shao et al., 2013).
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In the present study, we show that a representative Qrr sRNA, Qrr3, uses four distinct 

mechanisms to regulate four different target mRNAs. The Qrr3 sRNA undergoes coupled 

degradation when it pairs with luxM mRNA, it uses sequestration to control luxO mRNA, it 

catalytically represses luxR mRNA, and it activates aphA mRNA expression while the Qrr3 

sRNA itself is degraded. The mRNA targets that reduce Qrr sRNA stability (luxM and 

aphA) do so by remodeling the 5’-most stem-loop of the Qrr sRNA. mRNA targets that 

sequester the Qrr sRNA (luxO) presumably do so via tight binding to the Qrr sRNA. Indeed, 

we demonstrate that a particular regulatory mechanism can be converted into a different one 

by altering the base-pairing position or binding strength. The different sRNA-target mRNA 

interaction mechanisms result in distinct regulatory strength and dynamical behaviors of the 

mRNA targets in vivo. Furthermore, the particular regulatory mechanism used for mRNA 

target regulation is critical for properly timed quorum-sensing responses.

Results

The Qrr3 sRNA uses distinct mechanisms to regulate different mRNA targets

There are twenty known targets of the V. harveyi Qrr sRNAs (Shao et al., 2013), four of 

which, luxM, luxO, luxR, and aphA, are members of the quorum-sensing regulatory circuit 

and are the focus of this work (Figure 1). Little is known about how the five Qrr sRNAs 

choose among their mRNA targets in vivo. To investigate Qrr target preferences, we 

developed a competition assay in Escherichia coli. We constructed a dual reporter system on 

a single plasmid that encodes (1) an IPTG-inducible 5’UTR-GFP fusion to a Qrr-repressed 

mRNA target (the Qrr “target” in all assays), and (2) an arabinose inducible 5’UTR-

mCherry fusion to a different Qrr-controlled mRNA target (the Qrr “competitor”). We 

transformed this dual reporter plasmid along with a second plasmid encoding 

anhydrotetracycline-inducible Qrr3 into E. coli (Figure S1A). The five Qrr sRNAs are 

similar in sequence and secondary structure and they share most of the target mRNAs (Shao 

et al., 2013; Tu and Bassler, 2007). We arbitrarily chose Qrr3 to use in these assays.

To monitor Qrr preference, we first measured GFP fluorescence from the target mRNA in 

the absence of both Qrr3 and competitor mRNA to determine the basal expression level of 

the mRNA target. Next, we measured target GFP fluorescence when Qrr3 was induced to 

determine the level of target mRNA repression by Qrr3. Finally, we measured GFP 

fluorescence from the target mRNA when Qrr3 was induced and, additionally, the 

competitor mRNA was induced to different levels. This third measurement allowed us to 

assess the ability of different competitor mRNAs to compete with the target mRNA for 

regulation by Qrr3. Our expectation was that, in the case of a Qrr3 repressed target mRNA, 

if competition occurred, the target mRNA-GFP fluorescence should increase when we 

induced expression of the competitor mRNA because the amount of Qrr3 available to 

regulate the target mRNA would decrease. By contrast, if the target mRNA-GFP level did 

not change when we induced expression of the competitor mRNA, we would infer that the 

competitor mRNA did not compete with the target mRNA for regulation by Qrr3.

Our dual reporter system allowed us to simultaneously measure mCherry production from 

the competitor mRNA. A change in mCherry level following induction of Qrr3 was useful to 

verify that the competitor was indeed being regulated by Qrr3. We also determined the 
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expression level and the half-life of Qrr3 in the absence and presence of the mRNA targets. 

Likewise, we measured the expression level of the target mRNAs in the absence and 

presence of Qrr3. These final measurements allowed us to discover the fates of Qrr3 and the 

target mRNA, and thus the mechanism used by Qrr3 to control each target – catalytic, 

coupled degradation, sequestration, or mRNA activation with concomitant sRNA 

degradation.

Using this strategy, we first investigated whether luxM mRNA competes with luxR mRNA 

for regulation by Qrr3. As a control, we show that, in the absence of Qrr3, increasing the 

luxM-mCherry production does not significantly alter LuxR-GFP production (Figure 2A 

open circles). When Qrr3 is present, LuxR-GFP is repressed 2.5-fold in the absence of luxM-

mCherry (Figure 2A filled circles, Figure 2B; no arabinose). Inducing luxM-mCherry 

expression causes an increase in LuxR-GFP (Figure 2A filled circles, 2B). This result shows 

that luxM mRNA successfully competes with luxR mRNA for regulation by Qrr3. We 

confirmed that in the absence of Qrr3, increasing the arabinose inducer results in increasing 

production of luxM-mCherry (Figure S1B open circles). At low arabinose concentration and 

thus low luxM-mCherry levels, LuxM-mCherry is repressed 2.5-fold in the presence of Qrr3 

(Figure S1C). By contrast, at high arabinose, and thus high luxM-mCherry levels, neither 

LuxM-mCherry nor LuxR-GFP is repressed by Qrr3 (Figures S1C, 2B). Presumably, under 

the latter condition, Qrr3 is saturated by the competitor mRNA or degraded. In analogous 

experiments, we measured the ability of luxM-mCherry to compete with luxO-gfp and with 

luxM-gfp for regulation by Qrr3 and obtained similar results (Figure S3A,B). Thus, luxM 

mRNA can successfully compete for regulation by Qrr3 against luxM (itself), luxO, and luxR 

mRNA.

