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ABSTRACT

Hfq is a post-transcriptional regulator that plays a
key role in bacterial gene expression by binding
AU-rich sequences and A-tracts to facilitate the
annealing of sRNAs to target mRNAs and to affect
RNA stability. To understand how Hfq from the
Gram-positive bacterium Staphylococcus aureus
(Sa) binds A-tract RNA, we determined the crystal
structure of an Sa Hfq–adenine oligoribonucleotide
complex. The structure reveals a bipartite RNA-
binding motif on the distal face that is composed
of a purine nucleotide-specificity site (R-site) and
a non-discriminating linker site (L-site). The (R–L)-
binding motif, which is also utilized by Bacillus
subtilis Hfq to bind (AG)3A, differs from the (A–R–N)
tripartite poly(A) RNA-binding motif of Escherichia
coli Hfq whereby the Sa Hfq R-site strongly prefers
adenosine, is more aromatic and permits deeper in-
sertion of the adenine ring. R-site adenine-stacking
residue Phe30, which is conserved among Gram-
positive bacterial Hfqs, and an altered conformation
about b3 and b4 eliminate the adenosine-specificity
site (A-site) and create the L-site. Binding studies
show that Sa Hfq binds (AU)3A& (AG)3A�
(AC)3A> (AA)3A and L-site residue Lys33 plays a sig-
nificant role. The (R–L) motif is likely utilized by Hfqs
from most Gram-positive bacteria to bind
alternating (A–N)n RNA.

INTRODUCTION

Small RNAs (sRNAs) are non-coding RNAs that play a
pivotal role in gene regulation in response to a variety of
stresses as well as in the coordinated expression of viru-
lence factors in pathogenic bacteria (1–4). The large and
growing number of sRNAs found in both Gram-negative

and Gram-positive bacteria, including Staphylococcus
aureus (5,6) further underscores their importance in
many diverse regulatory processes (1). Adaptation to en-
vironmental signals is achieved through modulation of
mRNA stability and translation by the base pairing of
sRNAs with their target mRNAs. Thus, sRNA–mRNA
complex formation can facilitate either activation or
repression of translation in a complex-specific manner
(7–12). However, as sRNAs are often encoded in trans
and therefore exhibit imperfect complementarity to their
target mRNAs, effective sRNA–mRNA annealing fre-
quently requires the presence of auxiliary factors. In
many bacteria, this role is executed by the RNA-binding
protein Hfq (also called HF-1) (13,14).
Hfq is an abundant, heat-stabile protein that is highly

conserved throughout the bacterial domain (15). Hfq
displays similarity to Sm and Lsm proteins in eukaryotes
and archea and forms doughnut shaped, hexameric
rings. First identified as an Escherichia coli host factor
involved in Qb-phage replication (16,17), Hfq later
emerged as a key player in post-transcriptional gene regu-
lation mediated by bacterial sRNAs. Consequently, an hfq
deletion entails pleiotropic effects such as growth defects,
diminished stress tolerance and quorum sensing and
impaired virulence in numerous pathogens (18–24).
Experimental data currently support two non-exclusive
models of Hfq function in riboregulation (14). The first
model emphasizes the chaperone activity of Hfq requiring
that Hfq alters the conformation of the sRNA or its target
mRNA or both by partially unfolding the RNA structure
to enable sRNA–mRNA hybridization or to alter access
to the ribosome-binding site. The second model assumes
that Hfq binds sRNA and mRNA simultaneously thereby
favoring hybridization by increasing the local concentra-
tion of sRNA and mRNA.
Hfq preferentially binds single-stranded AU-rich RNA

sequences in the proximity of double-stranded regions
(25–28). Recently, the polyU tail of Rho-independent ter-
minators of sRNAs from Gram-negative bacteria has been
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identified as important Hfq target site (29–31). Hfq-
binding sites also exist along target mRNAs, whereby an
(ARN)x motif in the upstream mRNA leader region of
E. coli rpoS constitutes a high-affinity Hfq-binding site
essential for gene regulation (32–35). In the presence of
Ec Hfq sRNA stability is remarkably increased (36),
probably due to protection from nuclease cleavage.
However, once Hfq-assisted base pairing with the
cognate mRNA has occurred within a ternary complex,
either one or both RNAs may be degraded through
Hfq-mediated recruitment of components of the
degradosome, specifically RNase E (37,38).
To date only a few crystal structures of Hfq–RNA

complexes have been published. These have confirmed
the presence of several non-overlapping RNA-binding
sites on the Hfq protein and revealed the roles of several
key residues in RNA recognition. In the crystal structures
of S. aureus Hfq (Sa Hfq) in complex with the oligoribo-
nucleotide AU5G (39) and Salmonella typhimurium Hfq
(St Hfq) in complex with U6 RNA (31), the RNA is
bound to a circular rim around the central pore on the
‘proximal’ side of the Hfq hexamer. The proximal side or
face of Hfq is defined as that on which the lone a-helix of
the Hfq core lays. In these structures the uracil bases are
fixed by similar nucleobase-aromatic stacking interactions
in repeated binding pockets between neighboring
protomers. However, in the St Hfq–U6 complex structure
the RNA sugar–phosphate backbone adopts a strikingly
different, highly constrained conformation. The resulting
position of the ribose allows the specific recognition of the
free terminal hydroxyl group by residue His57 thereby
explaining the preferential binding of U-rich 30-ends.
Interestingly, a newly reported structure of Ec Hfq
bound to AU6A shows a hybrid-binding mode in which
three of the six uridines and one adenosine are bound in
the proximal pore as seen in the Sa Hfq–AU5G structure
and two uridines above the pore (40). The remaining
uridine binds in a novel manner by lying in a pocket
near the N-terminus of the lone a helix. The other adeno-
sine is found in the R-site of a second Hfq hexamer.
Hence, these structures reveal that U-rich sequences can
bind to the proximal face of Hfq in multiple, but related
conformations and provide a rationale for the finding that
this face is the preferred binding site for U-rich sRNAs
(41–43), although recent work implicates involvement of
an additional, lateral surface-binding site for RybB (44).
The structure of E. coli Hfq (Ec Hfq) bound to A15

RNA provided the mechanistic rationale for the binding
of poly(A) tails by Ec Hfq (35,45). The RNA is bound on
the opposite ‘distal’ face of Hfq and reveals a weaving,
repeating tripartite (A–R–N)n RNA-binding motif,
wherein an exposed adenosine specificity site (A-site) is
created by two hydrogen bonds emanating from the
peptide backbone, a purine nucleotide specificity site
(R-site) is formed by a mostly hydrophobic crevice
found between two b-strands and the third non-discrim-
inatory ribonucleotide exit or entry site (E-site, now
renamed the N-site to highlight its ability to be any nu-
cleotide) extends into the solvent. More recently the struc-
ture of Bacillus subtilis Hfq (Bs Hfq) bound to the RNA
aptamer (AG)3A was determined (46). Although the RNA

binds to the distal face and uses the R-site to bind the
adenosine moieties, there is no A or N site. Rather the
guanine bases stack over the side chain of a glutamine
and often make hydrogen bonds from their O6 or N7
atoms to the guanidinium side chain of a nearby arginine.

