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Sequence–function relations for small RNA (sRNA)-mediated gene
silencing were quantiﬁed for the sRNA RyhB and some of its mRNA
targets in Escherichia coli. Numerous mutants of RyhB and its targets were generated and their in vivo functions characterized at
various levels of target and RyhB expression. Although a core complementary region is required for repression by RyhB, variations in
the complementary sequences of the core region gave rise to a
continuum of repression strengths, correlated exponentially with
the computed free energy of RyhB-target duplex formation. Moreover, sequence variations in the linker region known to interact
with the RNA chaperone Hfq also gave rise to a continuum of repression strengths, correlated exponentially with the computed
energy cost of keeping the linker region open. These results support the applicability of the thermodynamic model in predicting
sRNA–mRNA interaction and suggest that sequences at these
locations may be used to ﬁne-tune the degree of repression. Surprisingly, a truncated RyhB without the Hfq-binding region is found
to repress multiple targets of the wild-type RyhB effectively, both
in the presence and absence of Hfq, even though the former is
required for the activity of wild-type RyhB itself. These ﬁndings
challenge the commonly accepted model concerning the function
of Hfq in gene silencing—both in providing stability to the sRNAs
and in catalyzing the target mRNAs to take on active conformations—
and raise the intriguing question of why many endogenous sRNAs
subject their functions to Hfq-dependences.
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signiﬁcant development in gene regulation in the past decade is a growing appreciation of the complex roles that
small regulatory RNA (sRNA) can play in coordinating gene activities in both prokaryotes and eukaryotes (1–3). In Escherichia
coli, approximately 80 sRNA genes have been identiﬁed (3). There
exists by now a basic understanding of the molecular components
and mechanisms involved, at least for a major class of bacterial
sRNA that acts in trans through base pairing (4–15). Recent theoretical and experimental studies have further revealed unique
functional features of sRNA-mediated gene regulation (9, 16–20):
because of the stoichiometric mode of target inactivation, sRNAmediated regulation exhibits an abrupt and sensitive response to
input signals while being robust to stochastic ﬂuctuations.
How is this mode of regulation encoded in the molecular
sequences of the sRNA and its targets? In the case of transcriptional regulation, a great deal is known quantitatively about the
interaction between a DNA binding sequence (operator) and its
cognate transcription factor (TF) and the regulatory consequences
of this interaction: similarity of the operator to its “consensus sequence” determines its binding afﬁnity to the cognate TF (21–24),
and the latter in turn affects the rate of transcriptional initiation
(25). Such knowledge, obtained by quantitative experimental
studies of a few exemplary TFs decades ago (21–23), led to the
later development of powerful bioinformatic approaches for the
discovery of TF binding sites from genomic analysis (26), quantitative analysis of transcriptional regulation for complex promoters
www.pnas.org/cgi/doi/10.1073/pnas.1100432108