To assess what becomes of Qrr3 when regulating luxM-mCherry target mRNA, we 

measured Qrr3 levels in the absence and presence of luxM-mCherry mRNA. When no luxM-

mCherry mRNA is present, Qrr3 appears as one band on a Northern blot (Figure S2A, left 

lane). In the presence of luxM-mCherry mRNA, two Qrr3 bands appear, suggesting that 

Qrr3 is processed (Figure S2A right lane). In the absence of any mRNA target, the Qrr3 

half-life is over 32 minutes (Figure S2B). In the presence of luxM-mCherry mRNA, the half-

lives of both Qrr3 RNA bands decrease, with the processed Qrr3 product exhibiting the most 

dramatic decline (to T1/2 <8 minutes, Figure 2C). Together, these data explain how luxM 

mRNA competes with luxR mRNA for regulation by Qrr3: the presence of luxM mRNA 

causes Qrr3 degradation, decreasing the amount of Qrr3 available to regulate luxR mRNA. 

We also examined what becomes of the luxM mRNA during regulation by Qrr3. We used 

gfp fusions to measure target mRNA levels. Both the luxM-gfp mRNA (Figure 2D) and the 

LuxM-GFP protein (Figure S1D) decreased in the presence of Qrr3, indicating that luxM 

mRNA is degraded during regulation. We therefore conclude that Qrr3 regulates luxM 

mRNA through a coupled degradation mechanism: when base-paired, both the luxM mRNA 

target and the Qrr3 sRNA are subject to degradation.

We next investigated whether luxO mRNA can compete with other mRNA targets for Qrr3 

regulation. We again used luxR-gfp mRNA as the “target” for which we show data, but we 

note that the results are the same when luxM-gfp or luxO-gfp mRNAs act as the “target” 

(data not shown). Figures 2E,F and S1E,F show that luxO mRNA can indeed compete with 
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luxR mRNA for Qrr3 regulation, similar to what we found above when luxM-mCherry acts 

as the competitor. However, unlike when luxM-mCherry was the competitor, the level and 

half-life of Qrr3 are identical in the absence and presence of luxO-mCherry competitor 

mRNA (Figures S2C, 2G, S2B) and no processed Qrr3 RNA band was detected (Figure 

S2C, 2G). Furthermore, the presence of Qrr3 does not alter luxO-gfp mRNA levels (Figure 

2H), however, LuxO-GFP protein production is repressed ∼15-fold in the presence of Qrr3 

(Figure S1G). Based on these data, we propose that Qrr3 and luxO mRNA sequester one 

another when base-paired.

We likewise tested whether luxR mRNA could act as a competitor. Induction of high luxR-

mCherry caused significant reductions in target-GFP levels even in the absence of Qrr3 

suggesting that high levels of the LuxR-mCherry protein make the cells sick. To circumvent 

this problem, we introduced a stop codon in mCherry to abolish mCherry protein 

production. We call this construct luxR-mCherry*. When the luxR-mCherry* mRNA is the 

competitor, it does not affect Qrr regulation of luxO-gfp (Figure 2I,J) or luxR-gfp (Figure 

S3C,D). Importantly, Figure S1H,I show that the luxR-mCherry* construct is induced by 

arabinose and is fully repressed by Qrr3. Thus, even though luxR-mCherry* is capable of 

interacting with Qrr3, it cannot compete with luxO-gfp mRNA or luxR-gfp mRNA for Qrr-

regulation. (To eliminate the possibility that this lack of competition is due to the mCherry* 

mutation, we inserted the same stop codon into the luxM-mCherry construct. We call this 

luxM-mCherry*. luxM-mCherry* mRNA remains fully capable of competing for Qrr 

regulation against luxO-gfp mRNA (Figure S3E,F) and luxR-gfp mRNA (Figure S3G,H). As 

controls, we show that the luxR-mCherry* mRNA is expressed at levels comparable to the 

luxM-mCherry, luxO-mCherry and luxM-mCherry* mRNAs (Figure S3I). Thus, we 

conclude that luxR mRNA does not compete with other mRNA targets for Qrr regulation. 

Figures S2D, 2K show that luxR mRNA does not affect Qrr stability because both the Qrr3 

level and its half-life are identical in the absence and presence of luxR-mCherry mRNA (or 

luxR-mCherry* mRNA (data not shown)). By contrast, the level of luxR-gfp mRNA 

decreased in the presence of Qrr3 (Figure 2L), and Qrr3 repressed LuxR-GFP protein 

production (Figure S1J). These data indicate that Qrr3 causes degradation of luxR mRNA. 

However, the Qrr itself is not degraded and is thus available to regulate other targets. 

Therefore, we propose that Qrr3 acts catalytically on luxR mRNA.

Finally, the Qrr sRNAs post-transcriptionally activate AphA production by base-pairing to 

aphA mRNA (Rutherford et al., 2011; Shao and Bassler, 2012). To test if an activated target 

can compete for Qrr regulation, we performed our competition assay using luxR-gfp as the 

target mRNA and aphA-mCherry as the competitor mRNA. The endogenous expression 

level of aphA-mCherry mRNA is much lower than other competitor mRNA targets (data not 

shown). We therefore introduced an additional plasmid carrying the identical arabinose 

inducible aphA-mCherry construct into E. coli to boost aphA-mCherry mRNA levels. Figure 

2M,N show that aphA can compete for regulation by Qrr3. Specifically, Qrr repression of 

LuxR-GFP decreased from seven-fold to two-fold (Figure 2N). AphA-mCherry was 

activated by Qrr3, indicating that aphA is regulated by Qrr3 during the competition (Figure 

S1K,L). Qrr3 levels declined and the Qrr3 stability dramatically decreased when aphA-

mCherry mRNA was present (Figure S2E,F, 2O). Notably, Qrr3 levels reached a plateau 

Feng et al. Page 5

Cell. Author manuscript; available in PMC 2016 January 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



after 4 minutes. We suspect that during the first 4 minutes there exists aphA-mCherry, which 

fosters Qrr3 degradation. However, after 4 minutes, there is likely little or no aphA-mCherry 

mRNA remaining to promote Qrr3 degradation. Thus, the Qrr3 level remains stable from 

that point onward. We also measured what becomes of the aphA-gfp mRNA in the absence 

and presence of Qrr3. Although AphA-GFP protein production is activated ∼2.5-fold by 

Qrr3 (Figure S1M), the full-length aphA-gfp mRNA decreased ∼2.5 fold in the presence of 

Qrr3 (Figure 2P). We suggest that when Qrr3 pairs with the aphA mRNA, aphA translation 

is activated while Qrr3 is destabilized. The fate of the aphA mRNA is unclear and is under 

investigation.

