Hfq restructures RNA-IN and RNA-OUT and facilitates
antisense pairing in the Tn70/1S70 system

JOSEPH A. ROSS,1 MICHAEL ). |EL|_|S,1 SHAHAN HOSSAIN, and DAVID B. HANIFORD?
Department of Biochemistry, University of Western Ontario, London, Ontario, Canada N6A 5CT1

ABSTRACT

Hfq functions in post-transcriptional gene regulation in a wide range of bacteria, usually by promoting base-pairing of mRNAs and
trans-encoded sRNAs that share partial sequence complementarity. It is less clear if Hfq is required for pairing of cis-encoded
RNAs (i.e., antisense RNAs) with their target mRNAs. In the current work, we have characterized the interactions between
Escherichia coli Hfq and the components of the Tn70/1S70 antisense system, RNA-IN and RNA-OUT. We show that Hfq
interacts with RNA-OUT through its proximal RNA-binding surface, as is typical for Hfq and trans-encoded sRNAs. In contrast,
RNA-IN binds both proximal and distal RNA-binding surfaces in Hfq with a higher affinity for the latter, as is typical for mRNA
interactions in canonical SRNA-mRNA pairs. Importantly, an amino acid substitution in Hfq that interferes with RNA binding
to the proximal site negatively impacts RNA-IN:OUT pairing in vitro and suppresses the ability of Hfq to negatively regulate
I1S70 transposition in vivo. We also show that Hfq binding to RNA-IN and RNA-OUT alters secondary structure elements in
both of these RNAs and speculate that this could be important in how Hfq facilitates RNA-IN:OUT pairing. Based on the
results presented here, we suggest that Hfq could be involved in regulating RNA pairing in other antisense systems, including

systems encoded by other transposable elements.
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INTRODUCTION

Small RNAs (sRNAs) have emerged as important compo-
nents of gene expression regulatory networks in bacteria.
sRNAs generally function by base-pairing to mRNAs with
which they share at least partial sequence complementarity.
Base-pairing between sRNAs and mRNAs typically influenc-
es translation and/or stability of the mRNA (for reviews, see
Gottesman and Storz 2011; Vogel and Luisi 2011). sSRNAs are
categorized as either trans- or cis-encoded. Trans-encoded
sRNAs are expressed from distinct loci relative to the tran-
scripts they regulate, whereas cis-encoded sRNAs are ex-
pressed from the strand opposite their target mRNA and,
consequently, are perfectly complementary to at least a por-
tion of their target RNA (Fig. 1A). Cis-encoded sRNAs are
also referred to as antisense RNAs (or asRNA). The regula-
tion imposed by many trans-encoded sRNAs is dependent
on the protein Hfq, an Sm-family protein that is present in
many bacterial species. With regard to sSRNA-based regula-
tion, Hfq functions by promoting the pairing of sSRNAs to
their target mRNAs (Moller et al. 2002; Zhang et al. 2002;
Vogel and Luisi 2011). The expression of many trans-encoded
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sRNAs is up-regulated by environmental stress, and typically
this imposes a biological response to stress through Hfq-me-
diated pairing of sSRNAs and their target mRNAs (Altuvia
et al. 1997; Vogel and Papenfort 2006).

asRNAs were originally found on extrachromosomal
DNAs, such as plasmids and transposons. Chromosomally
encoded asRNAs have since been identified, although a sub-
set of these is imbedded within mobile DNA elements that
have recently been acquired (e.g., pathogenicity islands).
The general perception is that, due to the perfect comple-
mentarity between asRNAs and their targets, the regulatory
function of asRNAs will not be dependent on Hfq (Waters
and Storz 2009).