and even realistic modeling of promoter evolution (27, 28).
Knowledge of sequence–function relation for sRNA-mediated
gene regulation could lead to similar progress in bioinformatic
identiﬁcation of sRNA genes and their targets, in quantitative
modeling of sRNA-mediated genetic circuits and their evolution.
Such sequence–function relation has been characterized to
some extent for the best-studied class of bacterial sRNAs involving the RNA chaperon Hfq (1, 29). Members of this class
include OxyS (4, 30), DsrA (5, 31), RyhB (6, 32), Spot42 (7), SgrS
(8, 13), MicC (10), MicA (11), and MicF (12). Common structural
features of these sRNAs include one or more target interaction
regions, each contained in a hairpin loop, an unstructured Hfqbinding linker region, and a Rho-independent terminator at the
3′ end (1). Hfq binds to many mRNAs and sRNAs (33). It is
known to protect some sRNAs and mRNAs from rapid degradation (11, 32, 34) and stimulate the interaction between various
sRNAs and their targets (13, 30, 35, 36). Much work has gone into
deﬁning the interaction region of the sRNA, usually complementary to the translation initiation regions of the targets (1, 3,
29), although pairings in the coding sequence have also been
reported recently (37, 38). Extensive in vivo characterization of
sequence–function relation was performed on the repression of
ptsG mRNA by the sRNA SgrS in response to sugar phosphate
stress (13, 39). Scanning by single base substitution throughout
the interaction region, a core interaction region consisting of six
bases was identiﬁed to be required for exerting repression function (13), whereas replacement of bases ﬂanking the core hardly
affected repression (39). Similar results were echoed by studies in
other systems (5, 10, 37, 38). Compared with the interaction region, the Hfq binding region has not been as extensively characterized, other than its preference for AU-rich sequences (30, 40).
Among the existing studies characterizing the sequence–
function relation, most have been done at a qualitative level (i.e.,
whether a certain sRNA sequence repressed its targets). On the
other hand, the threshold-linear response of sRNA-mediated
regulation depends quantitatively on the energetics and kinetics of the sRNA-target interaction (16, 18), speciﬁed through
the RNA sequences. Quantitative knowledge of the sequence–
function relation may therefore lead to another layer of appreciation of how the sRNA systems work in vivo.
In this study, we took a ﬁrst step toward quantifying the in vivo
sequence–function relation, focusing on the regulation of sodB
expression by the sRNA RyhB in E. coli. RyhB, expressed under
low Fe2+ conditions and central to the iron homeostasis con-
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trol (41), is one of the best-characterized members of the Hfqdependent class of sRNA (1). sodB mRNA, encoding a superoxide dismutase expressed under the condition of high Fe2+ level, is
one of the most prominent targets of RyhB (32, 41). To quantify
the sequence determinants of RyhB–sodB interaction, we generated a large number of targeted mutants in both the interaction
region and the Hfq-binding region and characterized the interactions of the mutants quantitatively using translational sodB-gfp
fusion constructs, expressed under the control of a titratable
promoter (16). The sequence–function relations obtained were
then further correlated with the energetics of RyhB–sodB interaction through RNA secondary structure analysis. A plethora
of results were obtained, including the graded nature of RyhB–
sodB interaction, tunable by the composition of complementary
sequences in the core interaction region and by the composition
of the Hfq-binding region. Surprisingly, a truncated RyhB without
the Hfq-binding region is found to be sufﬁcient to repress targets
of the wild-type RyhB, both in the presence and absence of Hfq.
Implications of these results are discussed.
Results
RyhB has a distinct secondary structure consisting of three hairpin loops with the Hfq-binding linker (Fig. S1, Upper). The loop
regions mediate interaction with different mRNA targets (1);
Fig. S1 shows an example of the core contacts (red nucleotides)
between RyhB and its most prominent target, the 5′ region of the
sodB mRNA (32, 41).
To elucidate the sequence determinant of RyhB–sodB interaction, we generated mutations of RyhB and sodB in their
respective control regions (SI Materials and Methods) and examined their effects on the repression of sodB expression using
a strategy introduced earlier by Levine et al. (16). To quantify
the degree of repression, we fused the 5′ UTR of each mutated
sodB along with its ﬁrst 11 codons, including the entire control
region of sodB mRNA (Fig. S1), to the 5′ end of the gfp structural gene. The resulting fusion gene was incorporated into the
pZE12S-series plasmid under the control of a synthetic PLlac-O1
promoter inducible by isopropyl β-D-thiogalactoside (IPTG).
Analogously, each mutated ryhB gene was incorporated into the
pZA31R-series plasmid under the control of a synthetic PLTet-O1
promoter inducible by anhydrotetracycline (aTc). pZE12S# and
pZA31R# plasmids, harboring speciﬁc combinations of RyhB
mutant and sodB mutant, respectively, were subsequently transformed into E. coli ZZS00 cells derived from K-12 BW25113,
harboring constitutive expression of the regulators TetR and LacI
and with the native ryhB gene deleted (16). In some cases we
incorporated a PLTet-O1-driven ryhB or its mutant chromosomally
and monitored their effects on the endogenous targets of RyhB
using quantitative real-time PCR. Tables S1–S3 contain a summary of all of the strains, plasmids, and primers used. The sequence fragments corresponding to the various mutants of ryhB
and sodB are listed in Tables S4–S6.
Graded Tuning of Repression. Expression of the sodB-gfp fusion was
quantiﬁed for each strain during exponential growth in glucose
minimal medium containing varying levels of the inducers and
appropriate antibiotics. First, we characterized the effect of a series of RyhB derivatives on IPTG-induced expression of the wildtype sodB-GFP. These derivatives (expressed in strains ZZS00-R1