Investigations on Hfq function and mechanism have
focused mainly on Hfq from enteric bacteria, notably E.
coli and Salmonella (14). In these organisms the pivotal
role Hfq plays in riboregulation and stress adaptation is
indisputable. By contrast, the significance of Hfq on
riboregulation in Gram-positive bacteria is controversial
and still poorly understood and despite the structures of
the Sa Hfq–AU5G and Bs Hfq–(AG)3A complexes, the
role of RNA binding to Hfq is uncertain. Moreover,
some Gram-positive bacteria, including Lactococci and
Streptococci, lack an obvious hfq gene in their genome
while some strains of S. aureus do not appear to express
the protein leading to the hypothesis that Hfq plays only a
minor role in these organisms and might be superseded by
other RNA-binding molecules (47,48). Moreover, the
deletion of the hfq gene from B. subtilis affected neither
the growth nor sporulation of this strain (49) and an hfq
deletion in the Newman, COL and RN6390 strains of S.
aureus did not show any phenotype (48). By contrast Liu
et al. have demonstrated that Hfq expression in S. aureus
is highly strain dependent and in certain strains, including
MRSA (methicillin-resistant S. aureus) strains, Hfq is
expressed and contributes significantly to stress resist-
ance and pathogenicity (50). Furthermore, many other
Gram-positive bacteria encode one or more hfq genes
in their genomes and these sequences contain key
conserved residues. Indeed, the first Hfq-dependent
sRNAs involved in stress regulation in a Gram-positive
bacterium have been identified and characterized in
Listeria monocytogenes (23,51).

To gain deeper biochemical and structural insight
into the A-tract RNA-binding mechanism of Hfq from
the pathogenic, low G+C Gram-positive bacterium,
S. aureus, we determined the crystal structure of Sa Hfq
in complex with the hepta-ribonucleotide A7. The struc-
ture of the complex reveals a fundamentally different
mode of A-tract RNA binding from that utilized by Hfq
from E. coli (35) but a highly similar mode to that used by
Bs Hfq to bind the (AG)3A aptamer (46). Furthermore,
binding studies on Sa Hfq and (AG)3A, (AC)3A, (AU)3A
and (AA)3A RNA strongly point towards a conserved
distal-face-binding mechanism for alternating (A–N)
tracts among Gram-positive bacteria.

MATERIALS AND METHODS

Protein overexpression, purification and site-directed
mutagenesis

Hfq proteins from S. aureus and E. coli were
overexpressed in the E. coli strain ER3566 �hfq using
plasmid pTYB11 (NEB) and purified using the
IMPACT-CN system as described (27,39). In order to
remove any contaminating RNA, protein samples were
treated with 20 mg/ml RNase A for 30min, which was
followed by gel filtration on Superdex G75. The purified
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protein was concentrated to a final concentration of 50–
70mg/ml and stored in 25mM Tris–HCl pH 8.0, 150mM
NaCl and 0.5mM EDTA. The protein concentration was
determined by UV absorbance measurements.

The K33A mutant was introduced via site-directed
mutagenesis according to the protocol of the manufac-
turer (Quick-Change Site-Directed Mutagenesis Kit,
Stratagene) using the following primers: forward, 50-CT
AAACGGTTTCCAAATGGCGGGTGTTATTGAAG
AATACGAC-30; reverse, 50-GTCGTATTCTTCAATAA
CACCCGCCATTTGGAAACCGTTTAG-30. The
mutant was expressed and purified as described for the
wild-type protein.

Crystallization and data collection

Oligoribonucleotides (Oligos etc., Wilsonville, OR, USA)
were dissolved in 10mM sodium cacodylate pH 6.5 to a
final concentration of 1mM and used without further
purification. The Hfq–RNA complex was formed by
mixing the protein and the RNA in a molar ratio of
1.0:1.1. Crystallization trials were performed using the
hanging-drop vapor diffusion method at room tempera-
ture by mixing equal volumes of 100 mM protein–RNA
solutions with the respective crystallization reservoir
solution. Crystals of the Sa Hfq–A7 RNA complex
appeared within 3 days from a solution containing 12%
MPD (2-methyl-2,4-pentanediol), 0.1M Na cacodylate
pH 6.5, 0.2M Zn(OAc)2 and 0.1M KCl. The MPD con-
centration was increased to 35% for cryo-protection. The
crystals were flash frozen in a nitrogen stream at 100 K.
X-ray intensity data were collected to 2.20 Å resolution
under cryo-conditions at the Advanced Light Source
(ALS) in Berkeley, CA, at beamline 8.3.1 and processed
and scaled using MOSFLM and SCALA (52,53). The
crystals take the trigonal space group P3 with cell dimen-
sions a= b=156.4 Å, c=34.6 Å (Table 1).

Structure determination and refinement

The structure was solved by molecular replacement using
Phaser (54) and one hexamer of the Hfq apo structure
from S. aureus (PDB code: 1KQ1) as the search model.
The initial protein model was subjected to rigid body re-
finement followed by simulated annealing in CNS (55).
After successive rounds of manual fitting and model
building in COOT (56), the model was subjected to pos-
itional and B-factor refinement in CNS. After manual
building of the RNA into the positive electron density of
the resulting difference density maps, the model was
refined further with PHENIX (57). A final composite
omit map was generated by CNS.