Together, the above experiments demonstrate that Qrr3 uses four different mechanisms to 

regulate its mRNA targets: Qrr3 represses luxM mRNA through coupled degradation, luxR 

mRNA through catalytic degradation, luxO mRNA through sequestration, and Qrr3 activates 

aphA mRNA translation while the Qrr is itself degraded (Figure 1).

mRNA pairing to particular sRNA stem-loops dictates the Qrr sRNA half-life

We considered what features of the Qrr-mRNA pairs dictate the Qrr fate. luxM base-pairs 

with the first and second stem-loops (SL1 + SL2) of the Qrr, aphA base-pairs with SL1, and 

luxR and luxO base-pair with SL2 (Figure 3A #1–5) (Rutherford et al., 2011; Shao and 

Bassler, 2012; Teng et al., 2011; Tu and Bassler, 2007; Tu et al., 2010). 5’ stem-loops 

commonly protect mRNAs from RppH- and RNase E-mediated degradation (Belasco, 

2010). We have previously shown that this same mechanism is also used to protect the Qrr 

sRNAs from degradation. Deletion of SL1 or mutations that disrupt SL1 base-pairing 

destabilize the Qrr sRNAs, and mutations that restore SL1 base-pairing restore Qrr stability 

in E. coli (Shao et al., 2013) and in vivo in V. harveyi (Figure S2G). We wondered whether 

base-pairing to the target mRNA, if it leads to melting of SL1, causes Qrr degradation. To 

test this possibility, we constructed miniRNAs containing only the 5’UTRs of selected 

mRNA targets linked to transcription terminators. We used miniRNAs to eliminate 

ribosome-mediated mRNA stabilization effects. Using the above competition assay, we 

found that the luxR miniRNA does not affect Qrr3 repression of luxR-gfp, which is 

consistent with a catalytic regulatory mechanism (Figure 3B black bars). However, shifting 

the Qrr3-luxR base-pairing from SL2 to SL1 + SL2 (Figure 3A #6) confers competition 

capability to the luxR SL2 to SL1,2 miniRNA (Figure 3B white bars). The presence of the luxR 

miniRNA did not affect the level of Qrr3, however, the presence of the luxR SL2 to SL1,2 

miniRNA caused a decrease in Qrr3 level (Figure 3C).

We also constructed a luxM miniRNA and found that it competes with luxR-gfp for Qrr 

regulation identically to the full-length luxM-mCherry mRNA fusion (Figure 3D, black 

bars). Qrr3 was degraded in the presence of the luxM miniRNA as shown by its decreased 

expression level (Figure 3E). A construct that retains the number of base-pairing nucleotides 

but moves the base-pairing region from SL1 + SL2 to SL2 eliminated the ability of the luxM
SL1,2 to SL2 miniRNA to induce Qrr degradation (Figure 3A #7,E). Together, these data 

suggest that pairing to, and presumably remodeling of SL1 causes Qrr degradation, while 

pairing to SL2 does not. As controls, we show that the luxR, luxR SL2 to SL1,2, luxM, and 

luxM SL1,2 to SL2 miniRNAs are expressed (Figure S4A,C, respectively), regulated by Qrr3 
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(Figure S4B,D, respectively), and the luxR SL2 to SL1,2 and luxM SL1,2 to SL2 miniRNAs 

behave identically to the luxR SL2 to SL1,2 and luxM SL1,2 to SL2 mRNAs, respectively (Figure 

S4E).

To map the processing site in the Qrr sRNA when base-paired to luxM, we expressed 

steady-state levels of Qrr3, induced target mRNA expression, and monitored the dynamics 

of Qrr decay. Consistent with luxM mRNA being controlled by coupled degradation and 

luxR mRNA being controlled by a catalytic mechanism, a Qrr sRNA degradation product 

appeared within ten minutes of induction of luxM mRNA (Figure S2H) whereas Qrr3 was 

not degraded following luxR mRNA induction (Figure S2H). Primer extension analysis 

revealed that processing occurred in the Qrr SL1 region after nucleotides C (position 5), U 

(position 7), and U (position 8) (Figure S2I red arrows), suggesting that opening the SL1 

structure makes the RNase cleavage sites accessible.

We did not observe processing of the Qrr sRNA when aphA was expressed (Figure 2O, 

S2E,F) presumably because the cleavage sites are involved in base-pairing to the aphA 

mRNA (Figure 3A #3). This arrangement likely shields the sites from cleavage. We 

wondered whether partial opening of SL1 in a way that does not reveal the cleavage sites is 

sufficient to induce Qrr degradation. We constructed mutations (GAC to CUG at positions 2 

to 4) to partially open SL1 (Figure S2J) and mimic when aphA is base-paired. We call this 

construct Qrr3mut. The Qrr3mut sRNA is unstable (Figure S2J) compared to wild-type Qrr3 

(Figure S2B) and degraded without an apparent cleavage product.

The Qrr-mRNA base-pairing strength determines whether an mRNA target will sequester 
the Qrr sRNA

The luxM SL1,2 to SL2 miniRNA does not induce Qrr degradation (Figure 3E). Yet, unlike the 

luxR miniRNA, the luxM SL1,2 to SL2 miniRNA is capable of competing with luxR-gfp 

mRNA for Qrr regulation (Figure 3D white bars). These data suggest that the luxM
SL1,2 to SL2 miniRNA competes for Qrr regulation by sequestering the Qrr sRNA. 