Tn10/1S10 (Fig. 1B) encodes a 69-nt asRNA (RNA-OUT)
that regulates transposase expression by pairing with the
transposase mRNA (RNA-IN). This pairing down-regulates
transposase translation by sequestering the 5 translational
initiation region (TIR) from the ribosome, thereby limiting
transposase translation (Simons and Kleckner 1983; Ma
and Simons 1990). We recently demonstrated that the fre-
quency of Tn10/IS10 transposition from a multicopy plasmid
is greatly increased in an hfq~ strain of Escherichia coli, there-
by implicating Hfq as a potent negative regulator of Tn10/
ISI10 transposition (Ross et al. 2010). The Hfq-effect was
much less robust in a system with reduced RNA-OUT levels,
suggesting that Hfq functions, in part, through antisense reg-
ulation. Transposase expression from a translational fusion
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FIGURE 1. Small regulatory RNAs (sRNAs) and the TnI0/ISI0 antisense system. (A) Cis- vs.
trans-encoded sRNAs. Transcribed strands of three different genes and their corresponding
RNAs (color coded) are shown. Pairing of a trans-sRNA (gold) and an mRNA (green) and of a
cis-sRNA (pink) and an mRNA (cyan) is shown. Hfq (blue hexamer) catalyzes pairing in the for-
mer case where there is partial sequence complementarity between partners, but it is unclear if it
also catalyzes pairing in the latter case where there is perfect sequence complementarity between
partners. Asterisks (*) define the translation initiation region (TIR) of the mRNAs. (B) Structure
of TnI0 and IS10-Kan. TnI0 is a 9147-bp composite transposon that confers tetracycline resis-
tance (Tet®). Tn10 is comprised of IS10-Left and IS10-Right, the latter of which encodes a func-
tional transposase protein that catalyzes DNA cleavage and joining events involving the “outside”
(OE) and “inside” (IE) ends. The transposase mRNA (RNA-IN) is encoded from the promoter
PIN (blue squares). A second promoter (pOUT-black squares) within IS10-Right encodes a
cis-sRNA (also referred to as an antisense RNA), RNA-OUT. To follow transposition of IS10-
Right in E. coli, a Kan® gene cassette was cloned into ISI0-Right, creating IS10-Kan. RNA-
OUT is depicted as a stable stem—loop structure (black) and RNA-IN is depicted as a blue line
with asterisks defining the TIR. RNA-OUT is known to pair with RNA-IN, and this inhibits trans-
lation of RNA-IN, thereby down-regulating transposition. Hfq can enhance the rate of RNA-IN:

(Mikulecky et al. 2004; Brennan and
Link 2007; Olejniczak 2011).

In the current work, we have further
evaluated the interactions between E.
coli Hfq and Tn10/1S10-encoded RNA-
IN and RNA-OUT and have begun to
evaluate the importance of these inter-
actions with respect to the function of
the asRNA system of this transposon.

RESULTS

Hfq binds RNA-IN approximately
80-fold more tightly than RNA-OUT

In previous work, we demonstrated us-
ing EMSA that E. coli Hfq binds RNA-
IN and RNA-OUT (Ross et al. 2010).
Our initial objective in the current
work was to quantify the binding
strength of these interactions to facilitate
comparison with previously defined
trans-sSRNA/mRNA  partners whose
pairing is catalyzed by Hfq. Toward this
end, we prepared **P-labeled RNA-
OUT (69 nt + 2 extranucleotides encod-
ed by the expression construct) and a
truncated form of RNA-IN (the first
160 nt) by in vitro transcription and in-
dividually mixed each of these RNAs

OUT pairing in vitro, but it is not known if Hfq plays a role in this antisense system in vivo.

was also found to increase in the hfq~ background, consistent
with a post-transcriptional role for Hfq in transposase regu-
lation. Furthermore, studies in vitro demonstrated that Hfq
bound both RNA-IN and RNA-OUT and increased the rate
at which these molecules pair. Taken together, these results
are consistent with Hfq playing an important role in transla-
tional regulation mediated by an asRNA (Ross et al. 2010).
The finding that Hfq participates in a regulatory system in-
volving an asRNA raises questions regarding the mechanism
through which Hfq acts in this system and invites comparisons
to its mechanism of action in trans-sRNA regulated systems.
Hfqreadily forms a hexamer, and the hexameric unit possesses
at least two RNA binding sites. These sites, referred to as the
proximal and distal binding sites, are located on opposing sur-
faces of the toroidal structure of the hexamer. Structure-based
design of mutations in the proximal and distal binding sites
has been important in defining the RNA binding specificities
of these sites. The proximal site mutation K56A blocks Hfq
binding to U-rich trans-sRNAs, thereby implicating the prox-
imal site as the trans-sRNA binding site. In contrast, the Y25A
mutation impairs Hfq binding to A-rich RNAs as well as
mRNAs, thereby implicating the distal site in mRNA binding

(~0.1 nM) with purified Hfq over a
broad range of Hfq concentrations.
Binding reactions were then analyzed
on a 6% polyacrylamide gel.