The asymmetric unit of the S. aureus Hfq–A7 crystal
contains 14 Hfq subunits (residues 5–65 in chains D, E,
M; residues 6–65 in chains C, F, I and residues 5–66 in
chains A, B, G, H, J, K, N and S) as well as two tetra
adenosine oligoribonucleotides (A4), 29 Zn2+ ions and 207
water molecules. To reflect the presence of only four ad-
enosines, we henceforth refer to the structure as the Sa
Hfq–A4 complex. Residues 66–77 or 67–77 of the respect-
ive subunits are disordered. The model was refined to final
Rwork and Rfree values of 19.6% and 25.9%, respectively.

Selected data collection and refinement statistics are listed
in Table 1. The structure was validated with PROCHECK
and shows excellent stereochemistry (Table 1). The sugar
puckers of the eight adenosine ribonucleotides were
analyzed using CURVES+ (58). All figures were created
with PyMol (59).

Coordinates and structure factors

The coordinates and structure factors for the Sa Hfq–A4

complex are deposited in the PDB under the PDB ID code
3QSU.

Fluorescence polarization

Fluorescence polarization measurements were performed
with a PanVera Beacon 2000 instrument (Invitrogen,
Madison, WI, USA) at 295 K. Hfq was serially titrated
into 1ml of binding buffer containing 25mM Tris–HCl
pH 8.0, 150mM NaCl, 0.5mM EDTA and 0.5 nM fluor-
escein-labeled oligoribonucleotide. Samples were excited
at 490 nm, and emission was detected at 530 nm.
Fluorescence polarization of the 50-fluorescein-labeled
oligoribonucleotides increases due to the specific bind-
ing of the protein and plateaus after all high-affinity
binding sites are saturated. Data were analyzed using
Kaleidograph assuming a 1:1 stoichiometry between one
Hfq hexamer and one molecule of labeled RNA. Using
non-linear least squares analysis, the respective binding
isotherms were fitted to the equation:
P={(Pbound�Pfree) [protein] / (Kd+[protein])}+Pfree,

with Pbound being the maximum polarization at

Table 1. Selected crystallographic data and statistics

Space group P3
Cell dimensions
a, b, c (Å) 156.4, 156.4, 34.6
a, b, g (�) 90, 90, 120
Resolution (Å) 78.10 – 2.20 (2.32–2.20)a

Reflections (#) 144 061 (20 896)
Rmerge (%)b 6.1 (29.3)
I/s(I) 13.4 (2.9)
Completeness (%) 99.4 (99.0)

Refinement
Rwork/Rfree (%)c 19.6/ 25.9

Atoms (#)
Protein 6934
RNA 176 (8 nt)
Solvent 242 (29 Zn2+ atoms)
Average B factor, protein (Å2) 47.3
Average B factor, RNA (Å2) 58.8

Root-mean-square deviations
Bond lengths (Å) 0.007
Bond angles (�) 1.003

Ramachandran analysis
Most favored (%) 92.6
Add. favored (%) 7.3
Gen. allowed (%) 0.1
Disallowed (%) 0

aValues in parentheses are for the highest resolution shell.
bRmerge=

PP
jIhkl(j)� Ihkl)j/

PP
Ihkl, where Ihkl(j) is the observed inten-

sity and Ihkl is the final average intensity value.
cRwork=

P
jjFobsj � jFcalcjj/

P
jFobsj and Rfree=

P
jjFobsj � jFcalcjj/

P
jFobsj,

where all reflections belong to a test set of 5% randomly selected
reflections.
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saturation, P is the polarization at a given protein concen-
tration, Pfree is the polarization of free fluorescein-labeled
RNA and Kd is the equilibrium dissociation constant. The
final value of each measurement is the average of at least
three individual polarization measurements and each
binding experiment was carried out at least three times.

RESULTS AND DISCUSSION

Global structure of the S. aureus Hfq–A4 complex

Previous studies indicate that Hfq harbors specific
and independent sRNA and mRNA recognition sites,
which enable simultaneous binding of two RNAs and
the formation of an active regulatory ternary complex
(60,61). U-rich RNA sequences, which are often found
at the 30-end of sRNAs, generally bind to the proximal
side of Hfqs of both Gram-negative and Gram-positive
bacteria, although with different binding modes that
appear to be influenced by the presence of additional
non-uridine nucleotides (31,39,40). By contrast, the
binding site for A-rich RNA sequences and the poly(A)
tails of mRNAs is located on the distal side of Hfq in the
Gram-negative bacterium E. coli (35,60,61). As the Hfq
proteins from E. coli and S. aureus exhibit a remarkable
difference in their electrostatic surface potentials as well as
their RNA-binding properties (13,35) it is unclear whether
Sa Hfq would bind A-tract oligoribonucleotides similar to
Ec Hfq. To this end, multiple attempts were made to
crystallize Sa Hfq in complex with A-rich RNA.
Crystals of the Sa Hfq–A7 complex were grown from

solutions of 12% MPD. The structure of the complex was
solved by molecular replacement using the apo Sa Hfq
crystal structure (PDB ID code 1KQ1) as the search
model and refined to Rwork and Rfree values of 19.6%
and 25.9%, respectively, to 2.20 Å resolution (Table 1).
The asymmetric unit contains 14 Hfq protomers, which
form two biologically relevant hexamers and one-third
of a hexamer, which is completed by the crystallographic
3-fold axis of the crystal (Figure 1A). Each subunit takes
the canonical Hfq fold with an N-terminal a helix, a1
(residues 6–19) followed by five b-strands with the
topology b5 (residues 60–65)-b1 (residues 21–26)-b2
(residues 29–39)-b3 (residues 43–48)-b4 (residues 51–56).

As observed in the structures of the apo Sa Hfq and Sa
Hfq–(AU5G) complex, the last 11 or 12 residues (�66–77)
of each protomer are disordered suggesting their relative
unimportance in binding to small sized RNA [see also
(62)]. Superimposition of RNA-bound Sa Hfq with the
apo Sa Hfq structure reveals no meaningful structural
changes upon RNA binding (root-mean-square
deviation=0.82 Å for all Ca atoms). This confirms that
this A-tract RNA-binding pocket is preformed as had
been observed previously in the Ec Hfq–A15 complex (35).