to ZZS00-R11 and referred to as R1 to R11 for brevity), contain
one to three mutations in positions corresponding to the middle
hairpin of the wild-type RyhB structure (nucleotide positions 32
through 56) (Fig. S1 and Table S4). The fold-repression, deﬁned
as the ratio of sodB-GFP expressions obtained at 0 and 10 ng/mL
aTc with 1 mM IPTG, is shown in Fig. 1A (data in Table S7) for
each strain characterized. The results are clearly divided into two
groups: a few derivatives (R6, R7, R9) gave ≈10-fold repression,
similar to the wild-type RyhB (W), whereas the rest hardly showed
any response. Inspection of the sequences (Table S4) reveals that
none of the RyhB derivatives maintaining strong repression has
any alteration of the core interaction region (red nucleotides in
Fig. S1), whereas the ones showing no repression all have at least
one substitution within the core. These results demonstrate that
functional RyhB–sodB interaction can be disrupted by a single
point substitution in the core (e.g., R1 and R5). We further veriﬁed that a single point substitution in the complementary region
of sodB made it nonresponsive to wild-type RyhB, whereas compensating mutation restoring sequence complementarity restored
repression (Fig. S2).
To determine whether complementarity of the core interaction
region is sufﬁcient for repression, we generated a second group of
mutations (strains ZZS00-C1 through ZZS00-C15, referred to as
C1–C15) consisting of all 15 point substitutions at the two positions
immediately 5′ to the start codon of sodB (indicated by the black
box in Fig. S1), together with the complementary mutations at the
corresponding RyhB positions (sequences listed in Table S5).
These two positions were chosen because they do not overlap the
known functional sites of sodB (i.e., the upstream Shine-Dalgarno
sequence and the downstream start codon), which might signiﬁcantly affect the translational efﬁciency of the sodB-gfp mRNA in
ways unrelated to the sRNA. Surprisingly, the C-mutants showed
a continuum degree of repression (Fig. 1B), between 1- and
10-fold. Thus, even for perfectly complementary core sequences,
signiﬁcant differences in expression can be easily generated
through choices of the complementary bases. This differential
expression is unlikely to be due to differences in the expression
levels of the RyhB mutants, because most of the characterized
mutants expressed at levels within two to threefold of the wild
type, without noticeable correlation to the repression effects they
exerted (Fig. S3, with data in Table S8).
Energetics of the RyhB–sodB Interaction. The role that the energetics of RNA interaction may play in deﬁning the regulatory
properties of the sRNAs is not known, although the energetics is
often used as a component in guiding bioinformatic searches of
sRNA targets (42). To determine the extent to which the observed changes in sodB-GFP expression may be accounted for by
the thermodynamics of RNA–RNA interaction, we computed
the free energy of duplex formation, ΔE, deﬁned as the difference between the free energy of the RyhB-sodB duplex (Eduplex)
and the sum of the self-binding free energy of RyhB and the sodB
control region (ERyhB and EsodB, respectively) for each mutant
RyhB–sodB pair (SI Materials and Methods). The results are
listed in Table S9.
We investigated possible correlations between this duplex formation energy and the measured fold-repression for the various
mutants characterized. Out of the 15 mutants in the C-series,
several were found to have reduced expression levels with altered

Fig. 1. Regulation by mutants of RyhB and sodB. Bar graphs
showing the degrees of repression by the R-mutants (A) and Cmutants (B). (C) Correlation of fold-repression with the computed duplex formation energy ΔE for RyhB-sodB mutant pairs
(red circles) and the wild type (black circle). Solid black line is the
best ﬁt of the red and black circles to the form e − βΔE with β-1
≈1.9 kcal/mol. Dotted black line indicates the expected correlation according to the Boltzmann distribution. Horizontal dashed
line indicates the lack of correlation for the R-mutants (green
circles). The duplex formation energies are listed in Table S9.
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Correlation of the Interaction Parameter with Interaction Energy. For
the mutant pairs showing exponential correlation between foldrepression and duplex formation energy (red circles in Fig. 1C),
the dependence on energy is surprisingly weak compared with
what would be naively expected (dotted black line in Fig. 1C) on
the basis of the Boltzmann distribution of equilibrium thermodynamics at 37 °C. One possible cause of this discrepancy is that
fold-repression does not directly reﬂect the strength of the
sRNA–mRNA interaction. It was shown by Levine et al. (16)
that gene expression regulated by noncatalytic sRNA exhibited
a nonlinear, “threshold-linear” response. Speciﬁcally, for mRNA
and sRNA transcribed at rates αm and αs, respectively, the output
is expected to follow the form