Comparison of the predicted binding energies of luxM SL1,2 to SL2 miniRNA, luxR mRNA, 

and luxR miniRNA (the base pairing region in the luxR mRNA and the luxR miniRNA is 

identical) to Qrr3 reveals that the Qrr3-luxM SL1,2 to SL2 miniRNA duplex (−32.7 kcal/mol) 

is more stable than the Qrr3-luxR mRNA (or luxR miniRNA) duplex (−21.1 kcal/mol) 

(Figure 3A #7, 4). We wondered whether mRNA targets that bind strongly to SL2 of Qrr3 

sequester the Qrr sRNA, whereas targets with lower binding energy are catalytically 

degraded. If so, this could explain why some targets can compete for Qrr regulation while 

others cannot. To test this hypothesis, we introduced two point mutations into the luxR-

mCherry* mRNA 5’UTR to increase its strength of binding to Qrr3 (−31.9 kcal/mol) 

(Figure 4A). We call this construct luxRbinding-mCherry*. Indeed, luxRbinding-mCherry* 

gains the capability to compete with luxO-gfp mRNA for Qrr regulation (Figure 4B, 

compare to Figure 2I). As a control, we show that the luxRbinding-mCherry* mRNA is made 

at levels comparable to that of luxR-mCherry* mRNA (Figure S3I). We suggest that the 

base-pairing strength between an mRNA target and the Qrr sRNA governs whether an 

mRNA target will sequester the Qrr sRNA and thus compete for its regulation against other 

target mRNAs.
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The different Qrr regulatory mechanisms govern competition and potency of target control

We used mathematical modeling to explore the consequences of the distinct sRNA-mRNA 

interaction modes on the different RNA species and the underlying biological process being 

regulated. This initial modeling effort is focused on sRNA-mediated repression because 

sRNA-directed activation is not yet well characterized. Based on experimental evidence 

from previous studies, we assume that Hfq protein complexes are always close to saturated 

by sRNAs and mRNAs (Hussein and Lim, 2011; Moon and Gottesman, 2011), but that 

individual sRNA and mRNA molecules actively cycle on and off of Hfq complexes (Fender 

et al., 2010; Wagner, 2013).

We first modeled the scenario of a single species of sRNA (e.g. a single Qrr) specifically 

regulating a single type of mRNA target, in the presence of a background of non-cognate 

sRNAs and mRNAs (see Supplemental Information). In Figure 5A we show as solid curves 

the copy number of mRNA molecules available for translation, which are the free mRNA 

molecules and the mRNA molecules bound to Hfq with non-cognate sRNAs, versus the 

production rate of the sRNA. We find that an mRNA target regulated by catalytic 

degradation (red) is the most efficiently repressed by the sRNA, followed by an mRNA 

regulated by coupled degradation (blue). An mRNA controlled by sequestration (green) 

exhibits only moderate repression by the sRNA. Moreover, mRNA targets that are regulated 

by coupled degradation decrease the total sRNA level (dashed blue curve). Specifically, the 

total sRNA level remains suppressed by coupled degradation until sRNA production 

exceeds the expected threshold of ∼ 7.5 copies/min/cell and then increases linearly. (The 

threshold occurs where the sRNA production rate/the sRNA degradation rate in the sRNA-

Hfq-mRNA complex equals the mRNA production rate/the mRNA degradation rate in the 

sRNA-Hfq-mRNA complex). This threshold-linear behavior of total sRNA does not occur 

in the cases of regulation by catalytic degradation or sequestration (red and green dashed 

curves, respectively).

We next modeled the scenario in which competition occurs between different mRNA targets 

for sRNA regulation (See Supplemental Information). In our system, we have one target 

mRNA (mRNA1) and one competitor mRNA (mRNA2). Our modeling results show that 

coupled degradation supplies the most efficient competition: the level of translated mRNA1 

increases with the production rate of mRNA2 (Figure 5B, solid blue curve), followed by 

sequestration (Figure 5B, solid green curve). Catalytic degradation provides only minimal 

competition (Figure 5B, solid red curve). This result is in good qualitative agreement with 

our experimental data in which luxM and luxO mRNA compete for Qrr regulation and luxR 

mRNA is nearly incapable of competing for Qrr regulation. We also examined the total 

sRNA level when we increased the production rate of the competitor mRNA2 (Figure 5B 

dashed curves). As expected, coupled degradation results in a significant decrease in sRNA 

level (Figure 5B dashed blue curve). The increase of the total sRNA level in the case of 

sequestration is due to the sequestering mRNA2 partially protecting the sRNA from 

degradation (Figure 5B dashed green curve).
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The different Qrr regulatory mechanisms govern the dynamics of target mRNA expression

To examine the effect of different regulatory mechanisms on the dynamics of target 

regulation, we modeled a situation in which sRNA production is induced at time zero and 

then terminated after two hours. We found that when sRNA production is induced (Figure 

6A dashed curves), catalytic degradation and coupled degradation provide the most rapid 

mRNA and protein response, while sequestration confers the slowest response (Figure 6A 

solid curves, 6B, and Supplemental Information). By contrast, when sRNA production is 

terminated, catalytic degradation yields the slowest recovery. As expected, sequestration 

affects the translated mRNA level but it does not affect the total mRNA level. Catalytic 

degradation and coupled degradation affect both mRNA translation and overall target 

mRNA levels (Figure S5). In all cases, repression of mRNA is rapid (∼10 minutes) (Figure 

6A solid curves), whereas repression of protein is slow – approaching steady state only after 

hours – due to the slow dilution rate of protein (Figure 6B). These predictions are in 

agreement with existing experimental data (Papenfort et al., 2013; Vanderpool and 

Gottesman, 2004).

With respect to the mRNA targets studied here, the model predicts that luxR mRNA will be 

the most sensitive to changes in Qrr levels since it is controlled by catalytic degradation. 

