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Five homologous noncoding small RNAs (sRNAs), called the Qrr1-5
sRNAs, function in the Vibrio harveyi quorum-sensing cascade to
drive its operation. Qrr1-5 use four different regulatory mecha-
nisms to control the expression of ~20 mRNA targets. Little is
known about the roles individual nucleotides play in mRNA target
selection, in determining regulatory mechanism, or in defining Qrr
potency and dynamics of target regulation. To identify the nucle-
otides vital for Qrr function, we developed a method we call
RSort-Seq that combines saturating mutagenesis, fluorescence-
activated cell sorting, high-throughput sequencing, and mutual
information theory to explore the role that every nucleotide in
Qrr4 plays in regulation of two mRNA targets, luxR and luxO.
Companion biochemical assays allowed us to assign specific regu-
latory functions/underlying molecular mechanisms to each impor-
tant base. This strategy yielded a regional map of nucleotides in
Qrr4 vital for stability, Hfq interaction, stem-loop formation, and
base pairing to both /uxR and luxO, to luxR only, and to /uxO only.
In terms of nucleotides critical for sSRNA function, the RSort-Seq
analysis provided strikingly different results from those predicted
by commonly used regulatory RNA-folding algorithms. This ap-
proach is applicable to any RNA-RNA interaction, including sRNAs
in other bacteria and regulatory RNAs in higher organisms.
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uorum sensing is a bacterial cell-cell communication process
chat involves the production, release, and population-wide
detection of extracellular signaling molecules called autoinducers
(AIs) (1, 2). Quorum sensing controls collective behaviors in-
cluding bioluminescence, virulence factor production, and bio-
film formation (3-5). Vibrio harveyi produces three Als that are
decoded by three cognate receptors (6-12). At low cell density
(LCD), the receptors act as kinases and shuttle phosphate to the
response regulator LuxO (Fig. 14) (13, 14). LuxO~P activates
transcription of genes encoding five homologous noncoding
small RNAs (sRNAs) called the quorum-regulatory RNAs
1-5, or Qrrl-5 (15, 16). The Qrr sSRNAs, in conjunction with the
chaperone Hfq, activate translation of the LCD master regulator
called AphA and destabilize the mRNA encoding LuxR, the
high-cell density (HCD) master regulator (16, 17). AphA controls
genes that underpin individual behaviors (17, 18). At HCD, Al
binding converts the receptors to phosphatases, resulting in de-
phosphorylation and inactivation of LuxO, and cessation of grr
expression (13, 15). This event terminates Qrr activation of AphA
translation, and uxR mRNA is stabilized, leading to LuxR pro-
duction. LuxR controls the expression of genes that underlie
collective processes (17-20). The Qrr sRNAs feed back to repress
luxO, and they repress or activate 17 additional mRNA targets (21).
The Qrr sRNAs control mRNA translation by at least four
regulatory mechanisms, which are dictated by the Qrr-target
mRNA base-pairing patterns (22). All five Qrr SRNAs are predicted
to fold into similar secondary structures possessing four stem-
loops (e.g., Qrr4 in Fig. 1B) (16). The sequences of the Qrr SRNAs
are up to 90% identical, and conservation is especially high within
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the predicted base-pairing regions (16). Thus, the elements driving
specificity in mRNA target selection must reside in the 5-UTRs
of the target mRNAs and in nonconserved bases in the Qrr
sRNAs that reside outside of the predicted base-pairing regions.
Our goal was to define the contributions each individual Qrr
nucleotide makes to function to learn the determinants that
govern Qrr sRNA’s discriminatory power.

Traditional approaches to discovering what roles particular
nucleotides in SRNAs play in binding to target mRNAs have
relied on predicting SRNA-mRNA pairing with algorithms, en-
gineering of mutations in one or a few nucleotides in the SRNA,
assaying for a defect, and subsequently exploring restoration of
function by generating compensatory mutations in the partner
mRNA target (23-26). Such strategies have provided insight into
sRNA regulatory mechanisms; however, they are labor intensive
so only a few nucleotides can be reasonably analyzed at a time.
Furthermore, the findings are restricted to functions that can be
predicted algorithmically, e.g., base-pairing and stem-loop forma-
tion. Additionally, the role one sSRNA nucleotide plays in regulation
of one mRNA target (e.g., base pairing) might not be identical to
the role it plays in regulating another mRNA target. Furthermore,
often a single nucleotide in an SRNA can play multiple regulatory
roles, for example in base pairing and in Hfq binding, complicating
these kinds of analyses.

Inspired by the development of the Sort-Seq method that en-
abled highly parallel quantitative interrogation of protein-DNA
interactions and deep-sequencing methods developed to study
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Fig. 1. Qrr sRNAs play a central role in V. harveyi quorum sensing. (A) Key
features of Qrr sSRNA regulation of quorum sensing. (B) Predicted structure
of Qrrd. Bases important for repression of luxO (red), repression of /uxR
(blue), repression of both /uxO and luxR (green), Hfq binding (purple), and
stem-loop formation (orange) as revealed by our analysis. Nucleotide U61,
enclosed by a box, plays an additional role in Qrr4 function. (C) Flowchart
summarizing the RSort-Seq procedure.

mutations in bacterial SRNAs and 5’-UTRs of target mRNAs
(27-30), we crafted an unbiased, quantitative, high-throughput
strategy to systematically define which nucleotides in an sSRNA
are critical for its function (Fig. 1C). We call our method “RSort-
Seq.” Our goal was to rapidly pinpoint vital nucleotides so that
follow-up mechanistic analyses could be restricted to only a few,
and very particular, nucleotides. Here, we coupled saturating
mutagenesis with fluorescence-activated cell sorting (FACS) and
Illumina sequencing to define every alteration in grr4 that
disrupted repression of luxR, of luxO, or of both luxR and luxO.
We examined the contribution of each nucleotide to regulation
of each target by using mutual information (MI) theory to
compute the information footprint of the single mutations on the
distribution of fluorescence intensities (27, 28). We used a set of in
vivo and in vitro assays to define how the identified bases spe-
cifically contribute to Qrr function. Our analysis identified the
nucleotides in Qrr4 required for stability, Hfq binding, base
pairing to one or both mRNA targets, and stem-loop formation,
enabling us to understand how Qrr sRNAs select specific mnRNA
targets for regulation.