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
ðαm − αs − λÞ þ ðαm − αs − λÞ2 þ 4λαm ; [1]
m¼
2βm

where λ is a “leakage” parameter describing the rate that the
mRNA is not codegraded with the regulatory sRNA but by sRNAindependent basal mechanisms. According to thermodynamics,
we expect λ to be inversely related to the sRNA–mRNA binding
constant, such that λ ∝ eΔE=kB T , where kB T≈0:62 kcal=mol.
The parameter λ can be inferred for each mutant strain. To do
so, we characterized the expression levels of sodB-GFP at various
IPTG levels with aTc at either 0 or 10 ng/mL for a number of Cmutants (Fig. 2A). Following the analysis of ref. 16, we took the
measured GFP expression with/without RyhB expression to be
proportional to m and αm respectively. We then ﬁtted the expression data to Eq. 1, using a single parameter αs (characterizing
the degree of sRNA expression) for all of the strains and a straindependent λ (Table S11). The best-ﬁt curves shown in Fig. 2A
describe the expression data well. Plotting the deduced values of
λ with the duplex formation energies ΔE again reveals an exponential correlation, λ ∝ eβΔE , with β − 1 ≈1:3 kcal=mol (solid black
line in Fig. 2B). The result is, however, still substantially different
from the thermodynamic expectation (dotted black line).
Effect of the Hfq-Binding Region. We next examined the effect of
mutated sequences in the Hfq-binding region on the function of
RyhB. Hfq is required for gene silencing by RyhB (6, 35), and the
AU-rich linker region that Hfq binds to has been used as a cue in
Hao et al.

Fig. 2. Repression characteristics by RyhB and the energetics of RyhB–sodB
interaction. (A) sodB-GFP expressions in the presence and absence of RyhB
are shown in the plot, for different degrees of inducer-controlled sodB-GFP
expression. Data for each mutant RyhB-sodB pair are indicated by a different
set of symbol and color. Lines of corresponding colors indicate the results of
ﬁtting to Eq. 1. The best-ﬁt value of αs ¼ 21:3 nM/min is comparable to the
results of ref. 18 at the same level of RyhB induction. Best-ﬁt values of λ are
listed in Table S11. Diagonal gray line indicates the absence of repression. (B)
Correlation between the RyhB–sodB duplex formation energy ΔE and the
interaction parameters λ obtained from the ﬁts shown in A. Solid black line
indicates the best ﬁt of the results to the exponential form eβΔE with β-1≈1.3
kcal/mol. Dotted black line indicates the expected correlation according to
the Boltzmann distribution.

the bioinformatic search of sRNA genes (43, 44). We generated
the H-series mutants (H1–H19) by varying the 12 bases at
positions 57–68 of RyhB, which are shown as the blue bases
between the second and third hairpin in Fig. S1; the sequences
are given in Table S6. The expression levels of a number of
H-mutants were characterized and found comparable to the wildtype RyhB (Fig. S3). The effects of these mutants on the expression of the wild-type sodB-GFP reporter were characterized
next. Because the mutated linker region is involved in RyhB–Hfq
interaction but away from the region where wild-type RyhB
interacts with its targets, one might expect differences in sodBGFP expression to reﬂect primarily functional effects of the
RyhB–Hfq interaction, including the known effect of Hfq on
RyhB stability (32, 34) and possibly also the proposed effect of
Hfq on RyhB–sodB interaction (35). As shown in Fig. 3A, the
H-mutants exhibited >10-fold difference in their abilities to repress the target sodB-gfp (at 1 mM IPTG induction). Foldrepression for most of the mutants correlated exponentially with
the energy cost (ΔElinker ) of keeping the linker region open (data
in Table S12, SI Materials and Methods gives the deﬁnition and
calculation of ΔElinker ). This ﬁnding is consistent with the expectation that RyhB function requires the binding of Hfq to the
linker region, because the accessibility of the linker region (and
hence the association of the Hfq to the linker) is expected to be
an exponentially decreasing function of ΔElinker according
to thermodynamics.
It is interesting to examine the mutants deviating from the
exponential correlation. In principle, with enough mutations in
the linker region the secondary structure of the molecule can be
signiﬁcantly altered, making its function uncorrelated to the accessibility of the linker. The effect is likely to reduce the activity
of the mutant, because the altered structure may not have its
interaction region exposed; additionally, unprotected RNAs are
known to degrade rapidly (32, 34). It is therefore rather intriguing to ﬁnd a mutant (H11) that repressed sodB-GFP even
more strongly than the wild type, despite a rather high linker
opening cost. This mutant (RyhB-rh11) has ﬁve substitutions in
the linker region (Table S6). Inspection of its minimal free energy structure (Fig. 3B) reveals that indeed its secondary structure may be signiﬁcantly altered, with the linker region predicted
to base pair with the ﬁrst hairpin (positions 21–30) of the wildtype RyhB structure (Fig. S1). Interestingly, the interaction region of this mutant (red bases in Fig. 3B) remains open in the
minimal free energy structure despite signiﬁcant rearrangement
of the structure elsewhere. The high abundance of the H11
mutant (Fig. S3) and its ability to repress target expression raise
questions regarding the necessity of an accessible linker region.
PNAS | July 26, 2011 | vol. 108 | no. 30 | 12475
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self-binding energy even in the absence of RyhB (Fig. S4, with
data in Table S10). This may be attributed to alternative secondary structures of the sodB mRNA formed in the vicinity of the
start codon (Fig. S4), and the corresponding mutants were
dropped from further analysis. The remaining nine sodB mutants
exhibited expression very similar to that of the wild type in the
absence of RyhB. Their interactions with the complementary
RyhB mutants were examined by plotting the duplex formation
energies (ΔE) with the degrees of repression (red and black circles
in Fig. 1C). A clear exponential correlation (solid black line) is
revealed, according to the form e − βΔE with β − 1 ≈1:9 kcal=mol. In
contrast, no correlation is apparent between fold-repression and
the other energy parameters of the system (Fig. S5).
We next consider the R-mutants. The duplex formation energies of these RyhB mutants with the wild-type sodB are listed in
Table S9, and the correlation of these energies with the foldrepression of sodB-GFP expression measured in Fig. 1A are
shown as the green circles in Fig. 1C. The three mutants with large
fold-repression all have negative ΔE values below that of the wild
type, consistent with the exponential correlation observed for the
C-mutants (solid black line in Fig. 1C). However, the other Rseries mutants (which contained at least one substitution in the
core interaction region, as shown in Table S4) gave no repression
regardless of their duplex formation energies (dashed black line in
Fig. 1C). Taken together, these results indicate that thermodynamic binding strength is a predictor of sRNA functionality only
if sequence complementarity in the core interaction region is
uninterrupted.
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Fig. 3. Effects of RNA–Hfq interactions. A series of 19 RyhB mutants was
constructed by random oligosynthesis. Each of these mutants has a number
of bases in the linker region (positions 57–68 in Fig. S1) replaced by a different base. (A) The repressive effect of these mutant RyhBs on sodB-GFP
expression (induced by 1 mM IPTG) is seen to correlate well with the energy
cost (ΔElinker ) of keeping the 12-base linker region open. (B) The minimal free
energy structure of the mutant RyhB-rh11 expressed in strain ZZS00-H11.
This mutant gave strong repression (13.7×) despite a large value of ΔElinker .
The structure of this mutant is predicted to have the interaction region
completely open. The bases are colored by the same color scheme as that
used in Fig. S1; the substituted bases are circled.

