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ABSTRACT

Small RNA OxyS is induced during oxidative stress
in Escherichia coli and it is an Hfq-dependent nega-
tive regulator of mRNA translation. OxyS represses
the translation of fhlA and rpoS mRNA, which encode
the transcriptional activator and �s subunit of RNA
polymerase, respectively. However, little is known re-
garding how Hfq, an RNA chaperone, interacts with
OxyS at the atomic level. Here, using fluorescence
polarization and tryptophan fluorescence quenching
assays, we verified that the A-rich linker region of
OxyS sRNA binds Hfq at its distal side. We also report
two crystal structures of Hfq in complex with A-rich
RNA fragments from this linker region. Both of these
RNA fragments bind to the distal side of Hfq and
adopt a different conformation compared with those
previously reported for the (A-R-N)n tripartite recog-
nition motif. Furthermore, using fluorescence polar-
ization, electrophoresis mobility shift assays and in
vivo translation assays, we found that an Hfq mutant,
N48A, increases the binding affinity of OxyS for Hfq
in vitro but is defective in the negative regulation of
fhlA translation in vivo, suggesting that the normal
function of OxyS depends on the details of the in-
teraction with Hfq that may be related to the rapid
recycling of Hfq in the cell.

INTRODUCTION

Under variable stress responses, bacteria generate many sR-
NAs to adapt to changes in the environment (1,2). Upon
oxidative stress, the bacterial sRNA OxyS is expressed
and negatively regulates the translation of fhlA and rpoS
mRNA (3–6). OxyS has been shown to repress the transla-
tion of fhlA through base-pairing interactions at two sep-
arate sites: (i) a seven-nucleotide sequence that overlaps
with the Shine–Dalgarno sequences of fhlA and (ii) a nine-

nucleotide sequence within the coding region (Cds) of fhlA.
Kissing complexes have been proposed to form between
OxyS and fhlA at these two sites, resulting in a stable
antisense–target complex (3,7). The OxyS-fhlA base pair-
ing at the coding sequence has been shown to facilitate the
interaction at the ribosome binding site (RBS), thus repress-
ing the fhlA translation (5). As for rpoS, evidence that OxyS
and rpoS use complementary sequences for base pairing has
not been reported, and the mechanism of OxyS repression is
less well understood (8). The models based on sRNA com-
petition for Hfq binding have been previously proposed to
account for this process (6,8–10). Crucially, Hfq is required
for OxyS sRNA repression of both fhlA and rpoS.

Hfq is a bacterial member of the Sm/LSm family. Es-
cherichia coli Hfq (Ec Hfq) is a homohexameric protein
with each subunit containing an N-terminal Sm domain
(residues 1–65, Hfq65) and a flexible C-terminal extension
(residues 66–102) (11–17). Structural studies have revealed
that the Sm domain forms a ring-like hexameric structure
that contains two distinct sides for RNA binding. The prox-
imal side exhibits a preference for U-rich single-stranded
RNA (ssRNA), whereas the distal side preferentially binds
to A-rich ssRNA (18), and a single Hfq hexamer can si-
multaneously bind to A-rich and U-rich RNA substrates
(18–20). Another group of positively charged residues on
the lateral surface of Hfq constitutes the third, independent
RNA-binding surface (20).

To date, several crystal structures of Hfq in complex with
ssRNA have been determined. The structures of Staphy-
lococcus aureus (Sa) Hfq in complex with AU5G (21),
Salmonella typhimurium (St) Hfq in complex with U6 (22)
and Ec Hfq in complex with AU6A (23) provide details of
the interaction of U-rich ssRNA at the Hfq proximal side.
In contrast, several structures of Hfq in complex with dif-
ferent poly(A) oligonucleotides reveal an (A-R-N)n tripar-
tite or (A-L)n bipartite RNA-binding motif on the distal
side of Hfq (19,24–26). sRNAs exhibit some variation in
the Hfq-binding regions, which can be an AU-rich linker re-
gion or the 3′-poly(U) terminator (27–31). In addition, the
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Hfq-binding region in sRNAs often exhibits variations in
its sequence, and both U-rich and A-rich sequences have
been found to bind Hfq (8,28,32,33). Using minimal bind-
ing analysis, RNase footprinting and competition assays,
an A-rich linker (nucleotides 65–74) between stem-loops b
and c of OxyS was previously identified as the Hfq-binding
region, and the Hfq–sRNA interaction likely results in the
opening of stem-loop b of OxyS (8). However, due to the ab-
sence of atomic-level structural details, the questions of how
the linker region of OxyS is recognized by Hfq and whether
OxyS binds Hfq as poly(A) remain to be answered.

Here, using fluorescence polarization (FP) and trypto-
phan fluorescence quenching (TFQ) assays we verify that
the A-rich linker region of OxyS sRNA binds Hfq at its
distal side. Furthermore, we determined two crystal struc-
tures of Hfq in complex with two A-rich fragments from
this linker region. In contrast to the previously reported (A-
R-N)n or (A-L)n binding mode, in which the RNA frag-
ment lies flat on top of the Hfq distal surface and follows
a similar circular weaving path (19,24–26), our structures
reveal that two RNA fragments of OxyS adopt a different
conformation and only contact a small portion of the Hfq
distal surface. Interestingly, using FP assays we found that
the Hfq mutant N48A exhibits opposite effects on the bind-
ing of poly(A) A7 and ssRNAs from OxyS. The N48A mu-
tant dramatically decreases the binding affinity of Hfq for
A7 but unexpectedly enhances the interaction between Hfq
and OxyS ssRNA. This enhancement is further verified by
electrophoresis mobility shift assays (EMSAs) using full-
length OxyS. However, in vivo translation assays demon-
strated that, as observed for other mutants, N48A loses the
ability to assist OxyS in the repression of fhlA mRNA trans-
lation.