Results

RSort-Seq Analysis Identifies Nucleotides in Qrr4 Critical for
Regulation of /uxR and Jux0. To understand the contributions of
individual Qrr4 bases to mRNA target regulation and to speci-
fying target preferences, we designed a screen to probe the im-
portance of every nucleotide of Qrr4 in posttranscriptional repression
of two targets, xR and luxO. We explain the strategy, which we call
RSort-Seq (28), using [uxR as the target; the identical procedure
was used for luxO. We introduced inducible, plasmid-borne luxR-
gfp (21, 22) into recombinant Escherichia coli. Upon induction,
the cells produced high levels of GFP, as measured by flow
cytometry (Fig. 24, green). Subsequent introduction and induction
of a plasmid carrying grr4 caused a 20-fold decrease in GFP
production, showing that wild-type (WT) Qrr4 represses /uxR in
our heterologous expression system (Fig. 24, blue). LuxR-GFP
exhibited a single narrow peak in the presence and absence of
Qrr4 production, showing that LuxR-GFP production is uniform
across the population.

We next used saturating mutagenesis to generate a library of
~100,000 grr4 mutants, primarily containing single point muta-
tions (Table S1). The method provides full coverage with all
three possible substitutions at each position in grr4 (Fig. S1). We
introduced the mutant grr4 library into the E. coli strain carrying
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luxR-gfp, grew this culture to stationary phase, and measured gfp
expression. Following mutagenesis, the average luxR-gfp expres-
sion was reduced sevenfold and the range of GFP levels produced
expanded 50-fold (Fig. 24, red). We interpret this to mean that
the different mutant Qrr4 sRNAs repress luxR-gfp expression to
different extents. The culture containing the library was sorted
using FACS, and clones carrying different Qrr4 alleles were
partitioned into nine bins of ~150,000 clones/bin based on repres-
sion activity (Fig. 2B). Thus, each bin contained Qrr4 mutants
displaying a similar level of repression of uxR-gfp (Fig. 2C). WT
Qrr4 repression of luxR-gfp was captured by bins 1 and 2. No re-
pression (e.g., empty vector control) was approximately captured by
bins 8 and 9 (Fig. 2C). All of the grr4 genes in each bin were se-
quenced simultaneously using Illumina next-generation sequencing.

To screen for nucleotides that are crucial for Qrr4 regulatory
functions, we quantified the effects of single mutations on re-
pression levels of /uxR-gfp and we show the results using a po-
sitional MI footprint (Fig. 2D) (27, 28, 31, 32). This information
footprint was obtained by computing, for each position in the
Qrr4 sequence, the MI between the identity of the nucleotide at
that position and the repression level of luxR-gfp. Importantly,
MI is the most general measure of the statistical dependence
between mutation and repression level, which may take the form
of mutation-dependent mean repression, mutation-dependent
variance in repression, or more complex dependences (33, 34).
Intuitively, if a nucleotide at position i in the SRNA plays no role
in mRNA target regulation, the bin distribution of FACS-sorted
cells carrying a mutation at position i will be the same as the WT
distribution. Thus, one cannot gain information about the nucle-
otide identity at position i by observing the level of repression: the
MI is zero. By contrast, if a mutation at position i substantially
alters repression levels, the distribution of FACS-sorted cells
carrying the mutation will differ from the WT distribution, possibly
in a complex fashion, but always yielding a nonzero MI. Specifically,
the value of the MI measures how well one can predict the identity
of the nucleotide by observing the fluorescence-bin distribution
of mutated cells, providing us with a score to assess the impor-
tance of the nucleotide in the Qrr4 sequence.

MI encapsulates many aspects of statistical dependence in one
number. In the present context, the statistical dependence mea-
sured by the MI is well captured by the mean repression level of
luxR-gfp. Positions with a high MI score (Fig. 2D) are those for
which repression is substantially impaired on average. To visualize
and interpret the effect of every possible nucleotide change in
Qrr4, we represented the mean repression levels of luxR-gfp as a
heat map (Fig. 2D). For every position in the sequence, the three
colored squares show the population-averaged repression level for
the three possible single mutations of Qrr4 at that position. Thus,
the ith column of the heat map depicts the “mutation profile” of
position i. A black frame singles out the repression level for the
WT Qrr4 sequence, color-coded by the same orange hue at every
WT sequence position. Low average fluorescence, indicated by
red squares, pinpoints mutations predicted to have little to no
effect on Qrr4 repression of uxR-gfp (e.g., Qrr4-C34G). High av-
erage fluorescence, denoted by green squares, shows nucleotides
that, when altered, are predicted to severely impair Qrr4 repression
of luxR-gfp (e.g., Qrr4-U44A). Colors on the spectrum spanning red
to green (i.e., orange and yellow) indicate intermediate defects in
repression. We note that, at some positions, each of the three
possible nucleotide substitutions results in a different level of
repression (e.g., Qrr4-C78) and presumably a correspondingly dif-
ferent severity in phenotype.

We performed exactly this analysis using luxO-gfp as the
mRNA target (Fig. 2E). Several nucleotide positions exhibit loss
of repression for both targets. These nucleotides are located
throughout the length of Qrr4 and thus include nucleotides in
the proposed base-pairing region (e.g., Qrr4-G29) as well as outside
of that region (e.g., Qrr4-U61). Most of the nucleotides that exhibit
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Fig. 2. RSort-Seq provides a regional footprint of bases important for Qrr4 function. (A) Flow cytometry traces of E. coli cells expressing luxR-gfp alone
(green), in combination with WT Qrr4 (blue), and in the presence of a Qrrd mutant library (red). (B) Flow cytometry traces of sorted bins of E. coli carrying the
Qrrd mutant library (resorted red peak in A). (C) Average fluorescence from luxR-gfp in each bin containing subsets of Qrr4 mutants. (D) Ml footprint of Qrr4
with respect to repression of luxR-gfp. (Top) Positional MI between fluorescence bin and base identity in bits for each base position. Each bar represents a
base in Qrrad from 5’ to 3’ going Left to Right. Green bars represent retested base positions with high MI, where mutations impair regulation. The red bar
represents a control base position that possesses low MI, where mutations do not impair regulation. (Bottom) The heat map shows the average fluorescence
of each mutation in Qrr4. Each column represents a base in Qrrd from 5’ to 3’ going Left to Right. Each square represents a potential mutation. The WT
sequence is shown by the orange squares with black outlines. The color of each square represents the effect of that Qrr4 mutation on average fluorescence
from decreased fluorescence (red) to little effect (orange) to increased fluorescence (green). Arrows denote the locations of predicted stem-loops. The red
nucleotides show the location of the predicted base-pairing region. Asterisks denote bases that were retested to verify the screen results. () As in D, po-

sitional MI footprint and heat map for Qrr4 with respect to regulation of /uxO.

different MI with respect to luxR and luxO regulation lie within
the previously proposed base-pairing region (e.g., Qrr4-U41l)
(Fig. 2 D and E). In summary, the MI analysis allowed us to
rapidly identify interesting Qrr4 nucleotides for further study.