Function of the Truncated RyhB. We performed experiments to test
the necessity of the Hfq-binding region in mediating RyhB’s
function. A truncated RyhB mutant (RyhBt) was constructed,
removing the entire linker region (position 57–68) as well as the
ﬁrst hairpin (position 1–31) from the wild-type structure shown
in Fig. S1. We chose this sequence because a minimal free energy
structure of this sequence (Fig. 4A), consisting of the second
hairpin (positions 32–56) of the wild-type structure with the exposed interaction region (red bases) followed immediately by
the Rho-independent terminator (positions 69–90), preserves the
core interaction part of RyhB. We incorporated RyhBt into the
pZA31 plasmid (pZA31Rt) and characterized its effect on
the expression of wild-type sodB-GFP in strain ZZS00-Rt.
RyhBt is seen to exhibit strong repression, at levels comparable
to the effect of wild-type RyhB in strain ZZS00-W, across the
range of target expression (Fig. S6). Thus, the linker region
seems to be dispensable for the repressive effect of RyhB
on sodB-GFP.
To determine whether this surprising effect persists at lower
levels of RyhBt expression, we constructed strains ZZS0R and
ZZS0T, harboring chromosomally encoded ryhB and ryhBt, respectively, both driven by the PLtet-O1 promoter (Table S1). The
expression levels of RyhB and RyhBt under full aTc induction are
found to be comparable as characterized by quantitative real-time
PCR (blue and red bars in Fig. 4B). We next used quantitative realtime PCR to quantify the effect of RyhBt on the expression of
sodB, fumA, and sdhD, which are all well-established endogenous
targets of RyhB (6). As shown in Fig. 4C, RyhBt repressed these
targets 20-fold, 10-fold, and 5-fold, respectively (red bars); the
degrees of repression in fact exceeded those of the wild-type RyhB
(blue bars) for each target. As a negative control, neither RyhB nor
RyhBt repressed the expression of sucA, which is in the same
operon as sdhD but is not known to be a target of RyhB.
We further tested the role of Hfq in mediating repression by
RyhB and RyhBt, using strains ZZS0Rq and ZZS0Tq, respectively, both of which contain hfq deletion (Table S1). As
expected (6, 32, 34), RyhB exhibited no repression effect to any
of the tested targets in hfq− background (green bars in Fig. 4D).
However, RyhBt remains active (black bars), repressing each of
the RyhB targets but not the nontarget sucA, at a similar level as
that found in hfq+ background (red bars in Fig. 4C). Quantitation of the levels of RyhB and RyhBt reveals that in hfq− background, RyhBt remained expressed at the same level, but the
level of RyhB dropped signiﬁcantly compared with that in hfq+
background (Fig. 4B, black and green bars). The latter is consistent with the known instability of RyhB in hfq− background
12476 | www.pnas.org/cgi/doi/10.1073/pnas.1100432108