Each Hfq hexamer binds to its distal face one RNA
fragment, which displays continuous electron density
for only four of the seven adenosine ribonucleotides
(Figure 1B). The underlying reason for the presence of
only four of the nucleotides is unclear, as crystal
packing would not appear to interfere with their
binding. Degradation of A7 to A4 is possible but less
likely because one would not expect the decay to stop at
A4. Moreover, using A4 RNA in crystallization trials did
not yield any crystals with this crystallization solution.
Regardless, each A4 binds essentially identically to their
Hfq proteins. All riboses take the C20-endo sugar pucker,
thus differing from the preferred C30-endo pucker taken by
double-stranded RNA. The conformation of the adenine
bases alternates between anti and syn except for the most
30-base, which also takes an anti conformation likely due
the lack of an additional 30-nucleotide to hold it in
the energetically less favorable syn conformation (63).
The adenine bases take these alternating glycosidic
conformations in order to fit the A-tract-binding site of
Sa Hfq optimally (described later). Interestingly, the
solvent exposed amino acid side chains of residues His53
and His58, which reside on the proximal face, coordinate
Zn2+ ions that are present in the crystallization buffer
(Supplementary Figure S1). As pore residue His58 is
involved in specific RNA binding to the proximal side of
Sa Hfq (39) we quantified the RNA-binding properties
of S. aureus Hfq in the presence and absence of Zn2+

ions by fluorescence polarization. Neither the addition of
100mM zinc acetate to the RNA-binding assay buffer,
which is equivalent to the initial Zn2+ ion concentration
in the crystallization drop, nor a 2-day incubation of Hfq
with the mother liquor (apart from the precipitant MPD)

Figure 1. The structure of S. aureus Hfq bound to A4. (A) Ribbon diagram of the asymmetric unit of the Sa Hfq–A4 complex, which contains 14
protomers, looking into the distal face. Contiguous subunits are colored light and dark grey. The secondary structure of one subunit is labeled and
the RNA is shown as atom-colored sticks. (B) The simulated annealing omit electron density map of the oligoribonucleotide contoured at 1 s.
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altered the affinity of Sa Hfq for either U-rich (AU5G) or
A-rich (A6G or A7) RNA (data not shown). This result
argues against the possibility that the coordination of
Zn2+ ions interfered with or changed the binding mode
of the A-tract RNA. Thus, the central pore on the
proximal site of Sa Hfq does not constitute the
physiologically relevant binding site for A-tract RNA.
Rather, and as seen in the Ec Hfq–A15 complex structure,
the binding site for A-tract RNA is located on the distal
face of the Sa Hfq protein.

The (R–L) bipartite RNA-binding motif of the Hfq distal
face

The A4-binding site of Sa Hfq closely resembles that of the
(AG)3A Bs Hfq and in part that of the A15-binding site of
Ec Hfq, however, the mode of RNA binding displays
differences from both, especially from Ec Hfq (Figures 2
and 3). In the Sa Hfq–A4 and the Bs Hfq–(AG)3A
complexes the RNA sits flat on top of the Hfq protein
and does not have multiple nucleotides projecting into
the solvent (Figure 2B). More important, in lieu of the
(A–R–N) tripartite-binding motif of Ec Hfq, Sa Hfq and
Bs Hfq employ a bipartite-binding motif, which we now
name the R–L motif in which the R-site is a purine
nucleotide-binding site and the L-site is the R-site linker
(Figure 2). The previously identified A-site of Ec Hfq,
which is a specific adenosine-binding site for A-rich
RNA, is not present in either the Sa or Bs Hfq. Hence,
the six R–L motifs of Sa Hfq and Bs Hfq provide the
capacity to bind optimally 12 ribonucleotides to its

distal-face A-tract-binding site as compared to the 18
ribonucleotides that Ec Hfq can bind. As a consequence
of not having an A-site, the sugar–phosphate backbones
of the A4 RNA and (AG)3A RNA follow a more circular,
less weaving path as compared to the A15 path on Ec Hfq
(Figure 2A).
The majority of the Sa Hfq–A4 contacts occur in a

crevice equivalent, but not identical, to the R-sites of Ec
Hfq and Bs Hfq (Figure 3). This binding pocket is found
between b strands 2 and 20 of two neighboring subunits
and two of the four adenosines of each of the independent
A4 are bound within (Figure 2). The adenine base inserts
into this highly aromatic pocket and stacks against the
side chains of residues Phe25, Phe300 and Phe260, where
the prime indicates the residues from the neighboring
subunit, and makes van der Waals contacts with Leu270

and Met320 (Figure 3A). The distinctive aromatic
character of this crevice of the Gram-positive Hfq
proteins favors or results in a downward rotation of the
adenosine such that the base sticks deeper into the cleft
when compared to adenosine binding to the purine
nucleotide specificity R-site of Ec Hfq (Figures 2B and
3D). In addition to these stacking interactions hydrogen
bonds between the side chain amide of Sa Hfq residue
Asn280 and the sugar O40 and adenine N3 nitrogen
further strengthen ribonucleotide binding (Figure 3A).
The 20-OH group of the ribose makes an additional,
albeit relatively weak, hydrogen bond with the peptide
backbone carbonyl oxygen of residue Gly29 (Figure 3A),
thereby increasing significantly the preference of Sa Hfq

Figure 2. The RNA-binding motifs of Hfq in Gram-positive and Gram-negative bacteria. (A) View looking down onto the distal face of Sa Hfq (left,
colored grey), Bs Hfq (middle, colored blue) and Ec Hfq (right, colored magenta). Note the assigned colors will be used in all subsequent figures.
Bound RNA is shown as a cartoon with sugar phosphate backbone colored yellow and the purine bases colored green. Each protein is labeled and
colored appropriately. The purine nucleotide sites are labeled R, the linker sites are labeled L and the A-sites, which are found only in the Ec Hfq,
are labeled A. The 50- and 30-ends of the RNA are labeled. (B) Side view of the Sa Hfq–A4 (left), Bs Hfq–(AG)3A (middle) and Ec Hfq–A15 (right)
complexes. Each Hfq is labeled and colored as in (A) and the ‘distal’ and ‘proximal’ faces are labeled. Contiguous subunits are colored light and dark
grey, blue or magenta in the respective complexes.
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for A-rich RNA over A-rich DNA (39). Additional Sa
Hfq–RNA interactions include hydrogen bonds between
the N1 atom and exocyclic N6 amino group of the adenine
and the hydroxyl groups of Ser61 and Thr62, respectively,
which are analogous to the Thr610 and Gln52–adenine
contacts seen in the Ec Hfq–A15 complex (Figure 3A
and C). Thus, the R-site of the Sa Hfq makes a large
number of contacts to the bound adenosine, which
anchors the distal-face-bound RNA to the protein.
This binding pocket, like the previously described