Validating the Predictive Power of Ml in E. coli and V. harveyi. To
confirm that the MI scores track with the ability/inability of the
Qrr4 mutants to repress luxR, luxO, or both mRNA targets, we
constructed representative Qrr4 mutants and measured regulation
of luxR-gfp and luxO-gfp in E. coli (Fig. 3 A and B). First, we focused
on mutations that the MI analysis predicted affect both xR and
luxO regulation. We selected positions spanning the entirety
of Qrr4: in the predicted base-pairing region (Qrr4-G29U,
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Qrr4-C31A, Qrr4-U43G, and Qrr4-U44A), SL2 (Qrr4-C31A),
SL3 (Qrr4-G48A and Qrr4-U61A), and SL4 (Qrr4-G76A and
Qrr4-G78A) (Figs. 2 D and E and 3 4 and B, green). Qrr4-C34G,
which has low MI for both targets, served as a control for a mutant
with WT function (Figs. 2 D and E and 3 4 and B, red).

WT Qrr4 repressed uxR and luxO 10-fold and 6-fold, re-
spectively, under our conditions (Fig. 3 4 and B, black). Mutations
at positions with high MI for both targets (Fig. 3 4 and B, green)
dramatically impaired Qrr4 repression in both cases. By contrast,
Qrr4-C34G (Fig. 3 A and B, red), the control mutant exhibiting
low MI, behaved similarly to WT. In most instances, the higher the
M1, the stronger the Qrr4 defect in target repression. For example,
compare regulation of luxR-gfp and luxO-gfp by Qrr4-C31A, which

Rutherford et al.
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Fig. 3. RSort-Seq predicts mutations that impair Qrr4 function in E. coli and in V. harveyi. (A) Individual mutations in Qrr4 predicted to have defects examined
for repression of luxR-gfp in E. coli. Black bars show fluorescence levels from /uxR-gfp in the presence of a vector control (V) and WT Qrr4 (WT). Green bars
denote mutations that impair repression. The red bar shows a control base that displays WT repression. The heat map presents results from the RSort-Seq
analysis for reference, as in Fig. 2D. Error bars are SDs of at least three trials. (B) As in A for luxO-gfp. (C) The effects of Qrr4 mutations on light production in
V. harveyi at ODggp = 0.1 are shown. Relative light units (RLU) are counts per minute per milliliter per ODggo. Error bars are SDs of at least three trials.

had a significantly higher MI score for /uxR than for luxO, and
would thus be predicted to be more defective in regulation of
luxR than luxO. Consistent with this prediction, the Qrr4-C31A
mutation eliminated Qrr4 repression of luxR-gfp but only mod-
estly impaired Qrr4 repression of luxO-gfp.

We next investigated whether the representative Qrr4 muta-
tions affect quorum sensing in vivo in V. harveyi. We introduced
our grr4 mutants into a V. harveyi Aqrrl-5 strain and used bio-
luminescence, the canonical quorum-sensing behavior, as the
readout (16). At ODgyy = 0.1, (i.e., LCD), the Agrrl-5 V. harveyi
strain was 13-fold brighter than the strain expressing WT grr4
from a plasmid (Fig. 3C). Introduction of Qrr4-C34G, which had
low MI, produced the WT phenotype. By contrast, all of the
Qrr4 mutants that had high MI had impaired quorum-sensing—
dependent regulation of light production. Mutations residing in
SL3 (Qrr4-U61A) and SL4 (Qrr4-G76A and Qrr4-C78A) pro-
duced the strongest phenotypes (Fig. 3C).

We note a major difference between our findings in V. harveyi
and those in recombinant E. coli with respect to the severity of
the Qrr4 defects. The MI analysis and the E. coli experiments
suggest that substitutions in the Qrr4 base-pairing region pro-
duce effects similar to mutations in SL3 and SL4. However, in
V. harveyi, SL mutations were more severe than base-pairing
mutations. We hypothesize that this discrepancy occurs because,
in vivo, mutations in the Qrr4 base-pairing region likely affect only
a subset of Qrr targets, even if those targets are affected severely.
In vivo, multiple mRNA targets vie for attention of Qrr4; loss of
regulation of one target due to mutation could result in a surplus
of Qrr4 available for regulation of another target, thus modulating
the effect of a mutation (22). By contrast, mutations in SL3 and
SL4 impair Qrr4 regulation of all targets, and thus produce a
stronger overall quorum-sensing defect in vivo. In recombinant
E. coli, we examined one mRNA target in isolation, thus en-
abling us to exactly quantify the effect of a given Qrr4 mutation
on a given target. In V. harveyi, by contrast, we quantified the effect
of a given Qrr4 mutation on the entire quorum-sensing process.

Definition of the Mechanisms Underpinning the Qrr4 Defects. Our
next goal was to define the mechanisms by which individual
mutations disrupted Qrr4 function. We used assays for decreased
Qrr4 stability, loss of Qrr4 binding to Hfq, defective Qrr4 stem-
loop formation, and altered Qrr4-mRNA target base pairing.