GGG
U C
G C
C G
U A
40
G C
47
1
G C
C G
3’- U U U U A U U A A -5’
20 C G
G C
UU AC
A
G
C
A
A
C
C
A
UC UU
G

B

RyhBt

C

D

Fig. 4. Functional effects exerted by the truncated RyhB. (A) Predicted
minimal free-energy structure of the mutant RyhBt, which is truncated of
the ﬁrst hairpin and the linker region of the wild-type RyhB (Fig. S1). (B)
Relative expression of the chromosomally encoded RyhB and RyhBt in hfq+
(blue and red bars) and hfq− background (green and black bars). (C and D)
Effect of chromosomally expressed RyhB and RyhBt on the expression of
various endogenous targets (sodB, fumA, sdhD, and sucA) in hfq+ strains (C)
and hfq− strains (D). sRNA and mRNA abundances were determined using
quantitative real-time PCR in strains harboring chromosomal PLTet-o1:ryhB
(strain ZZS0R, ZZS0Rq, blue and green bars) or PLTet-o1:ryhBt (strain ZZS0T,
ZZS0Tq, red and black bars). Open and solid bars refer to results from cells
grown with 10 ng/mL and no aTc, respectively. For each RNA species characterized, the abundance was normalized to the level of 16S RNA (encoded by
rrsB), which is relatively constant in the different strains and conditions. In C
and D the mRNA abundances were given relative to the mRNA level in strain
ZZS0T grown with no aTc. The numerical values are listed in Tables S13, S14,
and S15.