MATERIALS AND METHODS

Hfq purification, crystallization and structure determination

Recombinant full-length Hfq and Hfq65 were overex-
pressed and purified from E. coli as previously described
(19,23). The Hfq65 hexamer (0.2 mM) was mixed with 0.2–
0.3-mM Aus (5′-AUAACUA-3′) or Ads (5′-AACUAAA-3′)
ssRNA and then mixed with an equal volume of crystal-
lization buffer (12% PEG4000 and 0.1-M citrate, pH 5.5,
for Aus; 16% mPEG5000 and 0.1-M HEPES, pH 7.2, for
Ads). The crystals were grown using hanging drop vapor
diffusion. Crystals of both complexes belonged to the space
group P212121 and diffracted to 2.00-Å (Hfq-Aus) and 1.97-
Å (Hfq-Ads) resolution. X-ray diffraction data were col-
lected at beamline BL17U at the Shanghai Synchrotron Ra-
diation Facility (SSRF) and were merged and scaled using
HKL2000/HKL3000 (Hfq-Aus) and MOSFLM (Hfq-Ads)
and SCALA in the CCP4 suite (34–36). Data collection and
refinement statistics are presented in Supplementary Table
S1. Both Hfq-Aus and Hfq-Ads structures were determined
by molecular replacement using Phaser (37) and the apo
Ec Hfq structure (PDB ID: 1HK9) as the search model.
The Rwork and Rfree of the Hfq-Aus structure were refined
to 21.10 and 25.20%, respectively. The Rwork and Rfree of
the Hfq-Ads structure were refined to 18.50 and 22.90%, re-
spectively.

Coordinates

Coordinates and structure factors for the Hfq-Aus and Hfq-
Ads complexes have been deposited in the Protein Data
Bank under the accession codes 4QVC and 4QVD, respec-
tively.

Nuclear magnetic resonance spectroscopy

Backbone resonances of Hfq65 were assigned as previously
described (23). 1H-15N HSQC spectra were recorded on
a Bruker DMX 600 spectrometer equipped with a cry-
oprobe to monitor the chemical shift perturbations. U-
[15N]-labeled Hfq65 R16A/R17A protein was titrated with
Aus and Ads ssRNA at 42◦C in nuclear magnetic resonance
(NMR) buffer (40-mM NaH2PO4, 40-mM NaCl and 1-
mM ethylenediaminetetraacetic acid (EDTA) at pH 6.8)
with 10% D2O as previously described (19,23). Experimen-
tal data were processed using NMRPipe (38) and Sparky.
Full titration spectra are shown in Supplementary Figure
S1.

Fluorescence polarization

Lyophilized 5′-FAM-labeled RNA oligomers were obtained
from Takara Bio, Inc., and dissolved in diethylpyrocarbon-
ate (DEPC)-treated water to a final concentration of 100
�M. Equilibrium dissociation constants (Kd) for different
RNAs and different full-length Hfq constructs were deter-
mined by measuring the fluorescence polarization, as previ-
ously described (19,23).

Preparation of RNAs in vitro

Full-length OxyS and its variants used in this study all
include the natural oligo-3′-poly(U)U8 tail, which has
been shown to be important in Hfq binding by sev-
eral recent studies (22,28,31). Full-length OxyS RNA
containing 3′- poly(U)U8 tail (hereinafter referred to
as OxySU8) and its variants were synthesized by in
vitro transcription using T7 RNA polymerase and poly-
merase chain reaction-amplified DNA templates con-
taining the T7 promoter and the transcribed sequences
corresponding to OxySU8 and its variants OxySU8-
A10dele (deletion of nucleotides 65–74) and OxySU8-A6U
(A65U/A66U/A68U/A69U/A73U/A74U). Transcription
products were purified by polyacrylamide gel electrophore-
sis and dialyzed into DEPC-treated water.

Fluorescence labeling of RNA

In vitro transcribed RNA was modified to introduce
a thiol group at the 5′-end through cystamine mod-
ification of 5′-phosphate groups using the EDC (1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride; Thermo)/imidazole reaction (39). The −SH acti-
vated RNA was then labeled using DyLight 680 Maleimide
(Thermo) as recommended by the manufacturer. Labeled
RNA was isopropanol precipitated and further purified
from polyacrylamide gels. The RNA concentration and la-
beling efficiency were determined by measuring the OD260
and OD680.
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Electrophoresis mobility shift assay

EMSA assays were performed in a 10-�l reaction mix-
ture containing 6.67-mM sodium phosphate, 50-mM NaCl,
0.33-mM EDTA and 2.5-mM MgCl2, pH 7.0. Prior to use,
all RNAs were refolded by heating to 98◦C for 30 s in re-
action buffer without magnesium and then slowly cooled
to room temperature. MgCl2 was added to a final concen-
tration of 2.5 mM prior to the experiment. The final con-
centration of OxySU8 was 5 nM, and the final concentra-
tions of the full-length Hfq hexamer are as indicated (Fig-
ure 6E and F). Reactions were incubated at room temper-
ature for 40 min and resolved on 0.5 x TB 6% native 19:1
polyacrylamide gels. Gels were scanned in an Odyssey In-
frared Imaging System using the 700-nm channel for detec-
tion. Each experiment was performed on the same gel and
was repeated at least three times. Fluorescence intensities
were integrated to calculate the bound fraction of labeled
RNA and these intensities were fit to a 1:1 binding model
as previously reported (Supplementary Figure S2) (23).

Tryptophan fluorescence quenching

Tryptophan fluorescence quenching measurements were
performed using an RF-5301PC SHIMADZU spectrofluo-
rophotometer (40). The emission spectrum with excitation
at 293 nm was scanned from 320 to 400 nm. One micromo-
lar of each Hfq hexamer Trp mutant protein at 20-�l system
in TFQ buffer (20-mM HEPES, pH 8.0, 200-mM NaCl, 0.5-
mM EDTA) was scanned. RNAs were dissolved into TFQ
buffer to 80-�M concentration and quenching studies were
performed using final 1- and 4-�M RNA. Peak height was
read from spectra for each Hfq Trp mutant. Quenching per-
centage was calculated as recently reported (40,41). Each
titration was done at least three times.