Reduced Qrr4 levels. First, we measured the levels of all of our Qrr4
mutants to identify mutations that altered Qrr4 production
and/or stability. We isolated the WT and the mutant Qrr4 RNAs
from E. coli (in the absence of mRNA targets) and assessed Qrr4
levels by Northern blot (Fig. 44). Qrr4 was expressed from the
identical inducible promoter in all cases, so differences in Qrr4
levels could be attributed to altered stability or postinitiation
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changes in transcription caused by the mutation. The control
Qrr4-C34G mutation and the Qrr4-G29U, Qrr4-C31A, and
Qrr4-U43G mutations in the putative Qrr4-target mRNA base-
pairing region did not cause any decrease in Qrr4 levels com-
pared with WT, whereas Qrr4-U44A is present at modestly
reduced levels (Fig. 44). The most drastic effects on Qrr4 levels
occurred in Qrr4 variants with mutations in SL3 and SL4. With
respect to SL3, Qrr4-G48A showed a modest decrease, whereas
Qrr4-U61A was nearly undetectable by Northern blot (Fig. 44).
Both of the SL4 Qrr4-G76A and Qrr4-C78A mutants exhibited
strikingly lower amounts of RNA than WT at the expected size.
Larger RNA species were present on the blot in both cases,
showing that terminator readthrough occurs, which is consistent
with SL4 acting as the terminator. We conclude that Qrr4-U44A,
Qrr4-G48A, Qrr4-U61A, Qrr4-G76A, and Qrr4-C78A are de-
fective because decreased levels of these mutant Qrr4 RNAs are
present to regulate target mRNAs.

We also measured the levels of the above Qrr4 alleles in
V. harveyi at LCD. As in E. coli, none of the Qrr4 mutants with
alterations in the putative base-pairing region or in SL2 exhibited
significantly altered Qrr4 levels (Fig. 4B). Surprisingly however,
Qrr4-U61A, Qrr4-G76A, and Qrr4-C78A, which had the most
dramatically reduced levels in E. coli, were present at signifi-
cantly higher levels than WT Qrr4 in V. harveyi (Fig. 4B). We
hypothesize that this result is a consequence of the loss of feedback
repression on JuxO that occurs in V. harveyi but not in recombinant
E. coli (35). Specifically, Qrr4-U61A, Qrr4-G76A, and Qrréd-
C78A are impaired for repression of luxO (Fig. 3B). The absence
of the Qrr—|LuxO negative-feedback loop enables LuxO to drive
increased production of Qrrd-U61A, Qrr4-G76A, and Qrré-
C78A (Fig. 1, Left). A second hypothesis is that the increased
levels in V. harveyi are a result of loss of target regulation. Base
pairing with certain targets results in degradation of the Qrr
SRNA (22); thus, loss of regulation could cause increased levels
of Qrr4. Even with the increased levels, Qrr4-U61A, Qrr4-G76A,
and Qrr4-C78A remained incapable of properly controlling light
production (Fig. 3C). This result suggests that their lowered
stability in E. coli is not the sole cause of their inability to properly
regulate target mRNAs. We analyze the mechanisms underlying
these defects in a later section. This result highlights the power of
studying SRNAs both endogenously in V. harveyi and exogenously
in recombinant E. coli: the loss of stability could not be revealed in
V. harveyi and the loss of feedback could not be revealed in E. coll.
Loss of Hfq binding. Binding to the chaperone Hfq is critical for
bacterial SRNA-mediated target mRNA regulation (36, 37), and
some of the defects in our set of Qrr4 mutants could reflect a loss
of Hfq binding. We used an in vitro competition assay with pu-
rified Hfq protein to test this possibility. Briefly, radioactively
labeled WT Qrr4 was bound to Hfq, and subsequently, the
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115, a non-Hfg-binding control; 31 represents Qrr4-C31A; 41 represents
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complex was competed with unlabeled WT or mutant Qrr4. The
outcome was assessed by gel shift (Fig. 4C and Fig. S2). We used
WT Qrr4 at a concentration that produced 50% competition
against itself, and thus we could assay Qrr4 mutants that had
improved or defective Hfq binding. To validate our assay, we
constructed a Qrr4 truncation (A68-115) that removes SL4 and
associated bases proposed to be crucial for Hfq binding (21).
Indeed, when Qrr4-A68-115 was added, the truncated Qrr4 did
not compete. Qrr4-U43G and Qrr4-U44A were also defective in
competition for Hfq binding. This was not, however, the case for
of all of the Qrr4 mutants analyzed here. None of the other
mutations significantly affected the competition (Fig. S2). Loss
of Hfq binding by Qrr4-U43G and Qrr4-U44A could account for
the defects in Qrr4-mediated regulation of both luxO and luxR.
Indeed, Qrr4-U43G and Qrr4-U44A had high MI for both /uxR
and /uxO, and these nucleotides reside immediately upstream of
a stem-loop, SL3 (Figs. 1B and 2 D and E), which is consistent
with what is known about Hfq binding preferences (37). Qrr4-
U43 and Qrr4-U44 are conserved between all five of the Qrr4
sRNAs, as well as in Qrr sSRNAs of other Vibrio species, fitting
with their essential roles in overall Qrr4 function (16, 38).

Defective stem-loop formation. A third mechanism that could impair
Qrr4 regulation of both luxR-gfp and luxO-gfp would be mutations
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that interfere with proper Qrr secondary-structure formation.
Formation of SL1 has previously been shown to be crucial for
Qrr stability (21). However, our RSort-Seq did not identify single
mutations in SL1 with high MI. We reason that multiple muta-
tions in SL1 may be required to significantly impair its stability.
We are currently investigating this hypothesis.

With respect to SL2, the profile shows that some, but not all,
bases predicted by RNAfold (rna.tbi.univie.ac.at/cgi-bin/
RNAfold.cgi) (16) to be involved in SL2 formation are crucial
for repression (Fig. 54). The SL2 region overlaps with the base-
pairing region (Figs. 1B and 2 D and E), and thus substitutions in
SL2 have the potential to affect both base pairing and Qrr4
secondary structure. If SL.2 can be disabled by a single mutation
on either side of the stem, one would predict a mirror image in the
heat map for the two sides of the stem: the effect of disrupting a
base on one side of the stem would match the effect of disrupting
the partner base on the other side of the stem. This is not the
case for SL2 (Fig. 54). With respect to regulation of LuxR,
mutating bases on the 3’ side of the stem of SL2 impairs re-
pression, whereas mutating bases on the 5’ side of the stem has
little effect on LuxR regulation. With respect to regulation of
LuxO, except for mutation of Qrr4-C31, base alterations in the
stem of SL2 do not impair repression. The mutation profiles
align closely with those of nucleotides predicted to be important
for base pairing, as discussed below (Fig. 6 B and C). To provide
proof that mutations in the 3’ side of SL2 that affect regulation
of luxR are not due to roles in stem-loop formation, we analyzed
single and double mutants in which we disabled SL2 base pairing,
introduced compensating mutations to reestablish SL2, and tested
whether function was restored (implicating SL formation as
the original defect) or not (implicating base pairing as the original
defect). For example, Qrr4-C31 is predicted by RNAfold to form
an intramolecular base pair with Qrr4-G42 (Fig. 1B). Qrr4-C31A
disrupted repression of [uxR, but repression was not restored by
the compensatory mutation Qrr4-G42U (Fig. 54). This result
suggests that loss of SL.2 formation is not the cause of the Qrr4-
C31A defect. Likewise, regulation was not restored for the Qrr4-
U41A mutant through the compensating SL.2 mutation Qrr4-A32U
(Fig. 5A4). These cases indicate that the ability to form SL2 is not
essential for regulation of luxR-gfp. Rather, these two mutations
impair Qrr4 function by disrupting base pairing with the target
mRNA, as we experimentally demonstrate below (Fig. 6 B and C).