corresponding pockets in the Ec Hfq–A15 and Bs Hfq–
(AG)3A structures, is named the R-site because binding
by either adenosine or guanosine, is feasible at least in
silico (Supplementary Figure S2). However, our modeling
does reveal that adjustment to the guanine position or R-
site pocket is needed in order to alleviate steric clash
between the exocyclic N2 atom and the Cb methylene
group of residue Ser61 and that such changes are likely
the origin of the previously reported weak binding of G6

to Sa Hfq (Kd> 4 mM) (39). Furthermore, the interactions
between the hydrogen bond donor amide group of residues
Asn28 and the hydrogen bond acceptors O40 and N1 of
the R-site-bound adenosine favor this nucleotide over
guanosine, the N1 of which is a hydrogen bond donor.

Rotation of the Asn28 side chain to allow the carbonyl
oxygen to interact with the N1 of a bound guanine would
result in the loss of the hydrogen bond to the ribose O40 and
potentially unfavorable van der Waals contacts between
the two oxygen atoms. Thus, adenosine binding to the R-
site of Gram-positive Hfq proteins is significantly preferred
over guanosine binding. Although this site could be
renamed the A-site to reflect this preference, we maintain
the R-site moniker to reflect its high structural homology
with the R-site of the Ec Hfq and to avoid confusion with
the Ec Hfq A-site that is structurally distinct (35). The
smaller pyrimidine bases, cytosine and uracil, would not
bind this pocket effectively due to their poorer stacking
and inability to make multiple hydrogen bonds. Of note,
the nucleotide-free R-sites do not have tightly bound water
molecules to any of the adenosine-binding amino acid
residues, a likely reflection of the highly aromatic and
non-polar nature of the pocket.

As noted, the recently published structure of Bs Hfq in
complex with the RNA oligopurine aptamer, (AG)3A,
reveals a very similar R-site-binding mode to that
observed in the Sa Hfq–A4 complex wherein only
adenosines occupy the R-site pockets (Figure 3A and B)
and again the mechanism of discrimination that appears

Figure 3. Adenosine binding to the R-site of Hfq of Gram-positive and Gram-negative bacteria. (A) View into the R-site of Sa Hfq. Interacting
residues are shown as grey sticks and labeled. The adenosine moiety is shown as green sticks. Interactions are indicated by dashes and distances (Å)
are given for most hydrogen bonds. Residues from the neighboring subunit are labeled with primes. Residue Gly29 (G29) is represented as a grey
ball. The main chain atoms of all non-interacting residues are shown as lines and not labeled. (B) View into the R-site of Bs Hfq. Interacting residues
are shown as blue sticks and labeled. The adenosine moiety is shown as green sticks. Interactions are indicated by dashes and distances (Å) are given
for most hydrogen bonds. Residues from the neighboring subunit are labeled with primes. The main chain atoms of all non-interacting residues are
shown as lines and not labeled. (C) View into the R-site of Ec Hfq. Interacting residues are shown as magenta sticks and labeled. The adenosine
moiety is shown as green sticks. Interactions are indicated by dashes and distances (Å) are given for most hydrogen bonds. The main chain atoms of
all non-interacting residues are shown as lines and not labeled. The adenosine moiety that binds to the nearby A-site is also shown. Residues from
the neighboring subunit are labeled with primes. (D) Overlay of an adenosine-bound R-site of Sa Hfq, Bs Hfq and Ec Hfq. Each protein is colored as
in (A), (B) and (C). The RNA is shown as sticks for each but with the carbon atoms of A4 colored grey, the carbon atoms of (AG)3A colored slate
and the carbon atoms of A15 colored magenta. Note the deeper pocket binding of the adenosines in the Gram-positive Hfq proteins.
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to favor adenosine-only binding to the R-sites for reasons
that may be similar to those described above. Regardless,
the R-site-binding mechanisms of Sa Hfq and Bs Hfq do
differ in several important details (Figure 3A and B). For
example, Sa Hfq makes more hydrophobic and stacking
interactions to the R-site-bound adenosine by the
additional involvement of residues Phe260, Leu270 and
Met320 and makes hydrogen bonds between residue
Asn280 and the bound adenosine. By contrast Sa Hfq
lacks the equivalent strong Gln30-(30-OH) hydrogen
bond (Sa Hfq residue Gln31 is 3.5 Å from the 30-OH).
Interestingly, neither Sa Hfq nor Bs Hfq makes direct
contacts with the phosphate group that connects the R-
and L-site-bound nucleotides. This phosphate group is
located on the rim of the distal-face pore and perhaps is
positioned there to accommodate or is the result of the
alternating glycosidic torsion angles of the R- and L-site-
bound purines. Finally, it should be noted that the 30-
adenosine, for which the electron density is relatively
poor, is located above the distal face and makes no
contacts with the Sa Hfq distal surface (Figure 2B). This
‘site’ thus resembles the N-site (formerly the E-site or
entrance/exit site) that is observed six times in the Hfq–
A15 complex structure but only once per Sa Hfq–A4

complex structure and never in the Bs Hfq–(AG)3A
complex. This adenosine does, however, make contacts
with the proximal face of a nearby Hfq hexamer including
stacking with Tyr56 and engaging in a weak hydrogen
bond between the cyclic N7 atom and Nz of residue
Lys41, which also contacts the 50-phosphate group of
the adenosine. These latter interactions are likely of
limited physiological relevance.