Western blotting

Overnight cultures of bacteria harboring the GFPuv re-
porter and full-length Hfq plasmids were diluted 100-fold
in Luria Broth (LB) media treated with 50-�M H2O2
and grown at 37◦C with appropriate antibiotics in the
presence of L-arabinose (0.0225%) and Isopropyl �-D-1-
thiogalactopyranoside (IPTG) (50 �M) for an additional 8
h with agitation. Western blots were processed as previously
described (19).

RESULTS

The OxyS linker binds to the distal side of Hfq

To better understand the binding properties between OxyS
and Hfq, we selected two A-rich fragments, Aus and Ads,
which are named to represent the upstream (nucleotides 66–
72, 5′-AUAACUA-3′) and downstream (nucleotides 68–74,
5′-AACUAAA-3′) sequences of the OxyS A-rich linker re-
gion (Figure 1A), and performed FP assays to investigate
their interactions with Hfq. Intriguingly, although the RNA
sequence of Aus largely overlaps with that of Ads and both
fragments are 7-nt long, the binding of Aus to wild-type full-
length Hfq (Hfq WT) (Kd = 22 nM) is much stronger than
that of Ads (Kd = 1490 nM) by ∼70-fold (Figure 1B and C).

To determine whether this substantial difference in binding
affinity results from the binding of the two RNA fragments
to different sides of Hfq, two Hfq mutants (F42S on the
proximal side and Y25A on the distal side) were prepared
for FP assays. Our results indicated that the binding of Aus
and Ads to Hfq was significantly decreased by the Y25A mu-
tation, whereas F42S did not exhibit clear effect on RNA
binding (Figure 1B and C), indicating that both Aus and
Ads bind to the distal side of Hfq.

To determine whether these interactions reflect the bind-
ing of full-length OxyS, we further utilized TFQ assays to
investigate the binding of full-length OxyS to Hfq (40,42).
Two OxySU8 variants, OxySU8-A10dele and OxySU8-
A6U, were transcribed in vitro. The secondary structures
of both variants are highly similar to that of the wild-type
OxySU8 based on the Mfold prediction (43). Three Trp
mutants (Y25W, K31W and F42W) were also generated to
evaluate the binding effects of OxySU8 on the distal and
proximal sides of Hfq. As shown in Figure 1D, E and F,
wild-type OxySU8 significantly quenches the fluorescence
of Hfq mutants F42W, Y25W and K31W, indicating that
full-length OxyS RNA can interact with both proximal and
distal sides of Hfq, a finding that is consistent with previ-
ous studies (44). In contrast, fluorescence quenching of Hfq
is largely weakened for Y25W by ∼1.6-fold and for K31W
by ∼1.7-fold (Figure 1E and F) when the A-rich linker of
OxyS is either deleted or mutated, whereas a clear reduction
in quenching was not observed for the F42W mutant, sug-
gesting that the A-rich region of full-length OxyS binds Hfq
at the distal side. Collectively, our FP and TFQ results con-
firmed that the Hfq binding behaviors of A-rich sequences
are similar between short RNA fragments and full-length
OxyS.

Crystal structures of Hfq65 in complex with Aus and Ads ss-
RNA

A previous study showed that the binding affinity of poly(A)
A7 to Hfq with a Kd of ∼113 nM (19) was between those
of Aus and Ads. Considering that the A-rich sequences from
the OxyS linker region do not follow a strict (A-R-N)n bind-
ing motif, it is unclear whether the binding of these se-
quences to Hfq would adopt a similar interaction mode.
Attempts were made to crystallize the Sm domain of Ec
Hfq (Hfq65) in complex with linker fragments of OxyS. In-
terestingly, although attempts to crystallize Hfq65 in com-
plex with a 10-nt OxyS fragment (Kd = 13 nM, nucleotides
65–74, 5′-AAUAACUAAA-3′) (Supplementary Figure S3)
were unsuccessful, two crystal structures of Hfq in complex
with the 7-nt fragments Aus and Ads were successfully de-
termined.

Both Hfq65-Aus and Hfq65-Ads structures were deter-
mined by molecular replacement using the apo Ec Hfq
structure (PDB ID: 1HK9) as the search model. The Hfq65-
Aus structure was refined to Rwork and Rfree values of
21.10 and 25.20%, respectively, at 2.00-Å resolution. In the
Hfq65-Aus crystal structure, the asymmetric unit contains
six Hfq65 subunits and one RNA fragment, which exhibits
continuous electron density for only three of seven ribonu-
cleotides (A68, A69 and C70) (Figure 2A and B). The ri-
boses of A68 and A69 adopt a C2′-endo sugar pucker,
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Figure 1. The A-rich fragments from the linker region of OxyS bind to the distal side of Hfq. (A) A schematic diagram showing the secondary structure of
OxySU8. This structure is based on the experimentally verified secondary structure of OxyS (4), which is in close agreement with the predicted secondary
structure of OxySU8 RNA using Mfold (43). The two segments selected for cocrystallization with Hfq, namely Aus and Ads, represent nucleotides 66–72 and
nucleotides 68–74 of OxyS, respectively. OxySU8-A10dele (deletion of nucleotides 65–74) and OxySU8-A6U (A65U/A66U/A68U/A69U/A73U/A74U)
mutants as indicated. Based on the Mfold prediction (43), the secondary structures of both mutants are similar to that of wild-type OxySU8. (B, C)
Fluorescence polarization assay to determine the binding affinities of Aus and Ads for wild-type Hfq and mutants. A mutation on the distal side, Y25A,
dramatically decreased the binding affinity of both Aus and Ads, whereas the proximal side mutation, F42S, did not exhibit a prominent effect. (D, E, F)
TFQ experiments for Hfq Trp mutants by OxySU8, OxySU8-A10dele and OxySU8-A6U. F42W represents the proximal RNA binding site, and Y25W
and K31W represent the distal RNA binding sites. The black bar represents the percent quenching by 1-�M RNA, whereas the gray bar above the black
bar represents the quenching by 4-�M RNA.