A surprising mutation profile was obtained for SL3 (Fig. 5B).
Similar to SL2, a mirror image in the mutation profile is not
present as expected for a stem-loop. However, unlike SL2, the
pattern of the mutation profile is the same for Qrr4 regulation of
LuxR and LuxO. This finding suggests that SL3 serves a non—
target-specific regulatory role that does not involve stem for-
mation. Some SL3 bases are indeed required for stem-loop
formation. For example, Qrr4-G48A eliminated Qrr4 repression
of luxR, and the defect could be rescued through the comple-
mentary mutation Qrr4-C62U that restored stem-loop formation
(Fig. 5B). However, this pattern did not exist for all of SL3.
Specifically, Qrr4-A49, Qrr4-A50, Qrr4-U51, Qrr4-A52, and
Qrr4-C53, which are bases on the 5’ side of SL3, impair re-
pression less than Qrr4-U61, Qrr4-U60, Qrr4-G59, Qrr4-USS,
and Qrr4-U57 on the 3’ side of SL3. Consistent with this result,
Qrr4-U61A was severely impaired for luxR regulation; however,
additionally mutating Qrr4-A49U, to make a double mutant in
which the stem-loop should be reestablished, did not restore WT
regulation (Fig. 5B). This result suggests that bases on the 3’ side
of SL3 play a role in Qrr4 function that is independent of stem-
loop formation. To further explore this notion, we examined
additional bases at the top of the stem (Qrr4-A52 and Qrr4-U58;
Fig. S34, bars with vertical lines) and at the bottom of the loop
(Qrr4-C53 and Qrr4-U57; Fig. S34, bars with horizontal lines) by
mutating each base to every other nucleotide. Indeed, mutating
bases on the 3’ side of the stem-loop (Qrr4-US57 and Qrr4-U58)
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resulted in more severe defects in fuxR repression than did changing
bases on the 5’ side of the stem-loop (Qrr4-A52 and Qrr4-C53)
(Fig. S3A4). These results provide proof that an additional role,
beyond hydrogen bonding in the stem, exists for the bases on the 3’
side of the stem of SL3. We return to this point below.

The two arms of SL4 exhibited symmetric mutation profiles

for regulation of both LuxR and LuxO (Fig. 5C), and the profile
suggests that mutating 3 nucleotides at the base of the stem
impairs repression much more than mutating bases in the upper
region of the stem. We tested two of the three bases at the
bottom of the stem to assess if the defect in repression could be
attributed to loss of stem-loop formation. Indeed, the Qrr4-
C78A mutation disrupted repression of luxR, but regulation was
regained in the double Qrr4-C78A, G98U mutant, which re-
stored stem-loop formation (Fig. 5C). This was not the case for
Qrr4-G76A. Here, constructing the double mutant (Qrr4-G76A,
C100U) to reestablish stem-loop formation was not sufficient to
restore regulation of /uxR (Fig. 5C). However, we reasoned that
changing a G/C base pair to an A/U base pair in SL4 simply
made an intrinsically less stable secondary structure. To test this
possibility, we constructed Qrr4-G76C (Fig. S3B) to disrupt base
pairing in SL4 and we made the double-mutant Qrr4-G76C,
C100G to reestablish base pairing. In so doing, we replaced a
G/C pair with a C/G pair. We note that the possibility exists that
this alteration changes the steric packing in the stem-loop;
however, the binding energy within the base pair is maintained.
The Qrr4-G76C mutation disrupted repression of luxR-gfp, and
the Qrr4-G76C, C100G mutant restored the WT phenotype.
We conclude that Qrr4-G76 is involved in stem-loop formation
and that a G/C base pair in this position is essential for proper
SL4 formation.
Defective base pairing. A final possible mechanism by which Qrr4
repression could be impaired is through disruption of base pairing
to the target mRNA. Not surprisingly, there exist several nucleo-
tides in the predicted base-pairing region with high MI scores,
corresponding to severely impaired repression (Figs. 2 D and E
and 64). To test whether these bases have high MI scores due to
roles in base pairing, we made partner compensatory mutations
in the 5'-UTRs of the mRNA targets. For example, the Qrr4-
G29U and Qrr4-C31A mutants were disrupted for regulation of
luxR (Fig. 6B), and repression was restored when the mutations
were partnered with luxR-C(-15)A and luxR-G(-17)U, respec-
tively. Importantly, WT Qrr4 did not repress uxR-C(-15)A or luxR-
G(-17)U. We obtained the identical results for Qrr4-C26U and
Qrr4-A28C when paired with xO-G(-4)A and luxO-U(-6)G, re-
spectively (Fig. 6B).

By contrast, the Qrr4-U44A and Qrr4-U43G defects could not
be compensated by the corresponding mutations in the luxR
and luxO 5'-UTRs luxR-A(-29)U and luxO-A(-22)C, respectively.
luxR-A(-29)U and luxO-A(-22)C are fully repressed by WT Qrr4,
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further suggesting that Qrr4-U44 and Qrr4-U43 (and uxR-A29
and luxO-A22) do not mediate interactions between Qrr4 and
the target mRNAs. Thus, Qrr4-U43 and Qrr4-U44 are critical
for Qrr4 to function in regulation; however, this is not due to roles
in base pairing (Fig. 6B). As discussed above, these two bases are
essential because of their roles in Hfq binding (Fig. 4C). We
conclude that, of the nucleotides with high MI in the putative
base-pairing region, Qrr4-G29 and Qrr4-C31 are critical for Qrr4
paring to uxR, and Qrr4-C26 and Qrr4-A28 are essential for
pairing to luxO.