Loss of the A-site in Sa Hfq–A4 and creation of the L-site

In the Ec Hfq–A15 complex structure, the ribonucleotides
in the R-site and the A-site are close with their bases

almost within stacking distance (Figure 3C) (35). As
noted, Sa Hfq as well as Bs Hfq lacks this A-site entirely
and does not have an alternative A-site. The decisive
factor for the missing A-site is the difference of only a
few amino acid residues in the otherwise highly conserved
R-sites of Sa, Bs and Ec Hfq and the altered
conformations of b3 and b4. Specifically, Sa Hfq has a
phenylalanine at position 30 instead of the isoleucine
found in Ec Hfq (Supplementary Figure S3). Simply, the
larger aromatic ring, which is also a phenylalanine in Bs
Hfq, would clash with the sugar ring of any A-site-bound
ribonucleotide thereby inhibiting binding to this site
(Figure 4A). Whereas a phenylalanine or tyrosine at
residue 30 is highly conserved amongst Hfq proteins
from multiple Gram-positive bacteria including the food-
borne pathogens L. monocytogenes and B. cereus, this
position in Gram-negative Hfq proteins is typically an
isoleucine (Supplementary Figure S3). The second
component of the loss of the A-site from Hfq proteins in
Gram-positive bacteria arises from the insertion of an
extra residue in the loop that connects b3 to b4 (Figure
4B). This insertion is found in all Gram-positive bacteria
and when compared to Hfq proteins from Gram-negative
bacteria, causes a shift in the sequence alignment
at position 49/50 (for Ec and Sa Hfq, respectively)
(Supplementary Figure S3). However, this insertion does
not result in a longer loop between b3 and b4. Indeed, the
corresponding loop of Ec Hfq is three amino acid residues
instead of the two residue-loops seen in Sa Hfq and Bs
Hfq. Rather, the b3 and b4 strands of Sa and Bs Hfq, and
likely all Gram-positive bacteria, are each one amino acid
residue longer than the corresponding b strands of the Hfq
proteins from Gram-negative bacteria. As a consequence
the region of the protein encompassing the C-terminal
end of b3 to the b3/b4 loop and the N-terminal beginning
of b4 is one amino acid residue longer in Hfqs from

Figure 4. Sa Hfq does not utilize an A-site to bind A-rich RNA. (A) Overlay of Sa Hfq–A4 and Ec Hfq–A15 complex structures. Key side chains are
shown as sticks and labeled for Sa Hfq. The carbon atoms of the Sa Hfq side chains are colored grey whereas the carbon atoms of the Ec Hfq side
chains are colored magenta. The Ec Hfq A-site and the Sa Hfq L-site adenosines are shown in thick magenta and grey sticks, respectively, whereas
the rest of the respective RNAs is shown in thin magenta and grey lines. Black double-headed lines indicate steric clash between the A-site adenosine
and side chains of Sa Hfq and the distances in Angstrom are shown. The locations of the respective R-site, A-site and L-site are labeled accordingly.
The black swirl denotes the shift of the ‘A-site’ adenosine to its new L-site position in Sa Hfq and the approximate rotation that is necessary for this
movement is given in degrees. The same steric hindrances between S48 and F30 and the A-site adenosine are found in Bs Hfq thereby precluding A-
site binding to that protein. (B) Ribbon diagram of the overlay of the crystal structures of Sa Hfq–A4 (grey), Bs Hfq–(AG)3A (blue), Ec Hfq–A15

(magenta), and St Hfq–U6 (orange) complexes. b strands 3 and 4 are labeled. An A-site-bound adenosine from the Ec Hfq–A15 complex is shown as
magenta sticks and labeled Ec A. Note the different twists of b strands 3 and 4 in Gram-positive and Gram-negative bacteria whereby the inward
orientation of the b3 and b4 strands in Gram-positive bacteria obstructs an A-site adenosine from binding at this position. Sa Hfq residue S48 and
corresponding Ec Hfq residue N48 are shown as blue and magenta sticks, respectively, to highlight their altered locations.
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Gram-positive bacteria than in Hfqs of Gram-negative
bacteria. Additionally both b3 and b4 are more twisted
towards the A-site and their inward orientation causes
the connecting loop to protrude 2.4 Å further into the
A-site-binding pocket (Figure 4B). This conformation
would result in the nucleotide clashing with the hydroxyl
side chain of residue Ser48, which now occupies part of
the A-site, and thereby precludes nucleotide binding
(Figure 4A). Finally, although the amino acid side
chains of residues His53 and Met32 do not interfere
with A-site binding per se, their proximity to a possible
A-site base disallows a nucleotide to create an alternative
A-site (Figure 4A).
As a consequence of these protein sequence-derived

structural constraints and in order to avoid steric clashes
with multiple residues, the adenosine nucleotide located
adjacent to the R-site-bound nucleotide rotates �40� to
occupy a new location on the distal face (Figure 4A). Here
the adenine base stacks in parallel with the side chain of

residue Gln31, whilst the peptide amide of Gln31
participates in a hydrogen bond with the sugar O40

(Figure 5A). Furthermore, the base has now switched
from the anti to syn conformation. The same
conformational changes are taken by the guanosine
nucleotides in the Bs Hfq–(AG)3A complex and identical
stacking and van der Waals interactions are seen between
Bs Hfq residue Gln30 and the L-site guanine base that
connects adjacent R-sites (Figure 5A, B and D) (46).
There is no equivalent site in Ec Hfq (Figure 5C).

Biochemical consequences of the R–L motif

The structures of the Sa Hfq–A4 and Bs Hfq–(AG)3A
complexes suggest that the R–L motif of Hfq proteins
from Gram-positive bacteria might be able to bind
sequences of the type (A–N)n, where N is any base. To
test this hypothesis, the binding affinities of Sa Hfq for a
series of heptamers were determined using a fluorescence
polarization-based binding assay. These oligoribonu-
cleotides included (AG)3A, (AA)3A, (AC)3A and
(AU)3A. Our initial assumption was that each oligoribo-
nucleotide binds the R–L sites on the distal face, where the
adenosine binds the R-site and the following nucleotide of
the dinucleotide repeat (G or A or C or U) binds the L-
site. The results of these binding studies show that Sa Hfq-
bound (AG)3A with a Kd=3.5 nM; (AU)3A with a
Kd=2.7 nM; (AC)3A with a Kd=5.8 nM; and (AA)3A
with a Kd=19.5 nM (Figure 6 and Table 2). Hence, Sa
Hfq binds these sequences with high affinity with only a
slight preference for which nucleotide occupies the L-site.
The high-affinity binding of Sa Hfq to (AG)3A can be
rationalized by the facile modeling of a hydrogen bond
between residue Lys33 and either the exocyclic O6 or N7
atom or both of the guanine base (Supplementary Figure
S4). This interaction would resemble that of the Bs Hfq
Arg32–guanine interaction (36). Modeling of a uracil at
the L-site suggests that residue Lys33 could make a good
hydrogen bond with the O4 oxygen atom of the
pyrimidine ring and a good contact between Lys33 and
the N3 nitrogen atom of the cytosine ring is also possible
(Supplementary Figure S4). Of course, stacking and van
der Waals interactions between residue Gln31 and all L-
site-bound nucleotides also contribute significantly to the
binding strength.