Thus, during the high-cell-density to low-cell-density transition, when the Qrr sRNAs are 

produced, luxR mRNA should respond more rapidly to changes in Qrr levels than do luxM 

and luxO mRNA. To test the predictions of the model, we constructed three V. harveyi 

strains that report on target mRNA levels by integrating luxR, luxM, or a luxO 5’UTR 

translational GFP fusion under a constitutive promoter onto the chromosome. We used 

mCherry oriented in the opposite direction to normalize for cellular protein (Long et al., 

2009). We measured GFP and mCherry fluorescence after we induced Qrr production by 

adding a quorum-sensing antagonist (Experimental Procedures) (Shao et al., 2013). Figure 

6C shows that the LuxR-GFP protein is indeed the most rapid to respond to Qrr changes, 

followed by the LuxM-GFP protein, and finally the LuxO-GFP protein. As a control, we 

measured LuxR-GFP, LuxM-GFP, and LuxO-GFP levels in V. harveyi strain lacking all five 

Qrr sRNAs; GFP did not significantly change following addition of the antagonist.

The different Qrr regulatory mechanisms are critical for quorum-sensing circuit dynamics

Our data and model show that the particular Qrr sRNA mechanism used to regulate each 

mRNA target dictates the level and dynamics of the target’s expression. We expect that 

these dynamics specify the quorum-sensing response timing in vivo. To investigate this 

notion, we measured the in vivo dynamical changes of individual quorum-sensing 

components that occurred in response to alterations in Qrr levels. We measured the mRNA 

levels and the rates of protein synthesis of LuxR, LuxO, LuxM, and AphA over a ninety-

minute time period following termination of Qrr production. As controls, we show that the 

levels of Qrr1-4 decreased following autoinducer addition (Figure S7A). Qrr5 is not 

produced under our experimental conditions, so we did not measure it (Tu and Bassler, 

2007). Figure 7A shows that, following the addition of the autoinducer, luxR mRNA 

increased ∼14 fold and the rate of LuxR protein synthesis increased ∼25 fold; luxO mRNA 

does not change within 90 minutes, however, the rate of LuxO protein production increased 

2-fold; luxM mRNA increased ∼3 fold (we were unable to detect the LuxM protein, likely 
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because the luxM gene is partially deleted in this locked strain); aphA mRNA decreased ∼20 

fold and AphA protein synthesis decreased ∼4–6 fold. These results confirm our prediction 

that catalytically regulated targets (e.g., luxR) undergo larger dynamic range changes than do 

targets regulated by coupled degradation (e.g., luxM). Sequestered targets such as luxO are 

the most weakly regulated.

We next explored how important the specific mechanism is for the quorum-sensing 

response. We altered the regulatory mechanism by which a particular mRNA target (luxR) is 

controlled, and tested the effects on overall quorum-sensing dynamics. To accompany the 

experiment, we modeled an internal segment of the circuit in which phosphorylated LuxO 

activates the production of the Qrr sRNAs and the Qrr sRNAs catalytically repress luxR 

mRNA, whereas they sequester luxO mRNA (Figure 7B).

The subcircuit equations correspond to those used for one Qrr with two mRNA targets 

(Supplemental Information), with Qrr production assumed to be proportional to the level of 

phosphorylated LuxO. The kinetic equation for the Qrr sRNA is therefore:

(1)

We added two kinetic equations for LuxO and LuxR protein:

(2)

(3)

Using these equations, we explored three possible mechanisms for luxR regulation: catalytic 

degradation, coupled degradation, and sequestration. Our choice of parameters is based on 

the RNA copy numbers we measured (Figure S6) and previous measurement of LuxR 

protein copy number (Teng et al., 2010) (Supplemental Information).

In Figure 7C, we plot the prediction for LuxR protein copy number per cell versus the 

phosphorylated fraction of LuxO ([LuxO∼P]/[LuxO]). The ratio [LuxO∼P]/[LuxO] is low 

in the high-cell-density state and high in the low-cell-density state. Within the model, the 

catalytic mechanism yields the most efficient repression of LuxR protein, followed by 

coupled degradation, while sequestration does not achieve the experimentally observed level 

of LuxR repression. Can sequestration adequately repress LuxR if we allow increased Qrr 

production? We found that in order to achieve ∼10-fold repression of LuxR, the Qrr 

production rate must be increased ∼100-fold (black curve, Figure 7C). Under this condition, 

LuxO protein is repressed at low cell density to the unrealistically low level of fewer than 
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five copies per cell (black curve, Figure 7D). In effect, converting regulation of LuxR from 

catalytic degradation to sequestration would require rewiring of much of the quorum-sensing 

network to achieve the same dynamics. Thus, the modeling results suggest that the particular 

Qrr sRNA mechanisms used to regulate specific quorum-sensing mRNA targets can be 

crucial for the integrated operation of the quorum-sensing circuit.

To experimentally validate the prediction from the model, we replaced the 5’UTR of luxR 

with that of luxM or luxO on the chromosome of a V. harveyi strain containing only Qrr3. 

We note that the levels of LuxR protein produced from the three endogenous 5’UTRs are 

different. Different levels of LuxR feedback on quorum-sensing circuit components would 

complicate our analysis (Chatterjee et al., 1996; Tu et al., 2008), thus we isolated LuxR 

production from feedback by introducing a mutation in LuxR (LuxR R17C) that eliminates 

DNA binding (van Kessel et al., 2013). Figure 7E shows that luxR mRNA regulated by a 

catalytic (red curve) or coupled degradation (blue curve) mechanism increases from low cell 

density to high cell density, although coupled degradation provides a smaller dynamic range 

(∼3.5 fold) for luxR mRNA than catalytic degradation (∼10 fold). luxR mRNA regulated by 

sequestration (green curve) shows no increase during growth, which agrees with our 

prediction. Over the course of the experiment, Qrr3 levels decrease from low cell density to 

high cell density and the levels of Qrr3 in the three strains are comparable (Figure S7B). 