(32, 34), whereas the former reafﬁrms the observed activity of
RyhBt in hfq− background.
Discussion
Predictive understanding of the sequence–function relation is
one of the grand challenges of systems biology. In the case of
transcriptional control, a great deal is understood owing to
quantitative molecular studies of protein–DNA interaction pioneered by von Hippel and collaborators (21). Even though such
sequence–function relations were established only for a few exemplary systems (21–23), ﬁrm knowledge on these systems
stimulated a large body of later computational work to identify
and characterize TF binding sites across the genomes of organisms in the postgenome era (26).
In this work, we intended to probe a similar sequence–function
relation for the interaction between sRNAs and their targets
using an exemplary sRNA–mRNA system in vivo. We chose
RyhB and sodB of E. coli, both well characterized at the molecular and biochemical levels. Three series of mutants were
generated: the R-series featuring mutants of RyhB in the vicinity
of the core interaction region, the C-series featuring mutated but
complementary sequences of RyhB and sodB-gfp translational
fusion within the core interaction region, and the H-series featuring RyhB mutants in the Hfq-binding linker region (Fig. S1).
For each mutant series, we characterized the expressions of a
selected number of mutants (Fig. S3) and quantiﬁed the activity
of each mutant on target expression using sodB-GFP reporters.
The gene expression levels were then correlated to various energetic characteristics calculated according to the available RNAfolding algorithms.
Sequence Dependence of sRNA Function. The R-mutants showed
that one or more mismatches in the core interaction region of
RyhB resulted in the complete loss of its repression on sodBGFP expression, whereas point substitutions in the immediate
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Energetics of RNA–RNA Interaction. The difference between C:G
and A:U pairing suggests a role exerted by the pairing energy
between RyhB and sodB. The computed free energy of the RyhBsodB duplex formation, a key intermediate in RyhB-mediated
repression (32, 35), exhibits a clear exponential correlation with
the fold-repression of the corresponding RyhB-sodB pair (Fig. 1C,
red circles and solid black line). The exponential dependence is
qualitatively consistent with the expectation that the RyhB–sodB
interaction is dominated by the thermodynamics of RNA binding.
However, the slope of the solid black line describing the exponential dependence is much smaller than that expected of the
Boltzmann distribution at 37 °C (Fig. 1C, dotted black line). To
further characterize the energy dependence, gene expression was
characterized more quantitatively for a number of the C-mutants
to quantify the interaction parameters (Fig. 2A). The results
(Fig. 2B) still exhibited an exponential correlation (solid black
line) and still deviated signiﬁcantly from the Boltzmann distribution (dotted black line), which would be expected for an interaction driven by the thermodynamics of base pairing.
The quantitative discrepancy between the observed energy
dependence of interaction is rather surprising from the perspective of molecular biophysics but is quite reasonable from the
biological perspective. According to the Boltzmann distribution,
there would be a 10-fold change in interaction for every 1.5 kcal/
mole increase in the duplex formation energy. This would be a
very large change: the smallest energy difference between two
nucleotide pairings (e.g., from A:U to U:A) already involves 1
kcal/mole difference in binding energy (45). On the other hand,
with the observed correlations, the degree of repression can be
tuned over the functionally relevant regime (10- to 20-fold) from
the choices of multiple base pairings.
The origin of the discrepancy from the Boltzmann form of
energy dependence is not understood. It could be that the RyhB–
sodB interaction was not describable by thermodynamics in vivo,
in which case, however, the existence of the exponential correlation with equilibrium energy values would be perplexing. Another possibility is that the energy values used in RNA folding
calculations, obtained from in vitro experiments, were systematically overestimated. In fact, in a few studies in which the
results of RNA folding calculations can be compared directly to
in vivo activities studied (46–48), a systematic two- to threefold
overestimation of RNA binding energies has been reported. This
may account for the discrepancies we observed, because the
differences in the slopes of the dotted and solid lines in Figs. 1C
and 2B are also two- to threefold.
Role of Hfq and Hfq-Binding Sequence. The H-mutants show that
gradual tuning of the degree of repression (from 1- to 20-fold) can
also be realized by changing the bases in the linker region (Fig.
3A), away from the hairpin involved in interaction with the targets. The exponential correlation of the fold-repression with the
computed energy cost of opening the linker region is consistent
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with the notion that the binding of Hfq to the linker region is
necessary for RyhB–sodB interaction. Regardless of the possible
causes (see below), the gradual dependence of the degree of repression on the linker sequence provides another means to ﬁnetune the interaction. We note that tuning of the interaction
strength by base changes in the linker region may be a more
evolvable strategy compared with base changes in the interaction
region (C-mutants), because the latter requires changes in both
the sRNA and the mRNA, possibly even changes in multiple
targets if the same base-pairing region is used for different targets.
Puzzling behavior exhibited by the mutant H11 led us to
construct the truncated RyhB mutant, RyhBt, whose structure is
expected to contain a hairpin with the open interaction region
(Fig. 4A). Characterization of the functional effect of RyhBt,
both the plasmid and chromosomally encoded versions, led to
a number of surprises: ﬁrst, direct characterization of RyhB and
RyhBt levels (Fig. 4B) establishes that the level of RyhBt, which
is comparable to that of RyhB in the wild-type background, is
independent of Hfq. Thus, it is the Hfq-binding region that
makes the wild-type RyhB unstable in hfq− strain. This ﬁnding is
consistent with the knowledge that the AU-rich linker sequence
is also the binding target of RNaseE, which degrades RNAs (32,
34), and the notion that the binding of Hfq to this region protects
the RNA from cleavage. Without this RNaseE binding sequence,
apparently protection by Hfq is not necessary, at least for RyhB.
Second, the Hfq-binding region of RyhB is apparently not
needed for function (Figs. 4 C and D). Even in the presence of
Hfq, where both RyhB and RyhBt can function, RyhBt is found
to repress the endogenous RyhB targets† more strongly than
RyhB itself for all of the cases studied (Fig. 4C), even though the
expression levels of RyhB and RyhBt are comparable (Fig. 4B).
Although the dependence of wild-type RyhB’s function on Hfq is
well known and attributed to the higher turnover rate of RyhB in
hfq− strain (32), it is remarkable that RyhBt repressed the endogenous RyhB targets to the same degree with or without Hfq
(Fig. 4 C and D). In Vibrio cholerae, the sRNA VrrA was shown
to reduce the level of its target OmpA in hfq− background when
overexpressed, although the degree of repression was weaker
than that in hfq+ background (49). Recently, it was also shown
that positive regulation of the rpoS mRNA by the sRNA DsrA
occurred in the absence of Hfq when DsrA was overexpressed
(50). These ﬁndings led to the views that Hfq might not be essential under high concentrations of sRNA (3, 50) or under
conditions whereby the sRNA and its target could form a stable
complex on their own (50). In the case of RyhBt, we see that
overexpression of the sRNA is not even necessary. The dependence of sRNA-mediated gene silencing has been reported
for many sRNAs studied and has been used as a deﬁning feature
of this class of sRNAs (29). Because the activity of RyhBt does
not require Hfq, obvious questions are raised concerning the
necessity and function of the linker region (and consequently the
reliance on Hfq) in these Hfq-binding bacterial sRNAs.
The independence of RyhBt’s function on Hfq has another
strong implication. It has been established in vitro that Hfq
modiﬁes the secondary structure of sodB by opening up the RyhBbinding region (35), and it is commonly assumed that this effect is
important for RyhB repression on its targets in vivo. Enhancement of base pairing between sRNAs and target mRNAs by Hfq
has also been shown in numerous other cases of sRNA-mediated
repression, including Spot42–galK (7), MicA–ompA (11), SgrS–
†