Our RSort-Seq analysis showed that multiple bases in the
putative base-pairing region of Qrr4 are not crucial for regula-
tion even though RNAfold absolutely predicts them to base pair
with luxR mRNA (Fig. 64, Top, pink) and with luxO mRNA (Fig.
6A, Bottom, blue). Indeed, in the present context, RNA-folding
algorithms predict that 15 nucleotides in Qrr4 are available to
pair with the luxR mRNA and 13 Qrr4 nucleotides can pair with
luxO mRNA. Ten of these nucleotides are common between fuxR
and luxO mRNA. According to these programs, only 5 nucleotides
are unique to the putative luxR—-Qrr4 interaction and 3 nucleotides
are unique to the putative luxO-Qrr4 interaction (Fig. 64). The
high-throughput screening paired with MI analysis provides a
strikingly different view. Only a small subset of these bases had
high MI, suggesting that the base-pairing pattern predicted by
RNAfold is much more extensive than what is used by bacteria for
regulation (Fig. 64). Support for this idea comes from our analysis
(Fig. 6C): the Qrr4-G36C, Qrr4-G39C, Qrr4-U41A, and Qrré-
G42C mutations affected only uxR regulation, whereas the Qrr4-
C26U and Qrr4-U27A mutations affected only /uxO regulation
(Fig. 6C). Notably, mutation of Qrr4-U40, which is predicted by
RNAfold to base pair with both targets, did not disrupt regulation
of either target (Fig. 6C, white hatched), which matches its MI
mutation profile (Fig. 2). Visualizing all of the mutation profiles
in a heat map revealed the minimal base-pairing region and,
thus, the nucleotides that are not used for target regulation (Fig.
6D, red crosses). In so doing, our analysis reduced the number of
bases in Qrr4 that are used by both uxR and luxO during regu-
lation to only 3 nucleotides (Fig. 6D, red box). Companion
analysis using the V. harveyi light production assay showed that
Qrr mutations that affect only fuxR (Qrr4-G36C or Qrr4-U41A)
or only luxO (Qrr4-C26U or Qrr4-U27A) in E. coli did not result
in altered regulation of light production (Fig. S4), implying that
simultaneous Qrr regulation of both luxR and luxO is not strictly
necessary for proper quorum sensing.

Suppressor Analysis Reveals a Structural Role for Qrr4-U61. To un-
derstand the function of Qrr4 mutants that are defective in target
mRNA regulation but that cannot be explained by the above four
mechanisms, we leveraged our large mutant pool to probe for
double mutants possessing disabling mutations as single mutants
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but that had regained WT repression of luxR-gfp and luxO-gfp
when combined with a second mutation. Our rationale was that
we had, in effect, carried out a suppressor analysis using the Qrr4
library if there existed second mutations that overcame original
defects. We did not perform our Qrr4 mutagenesis with the aim
of gaining saturating coverage in double mutants so we could not
carry out this analysis for every disabling mutant. As a proof-
of-principle for this line of thinking, we focused our attention
exclusively on Qrr4-U61A in SL3. As described above, the dis-
abling Qrr4-U61A mutation could not be restored to the WT luxR
repression level by reestablishing stem-loop formation (Fig. 5B).
Furthermore, different mutations at position 61 elicited distinct
levels of impairment of uxR-gfp regulation (Fig. S54). We reasoned
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that the Qrr4-U61A mutation could perturb an additional Qrr4
function beyond stem-loop formation and that a suppressor
mutation could provide insight into this role. We found that the
double mutant, Qrr4-A56G, U61A exhibited a distribution sim-
ilar to WT following FACS (Fig. 74). We reconstructed Qrr4-
A56G, U61A and expressed it in E. coli to test its ability to
regulate luxR-gfp (Fig. 7B). Qrr4-A56G displayed WT luxR-gfp
repression. As shown above, Qrr4-U61A was defective. The
double mutant, Qrr4-A56G, U61A, functioned more effectively
than the single Qrr4-U61A mutant. Introduction of Qrr4-A56G
likewise partially rescued the light production defect associated
with the Qrr4-U61A mutation in V. harveyi (Fig. 7C). The Qrr4
double A56G, U61A mutant also showed increased stability on a
Northern blot relative to Qrr4-U61A (Fig. S5B).

We were next interested to probe how the Qrr4-A56G muta-
tion suppressed the original Qrr4-U61A defect. First, we assayed
whether suppression by Qrr4-A56G is unique to Qrr4-U61A.
Qrr4-A56G could not rescue defects associated with Qrr4-C31A,
Qrr4-U41A, Qrr4-U43G, Qrr4-U44A, or Qrr4-G48A (Fig. 7B).
This result suggests that Qrr4-A56G is not a generic suppressor.
Second, we probed whether suppression by Qrr4-A56G is addi-
tive with the partial suppression conferred by the Qrr4-A49U
mutation in the Qrr4-U61A mutant [as a reminder, the Qrr4-
A49U change reestablishes SL.3 formation in the context of the
Qrr4-U61A mutation (Fig. 5B)]. Indeed, the triple mutant Qrr4-
A49U, A56G, U61A functions as WT (Fig. 7D). Thus, the partial
suppression conferred by Qrr4-A56G onto the Qrr4-U61A mu-
tant occurs by a mechanism that does not rely on base pairing
with Qrr4-U61. Finally, we tested whether the ability of Qrr4-
A56G to rescue the Qrr4-U61A defect depended on the orien-
tation of SL3. Introduction of the U61A alteration into Qrr4
containing an inverted SL3 (denoted SL3*) decreased the se-
verity of the Qrr4-U61A regulatory defect and, likewise, partially
rescued its stability defect (Fig. S5 B and C). Furthermore, WT
luxR-gfp repression was fully rescued by restoring stem-loop
formation (Qrr4-SL3*-A49U, U61A) but not through introduc-
tion of the original suppressor mutation, Qrr4-A56G into the SL3
inverted mutant (Qrr4-SL3*-A56G, U61A; Fig. S5C). Together,
these results suggest that Qrr4-U61A plays a function in addition
to its role in stem-loop formation, and this role requires that the
nucleotide be located on the 3’ side of SL3.