These results show that the regulatory mechanism used for a particular target mRNA (luxR 

in this case) determines the precise timing and amplitude of the quorum-sensing response.

Discussion

sRNAs are ubiquitous regulators in bacterial genetic circuits, primarily functioning to 

control growth rate and in stress responses (Gottesman, 2004). Several well-characterized 

bacterial sRNAs, such as Spot42, RyhB, RybB, and the Qrr sRNAs each control multiple 

target mRNAs (Beisel and Storz, 2011; Massé and Gottesman, 2002; Papenfort et al., 2010; 

Shao et al., 2013; Storz et al., 2011). Here, we use the Qrr3 sRNA to show that a single 

sRNA can regulate its different targets by distinct mechanisms. The particular mechanism 

used is defined by the base-pairing strategy the Qrr sRNA employs for the particular mRNA 

target. Specifically, mRNA targets that base-pair with the first stem-loop of the Qrr sRNA 

cause Qrr degradation, and these targets include both repressed (luxM) and activated (aphA) 

targets. mRNA targets that base-pair with the second stem-loop of the Qrr sRNA do not 

cause Qrr degradation. Rather, they sequester the Qrr sRNA if the binding is strong (luxO), 

and they are catalytically regulated if binding is weak (luxR). Our combined mathematical 

modeling and experiments show that the regulatory mechanism used determines the potency 

of regulation, competition capability, and the temporal dynamics of each target mRNA. 

These distinct mechanisms are crucial to drive the overall quorum-sensing circuit dynamics.

In terms of deployment of this set of regulatory mechanisms, we suspect that mRNA targets 

that require complete and immediate repression will likely be regulated either catalytically 

or by coupled degradation. Growth and stress response mRNAs are good candidates for 

these modes of sRNA regulation (Beisel and Storz, 2011; Massé and Gottesman, 2002; 

Vanderpool and Gottesman, 2004). Catalytic degradation, because it does not alter the total 

sRNA pool, could be the superior mode of regulation when a target mRNA exists in high 
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copy numbers and requires a large dynamic range for function, or when a target mRNA 

needs to be fully repressed even under conditions of low sRNA levels. The MicM (ChiX) 

target ybfM (chiP) fits this scenario. ybfM (chiP) is completely silenced by MicM (ChiX) in 

the absence of chitooligosaccharide inducers (Figueroa-Bossi et al., 2009; Overgaard et al., 

2009).

The coupled degradation mechanism is notable because it provides a threshold-linear 

response: regulation depends on the relative sRNA to mRNA ratio (Levine et al., 2007). 

Specifically, in the low sRNA:target mRNA regime, mRNA repression is not efficient 

because the sRNA is degraded following base-pairing and this greatly reduces the sRNA 

pool. Thus, coupled degradation is an excellent mechanism for rapidly turning over, and 

thus eliminating, the sRNA pool once the response is complete. Good examples for this case 

include the sRNAs RyhB and MicM (ChiX) (Figueroa-Bossi et al., 2009; Massé et al., 2003; 

Overgaard et al., 2009; Plumbridge et al., 2014).

Sequestration is an excellent mechanism for regulation of target mRNAs that require 

modulation rather than dramatic on-off changes. In this case, the mRNA levels are not 

significantly affected by sRNA regulation, which has the advantage of fine-tuning target 

expression levels. One example to consider is the sRNA Spot42 and its target galK. Spot42-

directed repression of galK by sequestration presumably fine-tunes the relative levels of the 

galactose catabolism proteins for optimal carbon utilization (Møller et al., 2002). We 

hypothesize that the propensity for a target mRNA to sequester an sRNA depends on both 

the binding strength of the sRNA-mRNA pair and the degradation rate of the target mRNA 

upon pairing. Strong sequestration will occur if the target mRNA binds tightly to the sRNA 

but the target mRNA is not degraded efficiently. This is the case for the luxO-Qrr pair.

Finally, we show that the Qrr sRNA is degraded following activation of the aphA mRNA. 

We hypothesize that this mode of action generates a negative feedback loop that has the 

advantage of preventing over-expression of the target mRNA when the sRNA level is low. 

Specifically, since the sRNA is degraded during regulation, it cannot be reused. Thus, when 

the sRNA:target mRNA ratio is low, the degree of target mRNA activation is limited by the 

concentration of the sRNA.

Here we rationalize the Qrr sRNAs use of particular regulatory mechanisms for the 

particular quorum-sensing target mRNAs. First, regarding luxR mRNA: LuxR is the master 

quorum-sensing regulator that, at high cell density, controls the bulk of genes in the quorum-

sensing regulon (∼600 genes in V. harveyi) (Rutherford et al., 2011). Our measurements of 

luxR mRNA and LuxR protein copy numbers indicate that luxR exists in high copy numbers 

(at least 40 mRNA copies and ∼600 protein dimers per cell) at high cell density, presumably 

due to the requirement for LuxR dimers to bind their 115 DNA promoter sites (van Kessel et 

al., 2013; Teng et al., 2010). However, this high LuxR concentration presents a conundrum 

for the cell when it needs to, essentially instantaneously, transition to the low-cell-density 

mode upon, for example, excretion from the host or exit from a biofilm. Repression of luxR 

mRNA via a Qrr catalytic mechanism should be the most effective means to rapidly 

decrease high levels of LuxR protein to reset the quorum-sensing genetic program. 