The repression of sdhD by the truncated RyhB is worth noting. It was pointed out long
ago (6) that the wild-type RyhB contained sequence with extended complementarity to
the translational initiation region of sdhD, the second gene of the sdhCDAB operon. In
fact, the region of RyhB complementary to the translational initiation region is contained in the ﬁrst hairpin of RyhB, which is deleted from RyhBt. Our results suggest that
the second hairpin, which has a 10-nt continuous match with the region ending 13
nucleotides upstream of the sdhD Shine-Dalgarno sequence, is sufﬁcient to repress sdhD.
Base pairing at a distance of 10–15 nt downstream of the start codon was reported to be
sufﬁcient for repression (37). Apparently, similar action could also be accomplished upstream, as encountered here.
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vicinity of the core may have no effect on repression (Fig. 1A).
The lost function due to mutation in the core of either RyhB or
sodB can be restored by complementary changes in the target
sequence (Fig. S2). These ﬁndings reinforce earlier results on the
SgrS-ptsG system by Aiba and collaborators (13, 39). In the
present study, we ﬁnd additionally that when the core sequence
is perturbed, sRNA–mRNA binding energy is not a good predictor of functionality (green symbols in Fig. 1C).
The C-mutants surprisingly exhibited a continuum of repression. It is generally believed that a complementary core along
with other supplemental features of the sRNA (e.g., a hairpin and
an Hfq binding region) is sufﬁcient to silence its target mRNA
(1). Our results suggest instead that the identities of the complementary core nucleotides can be used to tune the strength of
sRNA–mRNA interaction over a relevant range. For example,
strain C8, containing a single pair of changes (C:G to A:U)
compared with the wild type, exhibited only a twofold repression
compared with 8.5-fold repression by the wild type.

ptsG (13), and OxyS–fhlA (30). Together, these results project a
model in which Hfq functions as a RNA chaperone mediating
sRNA–mRNA interaction. Our results show that, at least for
sodB, fumA, and sdhD, Hfq-target interaction is not necessary
for repression by RyhBt.
Materials and Methods
Strains and Plasmids. We constructed a series of reporter systems to quantify
the RyhB–sodB interaction as in ref. 16. Experiments were performed in
ZZS00 cells (16). Two types of plasmids, one carrying ryhB or its mutant
(pZA31R#) and the other carrying the translational fusion of sodB (or its
mutant) with the reporter gene gfpmut3b (pZE12S#), were transformed into
ZZS00 to generate three series of mutant strains ZZS00-R#, ZZS00-C#, and
ZZS00-H# (Table S1). In some cases, the wild-type ryhB and the truncated
ryhB (ryhBt) in respective pZA31R and pZA31Rt plasmids were integrated
into the ryhB locus of the chromosome.

to fresh media and shaken overnight. The cultures were diluted into fresh
M63 media (OD600=0.002) containing the antibiotics and carbon source, as
well as varying amounts of the inducers (aTc and IPTG) in wells of 48-well
plates. The plates were incubated with shaking at 37 °C and examined for
OD600 and ﬂuorescence measurements every 0.5–1 h for up to 10 h. Each
measurement was repeated three times, and the data were analyzed similarly as in ref. 16. For real-time PCR analyses, total RNA was prepared using
a Qiagen RNeasy Mini-prep kit or a miRNeasy Mini Kit. RNA samples were
treated with the Ambion Turbo DNA-free DNase. Either a dilution series of
RNA was used, or 50 ng RNA (for target genes) and 0.5 ng RNA (for rrsB)
were used for cDNA synthesis and ampliﬁcation reaction using the Bio-Rad
One-Step RT-PCR Kit. Real-time PCR was performed in the Bio-Rad iQ5 Real
Time PCR System. See all details in SI Materials and Methods.

Medium, Growth, Measurements. The ZZS00 cells carrying the appropriate
plasmids were grown to mid-log phase in M63 minimal media at 37 °C with
0.5% glucose and the appropriate antibiotics. The cells were diluted (1:250)
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