To garner insight into how Qrr4-U61 controls Qrr4 activity
and how Qrr4-A56G suppresses the Qrr4-U61 defect, we used
RNase digestion and compared WT Qrr4, Qrr4-A56G, Qrr4-
U61A, and Qrr4-A56G, U61A with a focus on SL3 (Fig. S6).
With respect to WT Qrr4, digestion with RNase V1 shows that
U48, A49, U61, C62, and C64 make base pairs so they are in the
stem of SL3. From this, we can assume that G46, U47, and A63
also form base pairs, but as RNase V1 typically cuts preferen-
tially on one side of dsSRNA, these partner bases do not produce
digestion products. With respect to the mutants, Qrr4-U61A and
Qrr4-A56G, U61A both lack a dsRNA signature for U6l (Fig.
S6, asterisk), showing that the Qrr4-U61A mutation indeed dis-
rupts base pairing in the stem. Furthermore, four additional bands
(Fig. S6, box in expanded view), at U57, U58, G59, and U60, are
present in Qrr4-U61A and Qrrd-A56G, U61A digested with
RNase V1 that are not present in WT Qrr4. Together, the data
suggest that Qrr4-U61A disrupts base pairing in SL3, which likely
underpins its decreased stability. There are modest differences
between the digestion patterns of Qrr4-U61A and Qrr4-A56G,
UG61A that could explain the suppression in the double mutant.
In the Qrr4-A56G, U61A double mutant, RNase V1 digestion at
US57 is enhanced, whereas digestion at US58 is decreased com-
pared with the Qrr4-U61A single mutant (Fig. S6, compare lanes
11 and 12). We hypothesize that Qrr4-A56G, U61A adopts an
alternative secondary structure(s) that partially restores stability
and Qrr4 regulatory activity. The triple Qrr4 Qrr4-A49U, A56G,
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Fig. 7. Double-mutant analysis reveals a suppressor of the Qrr4-U61A defect. (A) Number of reads per bin from the original RSort-Seq analysis for WT Qrr4, Qrr4-
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U61A mutant, as mentioned, is fully restored for base pairing,
for function, and for stability.

Discussion

Cell density-dependent gene expression needs to be precisely
regulated to ensure that bacteria make accurate transitions into
and out of quorum-sensing mode. In vibrios, the Qrr sRNAs
mediate these transitions. Presumably, SRNAs are an appropri-
ate biological tool to use for this function because they are highly
dynamic due to their small size, rapid synthesis, and fast turnover
rates (25). Even with these features, it remains mysterious how
one sRNA distinguishes between multiple mRNA targets and
how multiple SRNAs work simultaneously to control gene ex-
pression dynamics. In the present context, the five homologous
V. harveyi Qrr sRNAs control at least 20 mRNA targets. This
arrangement makes the Qrr sRNAs and their partner targets
ideal to probe how subtle variations in SRNA sequence can drive
potency and specificity in target regulation, and in turn, how these
differences contribute to proper quorum-sensing regulation.

RSort-Seq Analysis Allows Unbiased Assessment of sSRNA-mRNA
Interactions. Past analyses to define nucleotides that contribute to
sRNA function relied on computational algorithms to identify
important bases, typically followed by directed mutagenesis in a
laborious nucleotide-by-nucleotide manner to test function. To
accelerate this process, we developed a general procedure we
call RSort-Seq, and we used it to map the residues that are es-
sential for Qrr4 to control two mRNA targets, luxR and luxO. An
analogous method has recently been successfully deployed to
assess the importance of individual bases in the sSRNAs DsrA
and RyhB with respect to regulation of their targets (30) and to
analyze the 5'-UTR of csgD (29). These previous studies focused
on identifying nucleotides driving SRNA stability and stem-loop
formation. The authors used computational assessment to vet the
results. The power of our procedure stems from a set of biological
assays that verify the initial computational predictions and, fur-
thermore, reveal the molecular mechanism underlying the func-
tions of crucial bases. Thus, our method culminates in a highly
accurate regional map of the key nucleotides involved in sSRNA
stability, Hfq binding, stem-loop formation, partner mRNA
binding specificity, and intramolecular suppression. By modifying
the conditions, it could be possible to reveal additional features of
sRNA-mediated regulation of mRNA targets. In our experiments,
both the target gfp reporter and the SRNA regulator were expressed
at high levels. The goal was to achieve the maximum possible

Rutherford et al.

dynamic range between no regulation (empty vector) and full
repression by WT Qrr4. A consequence of this strategy could
be that, due to the high level production of Qrr4, mutations
that confer modest effects would likely not be identified. For
example, this aspect of our strategy could explain the lack of
single mutations with high MI located in SL1, a structural
motif that we know is essential for Qrr4 stability. In principle,
performing the RSort-Seq procedure at lower Qrr4 sRNA levels
or at lower target reporter levels could uncover additional single
substitutions important for function.

Qrrd Target Discrimination Region and Target Selection. Distinct
base-pairing patterns exist among the Qrr sRNAs and their
partner target mRNAs, and these patterns are sufficient to de-
fine the mechanisms of regulation (22). These pairing patterns
drive Qrr regulatory potency and dynamics of target mRNA reg-
ulation as well as determine the ability of different mRNA targets
to compete for the attention of the Qrr sSRNAs (22). However,
these parameters alone cannot fully explain mRNA target selec-
tion and regulation because Qrr SRNAs with identical predicted
base-pairing regions have the capacity to differentially regulate
target mRNAs. Deciphering which bases encode this feature and
how they function is the topic of the present work.