Regarding luxO mRNA, which is controlled by a Qrr feedback-sequestration mechanism: 
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The Qrr-to-luxO feedback loop acts as a rheostat to moderately adjust Qrr levels (Tu et al., 

2010). We argue that using sequestration to regulate luxO mRNA prevents dramatic spikes 

and valleys in Qrr levels, while simultaneously buffering luxO mRNA levels from valleys 

and spikes due to noise associated with fluctuations in Qrr levels. With respect to the use of 

coupled degradation to regulate luxM mRNA: we propose that the luxM mRNA and seven 

other target mRNAs that are able to base-pair with SL1 of the Qrr sRNAs (Shao et al., 2013) 

are exploited to control Qrr turnover in order to set the appropriate concentration of the total 

Qrr sRNA pool under different quorum-sensing states. This feature is important for when 

the cells initiate the high-cell-density program and they need to eliminate the Qrr sRNAs. 

Finally, as we discussed above, activation of aphA with concomitant degradation of the Qrr 

sRNAs may prevent overproduction of the AphA protein. Our finding that AphA protein 

production changes only 4∼6 fold supports this hypothesis (Figure 7A). AphA fine-tunes 

quorum-sensing gene expression at low cell density (van Kessel et al., 2012). Keeping 

AphA levels in check may be critical for its subtle function. Indeed, AphA feeds back to 

repress Qrr transcription, which further guarantees tight control of AphA levels (Rutherford 

et al., 2011).

We predict that the regulatory mechanisms we discovered between Qrr3 and the target 

mRNAs are conserved across all five Qrr sRNAs based on their highly similar secondary 

structures and sequences (Tu and Bassler, 2007). The caveat is that Qrr1 lacks nine 

nucleotides in the first stem-loop, which makes it unable to regulate certain targets, such as 

aphA (Shao and Bassler, 2012). The five Qrr sRNAs are expressed at different levels and 

with somewhat different timing (Tu and Bassler, 2007). Thus, how the in vivo competition 

occurs between all five Qrr sRNAs and all 20 mRNA targets to provide a robust quorum-

sensing response remains to be defined. Nonetheless, embedding the capacity for multiple 

regulatory mechanisms into a single sRNA is an evolutionarily economical method to 

endow a biological circuit with diverse dynamic behaviors. The principles underpinning the 

regulatory mechanisms we discovered here could be employed by other natural systems or 

to engineer synthetic sRNAs with numerous functions.

Experimental Procedures

Strains, plasmids and oligonucleotides used in this study are listed in Table S1, S2 and S3. 

Detailed protocols are described in Supplemental Experimental Procedures.

Competition assay

Overnight cultures (Table S1) were diluted 1000-fold into fresh M9 minimal medium 

containing 0.5% glycerol, appropriate antibiotics, 0.2 mM IPTG, 0 or 3 ng mL−1 

anhydrotetracycline (aTc; Clontech) and varying amounts of arabinose. GFP and mCherry 

fluorescence were measured following 10 h of growth using FACS (BD Biosciences 

FACSAria cell sorter).
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RNA expression and half-life

Qrr3 and target mRNAs were induced for 10 h and measured by Northern blot to determine 

expression. 250 µg mL−1 rifampicin was added to stop transcription followed by collection 

of RNA at different time points to determine half-life.

V. harveyi GFP assay

Overnight cultures of V. harveyi strains LF1838, LF1845, LF1848, LF2328, LF2332, 

LF2335 were diluted to OD600=0.0002 into fresh AB medium containing 1 µM AI-1 and 

grown for 6.5 h. 100 µM 3-oxo-C12-HSL (Sigma) (LuxN/AI-1 antagonist) was added to 

cultures. GFP and mCherry fluorescence were measured every 40 min thereafter using 

FACS.

qRT–PCR of luxR mRNA

Overnight cultures of V. harveyi strains LF2269, LF2246, and LF2254 were diluted into 

fresh LM medium to OD600=0.005 and grown for 6 h to OD600=2.0. Cultures were diluted 

again into fresh LM medium to OD600=0.005. Total RNA was collected at 45, 90, 135, 180 

and 345 min after the dilution. 4 µg of total RNA was used for cDNA synthesis and qRT-

PCR was performed as described in Supplemental Information.

qRT-PCR and Proteomics

Overnight cultures of V. harveyi strain TL25 were diluted 1:1000 fold into fresh LM 

medium and grown to mid-log phase. Cultures were divided in half, and one aliquot was 

treated with 10 µM AI-1. Total RNA was collected from both samples at 0, 10, 20, 30, 40, 

50, 60 and 90 min thereafter. 4 µg of total RNA was used for cDNA synthesis and qRT-PCR 

was performed as described in Supplemental Information. Proteomics was performed as 

described in Supplemental Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

The Qrr3 sRNA uses four different mechanisms to regulate target mRNAs

Base-pairing patterns determine the particular sRNA regulatory mechanism

The different regulatory mechanisms confer distinct regulatory strength and dynamics

The particular regulatory mechanisms are crucial for overall quorum-sensing dynamics
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Figure 1. Schematic for how a V. harveyi quorum-sensing Qrr sRNA uses four regulatory 
mechanisms to control target mRNAs
At low cell density, the three quorum-sensing receptors LuxN, LuxPQ, and CqsS transfer 

phosphate through LuxU (not shown) to LuxO. Phosphorylated LuxO activates transcription 

of genes encoding five sRNAs called Qrr1-5. Using Qrr3 as the representative quorum-

sensing regulatory sRNA, we show that the Qrr sRNA catalytically represses the high-cell-

density master regulator luxR. The Qrr sRNA represses luxO through sequestration. The Qrr 

sRNA represses the luxMN operon through coupled degradation (luxM encodes the synthase 

that produces the ligand for LuxN). The Qrr sRNA also activates translation of the low-cell-

density master regulator aphA; base-pairing with the aphA mRNA leads to Qrr degradation.
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Figure 2. mRNAs have different abilities to compete for Qrr sRNA regulation
First row: Competition between different Qrr sRNA target mRNAs. Fluorescence from a 

plasmid-borne luxR-gfp ((A) (E) (M)) or luxO-gfp (I) translational fusion was measured in 

E. coli. Arabinose was added to drive production of the competitor mRNA luxM-mCherry 

(A), luxO-mCherry (E), luxR-mCherry* (I) and aphA-mCherry (M). Experiments were 

performed in the absence of Qrr3 (open circles) and in the presence of Qrr3 (filled circles). 