Intriguingly a positively charged amino acid is found at
the position corresponding to residue Lys33 of Sa Hfq
(Arg32 in Bs Hfq) in most Gram-positive Hfq proteins
(Supplementary Figure S3). As noted previously, the
guanidinium side chain of Bs Hfq residue Arg32 can
interact with either the O6 or N7 or both atoms of the
L-site-bound guanine base, although this interaction is not
seen for every guanine, thereby favoring this purine at this
site (46). Replacement of Bs Hfq residue Arg32 by an
alanine obliterates the ability of Bs Hfq to bind shorter
(AG)nA sequences (46). The corresponding lysine in Sa
Hfq is not observed to interact with the L-site adenine
despite its ability to form a hydrogen bond to the N7
hydrogen bond acceptor atom of this purine (see
modeled hydrogen bond Supplementary Figure S4).

Figure 5. The L-site of Sa Hfq and Bs Hfq. (A) View of the L-site of
Sa Hfq. The L-site-bound adenosine is show as green sticks and
selected residues as labeled dark grey sticks. Two linked R-sites are
labeled as is the L-site. The 50- and 30-ends of the RNA are labeled.
Proximal secondary structures are shown as grey cartoons. Interactions
between Hfq and the L-site adenosine are depicted by dashes. (B) View
of the L-site of Bs Hfq. The L-site-bound adenosine is show as green
sticks and interacting residues as labeled blue sticks. Two linked R-sites
are labeled as is the L-site. The 50- and 30-ends of the RNA are labeled.
Proximal secondary structures are shown as blue cartoons. Interactions
between Hfq and the L-site adenosine are depicted by dashes. (C) View
of two contiguous R-sites of Ec Hfq. The R-site, A-site and N-site
adenosines are show as green sticks and labeled. Residues that
correspond to L-site interacting residues in Sa or Bs Hfq are shown
as labeled magenta sticks. The interaction between the A-site 50-
phosphate group and K31 is shown as a dashed line. The 50- and 30-
ends of the RNA are labeled. Proximal secondary structures are shown
as magenta cartoons. (D) The R–L RNA-binding mode is conserved
amongst Hfq proteins from Gram-positive bacteria. View of the R–L
motif of Sa Hfq and Bs Hfq after the superimposition of the structures
of the Sa Hfq–A4 and Bs Hfq–(AG)3A complexes. Each protein is
colored as in (A) and (B). The RNA is shown as sticks but with the
carbon atoms of A4 colored white and the (AG)3A carbon atoms
colored slate. Note that whereas Bs Hfq residue R32 interacts with
the L-site-bound guanine, the corresponding Sa Hfq residue, K33,
does not interact with the L-site-bound adenine.
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Role of residue Lys33 in binding (A–N)n tracts

In order to assess the importance of residue Lys33 to the
binding affinity of (AA)3A, (AG)3A, (AU)3A, (AC)3A and
as a control, U6, which binds the proximal face of Sa Hfq
(39), we replaced this residue with an alanine to generate
Sa Hfq(K33A). As anticipated from our modeling, the
affinity of Sa Hfq(K33A) for (AA)3A, (AU)3A and

(AC)3A drops dramatically with changes ranging from
21 to >100-fold higher Kd values but does not change
for U6 (Figure 7 and Table 2). Thus, the loss of this
charged side chain is highly detrimental to binding. That
we do not see a contact between the Lys33 side chain and
N7 atom of adenine in our structure can be attributed to
multiple factors, including our crystallization condition,
which contains chloride ions at a relatively high
concentration and hence are competitors for the amino
group. Furthermore, the MPD precipitant, a dihydroxyl
alcohol, lowers the dielectric constant of the solution
thereby making the electrostatic between Nz and Cl� ion
yet more favorable. Notably, the interaction between
the side chain guanidinium of residue Arg32 of Bs Hfq
and the guanine observed in the Bs Hfq–(AG)3A
complex is variable and not observed at each L-site, yet
its substitution to alanine results in a dramatic loss of
affinity (46). Similarly, Ec Hfq residue Lys33 also
contributes significantly to the high-affinity binding of
A-tract RNA to the distal face, yet this side chain is not
seen to interact with the bound RNA in the Ec Hfq–A15

complex (35).
Unexpectedly, the binding affinity of Hfq(K33A) for

(AG)3A changed only 3.4-fold suggesting that any
interaction between Lys33 and an L-site guanine is not a
significant contributor. Although a seemingly paradoxical
result, inspection of our model of the Sa Hfq–(AN)3A

Figure 6. Sa Hfq binds RNA (A–N)3A sequences with high affinity. (A) Sa Hfq–(AG)3A-binding isotherm. (B) Sa Hfq–(AC)3A-binding isotherm.
(C) Sa Hfq–(AU)3A-binding isotherm. (D) Sa Hfq–(AA)3A (or A7)-binding isotherm. The abscissa is the concentration of protein and the ordinate
is millipolarization.