whereas the sugar pucker of C70 is C3′-endo, and each
base adopts an anti-conformation (Figure 2B). The struc-
ture of the Hfq65-Ads complex was refined to 1.97-Å res-
olution with Rwork and Rfree values of 18.50 and 22.90%,
respectively. The asymmetric unit contains an Hfq65 hex-
amer and exhibits electron density for only four consecu-
tive 3′-nucleotides of Ads (U71, A72, A73 and A74) (Figure
2C and D). The riboses of U71, A72 and A73 all adopt a
C2′-endo pucker, whereas the 3′-end A74 adopts a C3′-endo
pucker, with all four bases adopting an anti-conformation.
For both crystal structures, the reason that full oligonu-
cleotides could not be modeled remains unclear, but most
likely is due to the structure disorder. Superposition of Aus-
and Ads-bound Ec Hfq65 hexamers with apo Ec Hfq (PDB
ID: 1HK9) reveals no significant conformational changes,
with RMSD (root mean square deviation) values of 0.46
and 0.48 Å (Supplementary Figure S4A and B), respec-
tively. Data collection and refinement statistics are summa-
rized in Supplementary Table S1.

Recognition of Aus and Ads ssRNA by the distal side of Hfq65

Poly(A) (A7 and A15) has been previously demonstrated to
bind to the distal side of Ec Hfq at a similar (A-R-N)n repeat
motif (19,24). However, in our Hfq-Aus and Hfq-Ads com-
plex structures, both ssRNA fragments adopt a very similar
conformation (Figure 3A), which differs from that of A7 in
the Hfq-A7 complex (Figure 2E and F and Figure 3B and
C). Our crystal structures reveal that both Aus and Ads inter-
act with the distal side of two different Hfq hexamers, and
in both structures, each Hfq hexamer interacts with two ss-
RNA fragments (Figure 2E and F).

Specifically, C70 of Aus and A74 of Ads insert into a distal
R-site located on a neighboring Hfq hexamer in our crys-
tal structure. C70 of Aus binds to a classic R-site in a man-
ner that is similar to that of the adenosine of poly(A) on
the distal side of an adjacent Hfq65 hexamer (Figure 4A
and Supplementary Figure S5A), despite previous model-
ing studies that suggested that the R-site cannot accommo-
date a pyrimidine (24). The C70 base stacks against Y25(2)
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Figure 2. Global structures of the Hfq-Aus and Hfq-Ads complexes. (A) Each Hfq65 hexamer (gray) binds to one Aus (orange) RNA fragment at the distal
side in the structure of the Hfq65-Aus complex. (B) Clear electron density (difference maps 2F0−Fc densities are shown as a cyan mesh contoured at 1.0�)
is observed for three of seven nucleotides (A68, A69 and C70; orange) in Aus. (C) Each Hfq hexamer binds to one Ads (magenta) RNA fragment in the
structure of the Hfq65-Ads complex. (D) Electron density (difference maps 2F0−Fc densities are shown as a cyan mesh contoured at 1.0�) is observed for
four of seven nucleotides of Ads (U71, A72, A73 and A74; magenta). Three closely packed asymmetric units of Hfq65-Aus (E) and Hfq65-Ads crystals
(F) are shown. One hexamer is presented as gray carbon and the remaining two hexamers as blue or green C� traces. Aus (orange) and Ads (magenta) are
represented as sticks. In the complex structures, C70 from Aus and A74 from Ads both point outward from one Hfq distal side and bind at the ‘R-site’ on
the distal side of a neighboring Hfq65 hexamer. Data collection and refinement statistics are summarized in Supplementary Table S1.

Figure 3. A distinct RNA recognition mode in the Hfq-Aus and Hfq-Ads complex structures compared with the Hfq-A7 structure. Hfq is shown as a gray
surface. (A) Aus and Ads bind to Hfq in a similar conformation. Aus and Ads are shown as orange and magenta sticks, respectively. A new nucleotide
binding pocket close to the central pore of Hfq (formed near the interface of two adjacent Hfq subunits) is circled with a dotted line. (B) Aus and (C) Ads
binding at the distal side of Hfq differs from that of A7 (blue sticks). Nucleotide U71 of Ads binds to the adenosine selective site (‘A-site’) in the ‘A-R-N’
motif and is highlighted with a dotted circle in panel (C).

and participates in van der Waals interactions with L32′ (2)

and L26′ (2), and its N4 atom participates in polar inter-
action with the side chain of T61(2) (where ′ denotes the
residues from an adjacent Hfq65 subunit and (2) denotes
residues from an adjacent Hfq65 hexamer). The O2 atom
of C70 engages in a hydrogen bond with the N� atom of
residue N28′(2). Moreover, a water molecule is observed
that bridges the hydrogen bonds between the N3 and O2
atoms of C70 and O� of S60(2), and an additional hydro-
gen bond is formed between the ribosyl 2′-hydroxyl group
of C70 and the carbonyl oxygen of G29(2). Recently, it was
reported that this R-site could also accommodate Cytidine-
5’-triphosphate (CTP) (45). This phenomenon is also ob-

served for A74 of Ads, the base of A74 stacks against Y25(2),
participates in van der Waals interactions with L32′(2) and
L26′(2) and forms hydrogen bonds between its aromatic ni-
trogen atoms (N1 and N6) and the O� atoms of S60(2) and
T61(2) (Figure 4B).