Means and SEMs for triplicate cultures are shown. Second row: Quantification of the 

fractional expression of LuxR-GFP ((B) (F) (N)) or LuxO-GFP (J) from panels A, E, M, and 

I, respectively. GFP fluorescence in the presence of Qrr3 was normalized to that in its 

absence. Means and SEMs for triplicate cultures are shown. Third row: Half-life of Qrr3 in 

the presence of luxM-mCherry (C), luxO-mCherry (G), luxR-mCherry (K), and aphA-

mCherry (O). Fourth row: Northern blots of luxM-gfp (D), luxO-gfp (H), luxR-gfp (L), and 

aphA-gfp (P) translational fusions in the absence (−) and presence (+) of Qrr3. For all 

Northern blots, results are representative of two independent experiments and 5S rRNA was 

used as the loading control.
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Figure 3. Base-pairing to the 5’ stem-loop of Qrr3 leads to Qrr degradation
(A) Predicted secondary structure of Qrr3 and base-pairing patterns with the target mRNAs. 

The four predicted stem-loops of Qrr3 are labeled SL1, SL2, SL3 and SL4. Melted loops are 

shown with overlines. Base-pairing patterns and energies for Qrr3 and target mRNAs were 

predicted by RNAhybrid (http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/). Nucleotides 

involved in base-pairing are labeled red. Nucleotides mutated to make the miniRNAs (see 

Supplemental Experimental Procedures) are shown with underlines. Translational start sites 

are denoted + 1. (B) Competition for Qrr3 regulation between the luxR miniRNA (black 
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bars) or the luxR SL2 to SL1,2 miniRNA (white bars) and luxR-gfp. (C) Northern blot showing 

Qrr3 levels in the absence (−) and presence (+) of the luxR miniRNA or the luxR SL2 to SL1,2 

miniRNA. (D) Competition between the luxM miniRNA (black bars) or the luxM SL1,2 to SL2 

miniRNA (white bars) for Qrr3 regulation of luxR-gfp. (E) Northern blot showing Qrr3 

levels in the absence (−) and presence (+) of the luxM miniRNA or the luxM SL1,2 to SL2 

miniRNA. For (B) and (D), means and SEMs for triplicate cultures are shown. 

Normalization as in Figure 2. For (C) and (E), results are representative of two independent 

experiments.
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Figure 4. The binding strength of the Qrr sRNA-target mRNA pair determines sequestration 
versus catalytic degradation
(A) Base-pairing between Qrr3 and luxRbinding mRNA. Designations as in Figure 3A. 

Mutated nucleotides are labeled with arrows. (B) Competition between luxRbinding-

mCherry* and LuxO-GFP for Qrr3 regulation. luxRbinding-mCherry* was driven by the 

arabinose promoter. Means and SEMs for triplicate cultures are shown. Normalization as in 

Figure 2.
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Figure 5. Modeling the strength and competition capacity of the different sRNA regulatory 
mechanisms
(A) The levels of translated mRNA (solid curves) and total sRNA (dashed curves) plotted 

against the production rate of the sRNA, based on Equations (S1-S6). (B) The levels of 

translated mRNA1 (solid curves) and total sRNA (dashed curves) are plotted against the 

production rate of the competitor mRNA2 based on Equations (S1-S6). In (A) and (B), three 

different regulatory mechanisms are explored: catalytic degradation (red), coupled 

degradation (blue), and sequestration (green).
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Figure 6. mRNA target dynamics provided by the different sRNA regulatory mechanisms
(A) The levels of translated mRNA (solid curves) and total sRNA (dashed curves) are 

plotted over time based on Equations (S1-S6). (B) The level of regulated protein is plotted 

over time based on Equations (S1-S6 and S9). sRNA production is induced at time zero and 

is terminated at 120 min. Three different regulatory mechanisms are explored: catalytic 

degradation (red), coupled degradation (blue), and sequestration (green). (C) Repression of 

target mRNAs following Qrr sRNA induction. GFP fluorescence at each time-point was 

normalized to mCherry fluorescence, and the relative GFP levels are plotted. The results are 
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LuxR-GFP: red and black (control) circles, LuxM-GFP: blue and black (control) triangles, 

LuxO-GFP: green and black (control) squares. Means and SEMs from three independent 

cultures are shown.
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Figure 7. Particular Qrr regulatory mechanisms are crucial for proper quorum-sensing 
dynamics
(A) qRT-PCR and BONCAT of luxR, luxO, luxM, and aphA following addition of AI-1 to 

TL25. Data were normalized to the first time-point in the RNA measurement. Means and 

SEMs from three independent cultures are shown. Relative protein synthesis rates were 

measured by BONCAT (Supplemental Information) and the evidence for each quantification 

is provided in Table S5. (B) Simplified quorum-sensing circuit used for mathematical 

modeling. (C) LuxR and (D) LuxO protein copy number plotted against the ratio of 

phosphorylated LuxO to total LuxO protein, based on Equations (S1-S6, 1–3). In (C) and 

(D), luxR mRNA is regulated by catalytic degradation (red), coupled degradation (blue), or 

sequestration (green). The black curve shows the case when luxR mRNA is regulated by 
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sequestration but the Qrr production rate is increased 100-fold. (E) qRT-PCR of luxR 

mRNA from luxR R17C (red), luxM 5’UTR_luxR R17C (blue), and luxO 5’UTR_luxR 

R17C (green) over growth. Data from each strain were normalized to the first time-point 

(OD600=0.015) and plotted against OD600. Means and SEMs from four independent cultures 

are shown.
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