RNAfold predicts that Qrr4 target selection relies on a stretch
of 38 nucleotides that span SL1 and SL2 and form base pairs
with the target mRNAs (38). RSort-Seq revealed, and our bio-
logical analyses verified, the fact that many fewer bases than
predicted are critical for Qrr4 base pairing with target mRNAs.
Previously, critical nucleotides could not be distinguished from
nonessential bases within the pairing region because the vital
nucleotides are not identical for all mRNA targets. Furthermore,
it is difficult to predict the importance of individual nucleotides
residing within a contiguous stretch of bases available for pairing.
For example, Qrr4-U40 (Fig. 6C), which is flanked by one 5’ base
and two 3’ bases within the base-pairing region, is not important
for regulation of uxR; however, the adjacent base, Qrr4-U41, is
absolutely required. These issues, which have plagued sRNA-
mRNA studies, highlight the power of unbiased screening to define
the critical bases within the possible base-pairing region. We are
currently extending our analyses to other Qrr4 mRNA targets to
generate a complete map of the critical bases used for pairing to
each mRNA target. We are also examining the other Qrr SRNAs
to define whether the crucial bases are identical or different
among the Qrr sRNAs.
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Our analysis suggests that identifying nucleotides that are
critical for base pairing may be key to understanding differential
regulation by sSRNAs. RNAfold predicts that 10 nucleotides in
Qrr4 could be used to regulate both /uxR and uxO. However,
RSort-Seq shows that few, but very particular, bases within the
larger base-pairing region play the essential roles that mediate
the SRNA-mRNA interaction (Fig. 6D). Somewhat surprisingly,
our analysis indicates that few single-nucleotide changes have
significant effects on regulation under the conditions we tested.
Thus, the potential exists for individual bases in the larger base-
pairing region to be used to differentiate between targets. Fur-
thermore, we hypothesize that bases that are predicted to base
pair but are not crucial for functional regulation could play
supporting roles in fine-tuning Qrr—mRNA interactions in the
context of other noncrucial nucleotides. Although such nucleo-
tides cannot be revealed by our analysis, we are examining a
double-mutant library in the base-pairing region to define the
nature of such defects. This analysis should determine whether
Qrr4 exploits all possible 38 nucleotides available for base
pairing in different combinations to elicit its large diversity of
quorum-sensing regulatory effects or if in fact much simpler,
condensed pairing schemes suffice.

RSort-Seq Reveals Information About Stem-Loop Formation. For-
mation of the proper secondary structure is vital to sRNA
function; stem-loops aid in increasing stability of the sSRNA,
allow the sRNA to interact with Hfq, and ensure proper termi-
nation of sSRNA transcription (21). Computational algorithms
predict stem-loop formation based on base pairing and resulting
free-energy estimates. Here, we show that RSort-Seq can hone
these predictions, revealing those bases that are critical to stem-
loop formation. RSort-Seq also revealed that SL.1 formation is
indifferent to single mutations, SL2 formation is irrelevant for
function, and a unique structural motif exists within SL3.

Even though our library contained only a small percentage of
double mutants, RSort-Seq nonetheless uncovered the suppres-
sor Qrr4-A56G of the Qrr4-U61A defect. Our analysis of this
suppressor serves as a proof-of-principle for the importance of
extending the RSort-Seq technology to sRNAs harboring mul-
tiple mutations. Our initial analyses of the Qrr4-A56G, U61A
mutant shows that the phenotype depends on the orientation of
the stem on which the mutations reside. We hypothesize that
A56G suppresses Qrr4-U61A by forming a higher-order intra-
molecular structure or possibly by enabling an interaction with a
cofactor. We are currently analyzing these possibilities.

Conclusions

To understand how the Qrr sRNAs properly regulate quorum
sensing, we must define their individual and combined contri-
butions to target mRNA regulation. Toward that goal, here we
have probed all individual bases in Qrr4 to generate a map of
nucleotides vital to its function with respect to two mRNA tar-
gets. We contrast our strategy to previous ones that have been
used with similar goals in mind. Commonly used RNA-folding
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algorithms, as they should, predict all possible base pairs be-
tween an SRNA and its mRNA target and all base pairs available
for forming the stems of stem-loops. Our analysis underscores
that, at least in our example, the majority of these pairs are
dispensable for sSRNA function. Of the nucleotides that are re-
quired for regulation, our RSort-Seq strategy further identifies
those that are target specific and those that are universally used.
Most importantly, the RSort-Seq analysis constrains the number
of mutants that need to be considered for follow-up biochemical
analysis to define mechanism. By expanding this line of thinking
to the other Qrr sSRNAs and to additional mRNA targets, we will
next define the unique role each Qrr plays in quorum-sensing gene
regulation and, in so doing, derive clues to their combined function.

In summary, combining high-throughput biological assessment
of nucleotide essentiality for target regulation with MI theory
enables a comprehensive understanding of the precise intermo-
lecular and intramolecular interactions required for sSRNA func-
tion. This strategy can be used for any set of SRNA-mRNA pairs.

Materials and Methods

Plasmids and Strains. See Tables S2 and S3 for lists of plasmids and primers,
respectively. Information on growth conditions and construction of con-
structs is provided in S/ Experimental Procedures.

RSort-Seq. See S/ Experimental Procedures for detailed methods. Briefly, a
random mutant library of qrr4 was constructed using GeneMorph Il EZClone
Domain Mutagenesis (Agilent Technologies). A majority of the grrd mutants
had single substitutions (Table S1 shows the distribution of single, double,
triple, etc., mutations obtained). Although each possible mutation is not
represented uniformly in the final analysis (Fig. S1), they are all present at
high numbers, alleviating concerns of nonhomogenous representation. The
library was coexpressed with pLF128 (luxR-gfp) or pLF129 (luxO-gfp) and
sorted based on repression strength using a FACSAria (BD Biosciences). The
reporters and the sSRNA were expressed to near-maximal levels to enable us
to observe the largest possible range of regulation. Mutant grr4 clones from
each bin were amplified by PCR using the primers in Table S3. This method
introduced lllumina priming sites and barcode sequences. Our approach
amplified only the grr4 gene, and trimmed the flanking sequence. The clones
were subsequently sequenced by Illlumina sequencing. In the RSort-Seq ex-
periment with pLF128, we obtained 11 million total sequences (~1.3 million
per bin), and with pLF129, we obtained 13 million sequences (~1.6 million per
bin). MI was used to assess the phenotype of all grrd mutants.

Assessment of Mutants. Select mutations determined by RSort-Seq to be im-
portant for Qrr4 function were reconstructed and assayed in both E. coli and
V. harveyi. Qrr4 defects were assessed by secondary mutation analysis, Northern
blot, real-time PCR, in vitro Hfq binding, and structure probing to determine the
basis of the phenotype. See S/ Experimental Procedures for detailed information.
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