In contrast to the corresponding adenine in A7, which
does not exhibit interactions with Hfq and represents a typ-
ical N-site nucleotide in the Hfq-A7 structure, both A69
of Aus and A73 of Ads bind Hfq in close proximity to the
central pore. In both cases, the adenine base participates
in van der Waals interactions with R19 from a nearby Hfq
hexamer. The adenosine ribosyl 2′-hydroxyl group interacts
with the backbone amide of K31, and the exocyclic N6 atom
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Figure 4. Interactions with RNA on the distal face of Hfq. The carbon atoms of Aus (5′-AUAACUA-3′, nucleotides 66–72) and Ads (5′-AACUAAA-3′
nucleotides 68–74) are colored orange and magenta, respectively. Hfq is shown as gray C� traces except for the residues involved in RNA binding, which
are shown as sticks. The carbon atoms of these residues are colored gray in one Hfq and yellow or green in two adjacent Hfq molecules. The prime sign ‘
denotes residues from an adjacent Hfq65 subunit in the same hexamer. The superscripts (2) and (3) denote residues from the neighboring Hfq65 hexamers.
(A, B) C70 of Aus and A74 of Ads bind to the R-site of an adjacent Hfq hexamer. (C) A69 of Aus binds to a pocket on the distal side of Hfq close to the
central pore. The adenosine ribosyl 2′-hydroxyl group of A69 interacts with the backbone amide of K31. The exocyclic N6 atom forms a hydrogen bond
with the carbonyl oxygen groups of N28. (D) A68 of Aus binds to the R-site of Hfq. (E) U71 of Ads binds to the A-site of Hfq via hydrogen bonds to N�
of N48 and the backbone atom of Q33. (F) U71 is coordinated with A72 by two non-discriminating water-mediated hydrogen bonds.

of the base forms a hydrogen bond with the carbonyl oxygen
groups of N28. These adenine bases also participate in van
der Waals interactions with residue I30 (Figure 4C and Sup-
plementary Figure S5B). To further determine whether the
interactions between ssRNA and R19 from a different Hfq
hexamer exist in solution or are simply a result of crystal
packing, we generated an R19W mutant and analyzed this
mutant using the TFQ assay. Compared to A7, Aus and Ads
were quenched much more significantly by ∼2.4-fold and
∼2.8-fold, respectively (Supplementary Figure S6), indicat-
ing that R19 contributes to the interaction between ssRNA
and Hfq. Thus, although we cannot exclude the possibility
that this binding is a consequence of crystal packing, our
results suggest that R19 may play an interesting role in me-
diating the ssRNA–Hfq interaction.

In the two crystal structures, A68 of Aus and A72 of Ads
bind to the canonical R-site at the distal side of Hfq as ob-
served for their counterpart(s) in poly(A) (Figure 4D and
Supplementary Figure S5C): the adenine rings insert into
the crevice between neighboring Hfq65 subunits and stack
against the side chain of Y25 and participate in van der
Waals interactions with residues L26′, I30′ and L32′; the
adenine exocyclic atoms N6 and N1 form hydrogen bonds
with N� of Q52′ and O� of T61, respectively; and the ade-
nine ribosyl 2′-hydroxyl forms a water-mediated hydrogen
bond with the carbonyl oxygen of G29, which is slightly dif-

ferent from the direct hydrogen bond observed in the struc-
ture of the Hfq65 poly(A) complex (24).

Unexpectedly, U71 of Ads binds to a former A-site in
the Hfq65-A7 complex (Figure 4E), which is composed of
residues from �-strands 2 and 4 and was previously named
for its binding specificity for adenosine nucleotides (24). The
O4 atom of the U71 base forms hydrogen bonds with the
backbone amide of Q33 and the N� atom of N48. In ad-
dition, as observed for the adenosine nucleotide, the U71
base stacks against the side chain of L32, and the 5′- phos-
phate group of U71 interacts with the backbone amide of
K31. Moreover, U71 is coordinated with A72 by two non-
discriminating water-mediated hydrogen bonds (O2 of the
uracil base to N7 and N6 of A72, respectively) (Figure 4F).
We speculate that the interactions between U71 and A72
may be important to position the uridine in this A-site with
the energetically favorable anti-conformation.

Aus and Ads primarily perturb the distal side of Hfq in solution
NMR

To confirm the interaction details between Hfq and OxyS
fragments, solution NMR was used to investigate the bind-
ing of Hfq65 to Aus and Ads (Figure 5 and Supplementary
Figure S1). The mutant Hfq65 R16A/R17A was used in
the NMR titration to avoid protein aggregation upon RNA
binding (19,23). Our chemical shift perturbation experi-
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ments indicate that Hfq residues are affected by Aus and Ads
binding in a similar fashion (Figure 5). As expected, around
17 residues, such as Y25, N28, I30, K31, Q33, S60 and T61,
which are involved in A-rich RNA binding on the distal
side, experienced large chemical shift changes (Figure 5A).
Interestingly, several residues on the proximal side includ-
ing Q8, Q41, F42, V43 and H57, which have been reported
to form polar interactions with uracils (19,23), also demon-
strate clear chemical shift changes or disappear upon RNA
titration. However, in terms of the number of perturbed
residues and the magnitude of the perturbation, RNA bind-
ing affects the Hfq distal surface more prominently than the
proximal side, which is consistent with our FP assay, which
was performed in solution. Considering that the proximal
side residues are not directly involved in the binding of Aus
and Ads in our crystal structures, the related minor pertur-
bations and the slight decrease in the binding affinity of ssR-
NAs for Hfq with an F42S mutation on the proximal face,
as demonstrated by the FP assay (Figure 1B and C), are
perhaps caused by the subtle structural changes induced by
a cross-talk between the distal and proximal binding sites
which may be important for Hfq regulation (23). These in-
fluences on the Hfq proximal side may also result from weak
binding of excessive ssRNA in the experimental systems.