Table 2. Dissociation constants (Kd) for selected Hfq–RNA

complexesa

Oligoribonucleotide S. aureus
Hfq Kd (nM)

S. aureus
Hfq (Lys33Ala)
Kd (nM)

E. coli
Hfq Kd

(nM)

(AA)3A=(A7) 19.5±6.4 406.3±111.9 390±20b

(AG)3A 3.5±0.3 11.9±3.0 NDc

(AC)3A 5.8±7.3 >1000 ND
(AU)3A 2.7±2.3 308.7±40.2 ND
U6 69.8±7.0 72.7±21.9 ND
A16 4.2±0.5 ND 0.4±0.5
A27 109±13 ND 0.85±0.08
(GGA)2 450 ND 88±28b

(GGA)9 350 ND 16±1b

aEach value is the average of three individual experiments and the
standard deviations.
bTaken from (35).
cND, not determined.
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complexes, provides a rationale for these data
(Supplementary Figure S4). A guanine with a glycosidic
angle in the syn conformation at the L-site is able to make
a strong hydrogen bond from its exocyclic N2 to the
preceding 30-phosphate group and hence locks the base
into this conformer whilst maintaining its optimal van
der Waals/stacking interactions with residue Gln31.
When any of the other bases occupies the L-site, there is
either no contact to this phosphate group or in the case
of the Hfq–(AU)3A complex the interaction is weak (the
O2–PO4 distance is 3.4 Å with poor geometry). Hence the
loss of any Lys33 hydrogen bond would allow the base
greater conformational freedom and necessitate a greater
loss of entropy in order to select the syn conformer for
optimal binding to the L-site. In accord, anti glycosidic
angles are energetically preferred by pyrimidine and
adenosine nucleotides with a C2’ endo sugar pucker
whilst the syn conformation is favored by guanosine
nucleotides with C2’ endo sugar puckers (63).

Sa Hfq binding to polypurine sequences shows dependence
on length and purine identity

To explore further the biochemical consequences of the
different distal-face RNA-binding modes of Gram-
positive and Gram-negative Hfq proteins, we quantified
the affinities of Hfq from E. coli and S. aureus for other
RNA sequences (Table 2). The binding affinity of Sa

Hfq for A-rich RNA increases as a function of length
whereby a string of 16 consecutive adenosines (A16)
binds with a Kd of 4.2 nM, which is �5-fold lower than
that of A7. However the binding affinity plunges with
longer poly(A) RNAs as the Kd for A27 binds Sa Hfq
26-fold less tightly when compared to A16 (Table 2). In
marked contrast, Ec Hfq binds the small A-rich tract
(AA)3A with a Kd of 390 nM but A16 and A27 with
essentially equal picomolar affinities (Table 2 and
Supplementary Figure S5). This different behavior
towards longer poly(A) RNAs likely stems in part from
the reduced capacity of the Sa Hfq for ribonucleotide
binding as a consequence of its bipartite distal face
binding mode; only 12 nt are accommodated most
efficiently, although the A16 would fill all sites and
possible interact favorably with Hfq residues located
either on the distal face or the lateral rim such as Phe15
or Lys16, whereas Ec Hfq can bind 18 nt. Another
contributing factor is the different electrostatic surface
potentials of the distal faces of the Sa and Ec Hfq,
which appear to allow the positively charged Ec Hfq to
steer longer ribonucleotides more productively onto the
distal face (13). Once beyond a critical length perhaps
the loss of entropy is a significant negative factor in Sa
Hfq–distal face binding.

Notably, polynucleotide phosphorylase, which is
capable of adding polynucleotide tracts and more
commonly purine-rich tracts to the 30-end of RNAs that

Figure 7. Sa Hfq residue K33 is important for binding (A–N)3A sequences. (A) Representative Sa Hfq (K33A)–(AG)3A-binding isotherm.
(B) Representative Sa Hfq (K33A)–(AU)3A-binding isotherm. (C) Representative Sa Hfq (K33A)–(AA)3A (or A7)-binding isotherm. The abscissa
ordinate is the concentration of protein and the ordinate is millipolarization.
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are undergoing destruction, is common to all bacteria.
Hence, additional fluorescence polarization studies were
undertaken to assess the ability of Sa Hfq to bind other
polypurine tracts containing an (A–R–N)N motif with
guanosines occupying the R and N sites. Such sequences
were shown previously to bind tightly to Ec Hfq (35). Sa
Hfq can bind these oligonucleotides but with lower affinity
than Gram-negative Ec Hfq, whereby the binding
constants for (GGA)2 and (GGA)9 are Kd=350 and
450 nM, respectively, versus Kd values of 88 and 16 nM,
respectively, for Ec Hfq (35). This suggests that binding of
Sa Hfq to such (A–R–N)-like polypurine RNA tracts is
likely not physiologically important possibly due to the
apparently energetically expensive looping out and
solvent exposure of the intervening guanosines between
AG dinucleotide repeats in the (GGA)2 and (GGA)9
oligoribonucleotides.

The (R–L) bipartite-binding motif is characteristic for
Hfq proteins from Gram-positive bacteria

The structure of Bs Hfq in complex with the RNA
aptamer (AG)3A (36) reveals a nearly identical binding
mode to what we observe for the Sa Hfq–A4 complex
wherein the adenosines are found only in the R-site, the
A-site is absent, and two consecutive R-sites are linked by
the guanosines that use the newly named L-site (Figures 2
and 5). Furthermore, the glycosidic torsion angles of the
Bs Hfq–(AG)3A complex follow the anti (R-site)-syn (L-
site) pattern as observed in the Sa Hfq–A4 complex. Thus,
accumulating structural data and a highly conserved Phe/
Tyr at the key Hfq residue 30 in Gram-positive bacteria
(Supplementary Figure S3) indicate that Hfq homologues
from a diverse array of Gram-positive bacteria will utilize
the bipartite (R–L)-binding motif described herein and
observed in the Bs Hfq–(AG)3A structure, to bind
stretches of alternating (AG)n, (AC)n, (AA)n and (AU)n
sequences with high affinity and biological significance.
This stands in distinct contrast to the tripartite (A–R–
N)-binding motif likely to be employed by all Gram-
negative bacterial Hfq proteins, which have a different
structure about the b3 and b4 loop and isoleucine or
other aliphatic residue at position 30 (Figures 3C and
Supplementary Figure S3). The functional consequence
of the fundamentally different alternating (A–N) and
polyA-binding mechanisms on the distal face of Hfq
homologues from Gram-negative and Gram-positive
bacteria has yet to be elucidated but is likely to continue
to be an area of active investigation. Interestingly, a simple
search of the S. aureus strain N315 (http://genolist
.pasteur.fr/AureoList/index.html) reveals the presence
of 101 A7 and 23 (AG)3A stretches in the regions
queried from 30-bp upstream to 24-bp downstream of a
translation initiation start site. Using the same search
criteria there are seven (AC)3A and 63 (AU)3A motifs.
Currently there are no reported Hfq–mRNA targets in
S. aureus, however, whether or not Sa Hfq utilizes these
alternating (A–N) tracts functionally in either mRNA
decay or the translation control is an area under
investigation.
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