Key residues involved in Hfq binding of Aus and Ads

As previously indicated, careful structural comparison of
the observed nucleotides in Hfq-Aus, Hfq-Ads and Hfq-A7
reveals that the side chain of N28 is only involved in bind-
ing to Aus and A7 but not Ads. In addition, N48 from the
Hfq A-site interacts with U71 via its side chain in Hfq-Ads
but not with the observed nucleotides in Hfq-Aus and Hfq-
A7. To determine whether these interactions are crucial for
the recognition of ssRNA by Hfq, two mutations (N28A
and N48A) were generated for FP investigation (Figure 6).
K31A, which causes a 100-fold loss in the binding affinity
of Hfq for poly(A) (18,19,24,46), was also analyzed in our
FP assay, although a direct interaction with ssRNA was not
observed for this residue in our crystal structures. As previ-
ously reported, the K31A mutation disrupts the binding of
all three ssRNAs (Figure 6A, B and D). N28A decreases the
binding of A7 and Aus by ∼40 and ∼6-fold compared with
Hfq wild type (WT) but does not affect the binding of Ads,
which is consistent with our crystal structures (Figure 6A,
B and D). Unexpectedly, the results of the FP assay indi-
cated that N48A causes two distinct Hfq-binding effects on
OxyS ssRNAs and A7. This mutant decreases the binding
affinity of Hfq for A7 by ∼27-fold (Figure 6A), whereas it
increases the binding affinities for Ads and Aus by ∼16-fold
(Kd = 1480 to 92.8 nM) and ∼1.3-fold (Kd = 22 to 16.8 nM)
(Figure 6B and C). To confirm this result, we further per-
formed EMSA assays to investigate the interaction between
Hfq and full-length OxyS (Figure 6E and F). OxyS has been
previously shown to form more than one discrete complex
(i.e. I and II) with Hfq and the complex I was suggested
to consist of a 1:1 sRNA:Hfq hexamer stoichiometric ra-
tio (8,44,47). The EMSA assay was therefore performed at
a concentration range of 0–40 nM for wild-type Hfq and
0–12.5 nM for the N48A mutant such that only complex
I would be predominantly formed. Fluorescence intensities

were integrated to calculate the bound fraction of the la-
beled RNA, and these intensities were fit assuming a 1:1
binding stoichiometry between one Hfq hexamer and one
molecule of RNA (Supplementary Figure S2). Our results
indicated that N48A (Kd = ∼4.6 ± 0.7 nM) exhibits higher
RNA binding affinity than wild-type Hfq (Kd = ∼17 ± 1.0
nM). In addition, we generated an N48W mutant and per-
formed the TFQ assay to demonstrate that the full-length
OxySU8 RNA interacts with N48 of Hfq in solution (Sup-
plementary Figure S7). Overall, we report for the first time
that the Hfq N48A mutant exhibits distinctly opposite ef-
fects on the binding of poly(A) and A-rich RNA sequences.

An appropriate binding affinity is important for Hfq to regu-
late OxyS function in vivo

Our in vitro results indicated that several Hfq mutants
including N28A, K31A and N48A demonstrated distinct
effects on Hfq binding of OxyS fragments. To evaluate
whether these mutants could influence the repression of
fhlA mRNA translation by OxyS sRNA in vivo, a reporter
system consisting of the fhlA 5′- end fragment from −514
upstream of the AUG initiation codon to +60 that con-
tained the Cds site (i.e. the fhlA coding sequence from +34
to +42, which is involved in a direct OxyS–fhlA interaction)
fused to the coding sequence of GFPuv (3,7) (Figure 7A)
was generated with a GSSG spacer. We examined the role
of OxyS on this fhlA-GFPuv fusion in the hfq− strain or
using wild-type Hfq or the N28A, K31A, N48A or Y25A
mutants. All growth media were treated with 50-�M H2O2
to ensure that the bacteria were cultured under oxidative
stress. Our results (Figure 7B) demonstrate that wild-type
Hfq (lane 2) can effectively facilitate OxyS-repression of
fhlA-GFPuv translation, whereas in the hfq− strain (lane
1), OxyS cannot efficiently repress fhlA-GFPuv translation.
For the Y25A mutant (lane 3), the translation level of fhlA-
GFPuv is very similar to that in the hfq− strain. In addition,
neither the N28A (lane 4) nor the K31A (lane 5) mutant
could repress GFPuv expression as wild-type Hfq, which is
primarily due to the disruption of key hydrogen bond be-
tween Hfq and OxyS. However, the results of the in vivo
translation assay are not entirely consistent with the in vitro
FP results, in which the K31A mutant exhibited dramat-
ically decreased binding affinity compared with wild-type
Hfq, whereas its in vivo repression of fhlA-GFPuv transla-
tion is not as drastic as that observed for Y25A. This dis-
crepancy has been observed in previous studies (19). The
discrepancy between the in vivo repression level and the in
vitro binding assay is possibly due to the changes in the
RNA concentrations. In vivo, the system is much more com-
plicated than in vitro, and the expression of mutant Hfq
may affect sRNA accumulation, which would in turn influ-
ence the mRNA translation efficiency (48). Intriguingly, the
N48A mutant, which binds OxyS fragments more tightly
than wild-type Hfq, also exhibits a significant decrease in
the expression level of GFPuv (lane 6). In previous studies,
the observation of a defective sRNA–mRNA regulation is
often related to the disruption rather than the enhancement
of the key interactions between Hfq and sRNA (19,48,49).
The interesting behavior of the N48A mutant raises the pos-
sibility that N48 may play a special role in regulating the
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Figure 5. NMR chemical shift perturbations of Hfq by Aus and Ads. Hfq65 R16A/R17A protein (0.1 mM) were titrated with Aus and Ads, respectively.
(A) Selected regions of 1H-15N HSQC spectra of Hfq upon Aus (left) and Ads (right) titration. (B) Chemical shift differences between the first and last
titration points for Aus and Ads are presented as green and red column bars, respectively. (C, E) Both Aus and Ads binding to Hfq result in prominent
chemical shift perturbations on the distal side of Hfq. (D, F) Residues Q8, Q41 and V43 on the proximal side of Hfq are also perturbed by Aus and Ads
titration. Hfq is colored according to chemical shift changes using a blue to red gradient. The resonances of F42 and H57, which disappeared upon Aus
and Ads titration, are colored purple. Unassigned residues are colored dark blue.

interaction between Hfq and OxyS such that limited levels
of Hfq in the cell can be efficiently recycled to mediate the
regulation of mRNA translation by sRNAs.

DISCUSSION

OxyS A-rich sequences adopt a binding mode that differs
from the (A-R-N)n mode at the Hfq distal side

It is well known that poly(A) and many mRNAs bind to
the distal side of Hfq and adopt an (A-R-N)n binding mo-
tif (24,50). Previous studies have shown that the linker re-
gion of OxyS RNA is crucial for Hfq binding (8). Recent
studies showed that mutations of proximal side residues dis-
rupted Hfq–OxyS interactions, whereas mutations of distal
side residues exhibited a largely reduced effect (10). A more
recent study using SAXS and SANS presented a model of
the Hfq–OxyS complex, which reveals that OxyS predomi-
nantly binds Hfq at the proximal side and partially interacts
with the distal side (44). In this study, using FP and TFQ
assays, and the determined crystal structures, we identified
that the A-rich sequence of OxyS binds Hfq at its distal side.
Our atomic-level structures are consistent with the previ-
ously reported structural model in which OxyS can partially
interact with the Hfq distal surface (44).

In the present crystal structures, Aus and Ads adopt a very
similar conformation, with the exception that two RNA
fragments do not overlap in the observed nucleotides (A68,
A69 and C70 for Aus and U71, A72, A73 and A74 for Ads).

Structural comparison reveals that the binding locations of
the observed nucleotides on the Hfq distal surface are essen-
tially identical in the two crystal structures, raising a con-
cern whether both structures or only one structure is bio-
logically correct. We propose two possibilities to account
for the determined crystal structures: (i) all of the afore-
mentioned nucleotides may simultaneously bind to two Hfq
hexamers: nucleotides A68, A69 and C70 bind the first Hfq
hexamer with the base of C70 inserting into the R-site of
a second Hfq hexamer and nucleotides U71, A72, A73 and
A74, in turn, interact with the second hexamer. (ii) These
nucleotides belong to two consecutive binding motifs that
may not bind Hfq simultaneously but function together to
increase the chance of mutual recognition between Hfq and
OxyS. However, due to the lack of a structure of Hfq in com-
plex with a greater number of observed nucleotides, more
systematic investigations are definitely needed to determine
which model is biological relevant.

The sRNA conformation in the two structures differs
from the previously reported A-R-N or A-L binding mode,
in which the RNA fragment lies flat on top of the Hfq
distal surface and follows a similar circular weaving path
(19,24–26). In our structures, both A69 of Aus and A73 of
Ads bind Hfq in close proximity to the central pore, which
differs from the N-site in the crystal structures of Hfq-A7
and Hfq-A15. More interestingly, the rearrangement of this
nucleotide binding site leads to a structural change of the
downstream nucleotides (C70 of Aus and A74 of Ads), al-
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Figure 6. The effects of Hfq mutations (N28A, K31A and N48A) on RNA binding affinities. (A) N28A (magenta), N48A (blue) and K31A (green)
mutations dramatically decrease the binding affinity for A7 to Hfq (compared with a Kd of ∼113 nM for wild-type Hfq; (19)). (B) The binding affinity of
Aus RNA for N28A and K31A is both lower compared with that for wild type. In contrary, the N48A mutant exhibits higher affinity for Aus. (C) The N48A
mutation dramatically increases the affinity for Ads (∼16-fold) compared with wild type. (D) The binding affinity Ads for the K31A mutant is significantly
lower. The N28A mutation does not affect the binding of Ads. In EMSA assays, compared to wild-type Hfq (E), the N48A mutant caused a prominent
mobility shift of full-length OxySU8 at lower concentrations (F).

lowing the bases of C70 and A74 to stretch away from the
Hfq hexamer and insert into an R-site on the distal side of
another adjacent Hfq hexamer. In contrast, A69 of Aus and
A73 of Ads bind to the Hfq distal side close to the central
pore and participate in van der Waals interactions with a
third hexamer. Although we cannot exclude the possibility
that these inter-hexamer interactions are caused by crystal
packing, our FP and TFQ assays indicated that, compared
to A7, Aus and Ads exhibited different binding behaviors to-
ward Hfq in solution (Figure 6 and Supplementary Figure
S6), supporting the notion that the RNA binding mode that
we observed in the crystal structures of Hfq-Aus and Hfq-
Ads is indeed different from the previously known (A-R-N)n
or (A-L)n mode.

N48 may play an important role in balancing the OxyS–Hfq
interaction

To evaluate the crucial protein–nucleic acid interactions ob-
served in our crystal structures, we generated several mu-
tants at the Hfq-RNA binding interface and analyzed them
using the FP assay. Unexpectedly, among these mutants,
N48A does not weaken the Hfq–ssRNA interaction; rather,

it dramatically increases the binding affinity of Hfq for Ads
by ∼17-fold. This result is unexpected because a hydrogen
bond is observed between the N48 side chain and the U71
base in the Hfq-Ads crystal structure. The enhancement of
this interaction is further confirmed in the EMSA assay of
full-length OxyS and the Hfq N48A mutant, suggesting that
the Hfq–OxyS interaction may also be strengthened by this
mutation in the cell. One hypothesis to rationalize this ap-
parent discrepancy is that the original A-site may not rep-
resent an optimal binding site for U71, although hydrogen
bonds are observed between the U71 base and Hfq Q33 and
N48, and alanine substitution of N48 remodels this site such
that it can better accommodate the U71 base. In addition,
the electron density for U71 is not as well defined as that for
the other three adenines. Therefore, it is also possible that
the conformation of this uracil is flexible, and the N48A mu-
tation may stabilize the conformation of this uracil by gen-
erating new interactions.

Although showing an opposite effect on RNA binding
compared with the other mutants, N48A exhibits similar
defective regulation of mRNA translation in vivo as the
other mutants, raising the question of whether an appropri-
ately moderate sRNA binding capacity is important for the
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Figure 7. An appropriate RNA binding affinity is important for Hfq reg-
ulation in vivo. (A) A schematic diagram of the reporter system used for in
vivo translation assays. The DNA sequence encoding the fluorescent pro-
tein GFPuv is fused to the leader sequence of fhlA and is thus under the
regulation of OxyS and Hfq. The level of GFPuv expression in this system
will consequently reflect the translation level of the mRNA with this fhlA
leader. (B) Deletion of hfq increases the GFPuv expression level (lane 1)
compared with wild-type Hfq (lane 2). GFPuv expression in the presence
of the Y25A mutant (lane 3) is similar to that in the hfq− strain. Similarly,
neither the N28A (lane 4) nor the K31A mutant (lane 5) was capable of
suppressing GFPuv expression as wild-type Hfq. This finding is presum-
ably due to the deficiency of these mutants in binding OxyS. The N48A
mutant, which binds to OxyS more tightly than wild-type, also does not
suppress the expression level of GFPuv (lane 6). GFPuv was stained with
an anti-GFP antibody and GroEL was used as a loading control.

regulatory role of Hfq in mRNA translation, whereas either
reduced or enhanced sRNA binding to Hfq is primarily re-
lated to defective sRNA–mRNA regulation. We speculate
that the biological significance of this ‘correct’ RNA bind-
ing at the Hfq distal side may be related to the rapid recy-
cling of Hfq. A strong Hfq binding with sRNAs in vivo will
decrease the chance of Hfq for recycling so that repress Hfq
function as an mRNA-translation regulator (51,52). Alter-
natively, considering that N48A dramatically disrupts the
interaction between Hfq and poly(A)A7 (Figure 6A), which
represents the Hfq binding motif of mRNA, it is also possi-
ble that the low in vivo expression level is caused by the loss
of direct fhlA mRNA binding.

OxyS uses two different mechanisms to regulate the transla-
tion of fhlA and rpoS

The small RNA OxyS is induced by E. coli in response to
oxidative stress. OxyS represses the translation of fhlA and
rpoS mRNA, which encode the formate hydrogen lyase sys-
tem activator and the �s subunit of RNA polymerase, re-
spectively (3–5). The RNA chaperone protein Hfq binds
to OxyS to facilitate sRNA repression of mRNA trans-
lation (8). The regulation mechanism of fhlA mRNA by
OxyS in the presence of Hfq has been better characterized.
Two complementary regions between OxyS and fhlA ex-
ist, and kissing complexes form at these two base-pairing
sites. The interaction generated within the 5′- leader region
of fhlA sequesters the RBS preventing translation (7). In
general, it was assumed that the simultaneous binding of
sRNA and mRNA to Hfq can increase the local concentra-
tion of RNAs and their base-pairing opportunity. Our crys-
tal structures provide the basis for recognition of OxyS A-
rich sequence by Hfq. Additional in vivo translation assays
indicated that mutants harboring mutations at the RNA-
binding interface of Hfq are defective in the repression of

fhlA translation. In contrast to the crystal structure of Hfq-
A7, in which two A7 molecules symmetrically bind on top
of the distal side of Hfq, our structures indicated that OxyS
fragments only contact a small portion of the Hfq distal
face. We propose that the lower occupancy of OxyS on the
distal side of Hfq exposes a sufficient area for fhlA binding
to allow two RNAs to bind and form a functional entity
through base pairing.

OxyS has been reported to negatively regulate rpoS gene
expression without apparent base pairing and this regula-
tion depends on Hfq (8). The mechanism of OxyS regula-
tion of the translation of rpoS mRNA remains less well un-
derstood. Recently, in addition to regulation by base pair-
ing, another regulatory mechanism by Hfq competition was
proposed and supported by in vitro and in vivo studies for
Hfq-dependent sRNAs (9,51–54). In the cell, due to the lim-
ited availability of Hfq, sRNAs must compete with each
other to fulfill their roles in the regulation of mRNA trans-
lation (9,10,51,52). It has been proposed that this competi-
tion may occur not only between sRNAs but also between
sRNA and mRNA (9). For rpoS, the (A-A-N)4 motif in
the 5′-untranslated region (UTR) has been demonstrated
to bind Hfq and plays a critical role in sRNA regulation
of rpoS translation (50). Very recently, Peng et al. exhibits a
structural model in which rpoS wraps around the Hfq pro-
tein and can bind to its distal face and lateral rim (55). In
this study, our structures reveal that sRNA fragments of
OxyS bind to the distal surface of Hfq and likely share a
similar binding interface on Hfq with the (A-A-N)4 motif of
rpoS, suggesting that competition for binding on the distal
face of Hfq may occur between OxyS and rpoS. Consider-
ing that a base-pairing interaction has not been detected be-
tween OxyS and rpoS (4,8), this competition may be the ma-
jor issue occurring on the Hfq distal side. Furthermore, us-
ing EMSA, we demonstrated that full-length OxyS can suc-
cessfully compete with an rpoS fragment of the same length
(rpoScp108: nucleotides 331–438, containing an (A-A-N)4
and an A6 element) for Hfq binding in vitro (Supplementary
Figure S8). Collectively, our structural and biochemical re-
sults support the notion that competitive displacement can
occur, not only between OxyS and other sRNAs but also
between OxyS and rpoS, and, in turn, can affect the transla-
tion of rpoS mRNA. In summary, the linker region of OxyS
that binds to Hfq may utilize two different mechanisms to
regulate the translation of fhlA and rpoS.
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