We show in Figure 2A that two distinct Hfq-bound RNA-
OUT complexes were generated in our “Hfq titration.” Just
under 50% of the input RN A was shifted to a reduced mobility
(Hfq:OUT-1) atan Hfq concentration of 14 nM (lane 3). At 38
nM Hfq (lane 9), a second complex (Hfq:OUT-2) was detect-
ed, and at48 nM, Hfq:OUT-2 and Hfq:OUT-1 were present at
close to a 1:1 ratio. Apparent dissociation constants Kp; and
Kp,, for Hfq:OUT-1 and Hfq:OUT-2, respectively, are 19.6
and 44.8 nM, calculated per Hfq hexamer (Fig. 2B; Table 1).

We show in Figure 2C that Hfq also formed multiple com-
plexes (four distinct species) with RNA-IN-160. Hfq:IN-1
formed at the lowest Hfq concentration in the titration. The
apparent Kp, for this complex is ~0.24 nM per hexamer (Fig.
2D; Table 1). This represents an 81-fold higher affinity relative
to Hfq binding to RNA-OUT. At higher Hfq concentrations,
additional Hfq:IN complexes were formed (Hfq:IN-2; Hfq:
IN-3 and Hfq:IN-4). It appears as though Hfq:IN-2 was gen-
erated from Hfq:IN-1, Hfq:IN-3 was generated from Hfq:IN-
2, and Hfq:IN-4 was generated from Hfq:IN-3, as the appear-
ance of each of these species coincided with the reduction in
the amount of the species with the next highest gel mobility.
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FIGURE 2. Hfqbinds with high and moderate affinities to RNA-IN and RNA-OUT in vitro. >*P-
labeled RNA-OUT (A) or RNA-IN (C) was mixed with varying concentrations (reported per hex-
amer) of purified Hfq protein, and reactions were subject to EMSA as described in Materials and
Methods. Band intensities were quantified (ImageQuant), and the percent of each shifted species
(relative to total labeled RNA) was plotted vs. Hfqg concentration (B,D). RNA-OUT formed two
complexes with Hfq, Hfq:OUT*1, and Hfq:OUT*2. RNA-IN formed four complexes with Hfq,
Hfq:IN*1, Hfq:IN*2, Hfq:IN*3, and Hfq:IN*4. Apparent dissociation constants (Kp) are indicat-
ed; see Table 1 for a summary of Ky, values and Hill coefficients determined in this study. RNA-
OUT and RNA-IN were present at a final concentration of ~0.1 nM. Error bars represent stan-

dard error from two experiments. Kp, is reported + standard error.

The apparent Kp, and Hill coefficient for each Hfq:RNA com-
plex is summarized in Table 1.

Supershifting in the above experiments can most easily be
explained by each of the RNAs having multiple Hfq binding
sites with different affinities. Detection of supershifting over a
narrower Hfq concentration range for RNA-OUT vs. RNA-
IN (reflected in the higher Hill coefficient) is consistent
with a higher degree of cooperativity in the former.

RNase and hydroxyl radical footprinting of RNA-IN,
RNA-OUT, and Hfq:RNA complexes

To further characterize Hfq:RNA-IN and Hfq:RNA-OUT in-
teractions in vitro, we used a combination of hydroxyl radical

netic data (see Fig. 3B; Case et al. 1989;
Kittle et al. 1989).

For RNase structure probing/foot-
printing, 5" end-labeled RNA-OUT was
treated with either RNase A, T1, or V1
in the presence or absence of purified
Hfq protein. RNase A and T1 cleave
RNA following single-stranded C/U
and G, respectively, while RNase V1
cleaves 3’ of paired nucleotides.

RNase probing of RNA-OUT vyielded a predicted structure
similar to what has been previously proposed (Fig. 3B).
However, our data support some modifications to this model
(see Fig. 3A,B; note that ribonuclease-sensitive residues in
Model II are colored red for A or T1 and blue for V1). U33,
which was previously predicted to be in the unpaired loop,
exhibited moderate sensitivity to V1 and relatively low sensi-
tivity to A, suggesting that this residue is base-paired, presum-
ably to A39. C42 and C43 were both strongly sensitive to A,
and this is consistent with a 2-nt bulge (bulge 1) in the 3’
side of the stem, immediately adjacent to the loop. Also, in
Model II, bulge 2 is larger than in Model I, consisting of six
as opposed to three unpaired residues. This is supported by
sensitivity of U24, A25, U26, and U27 to A and low sensitivity

TABLE 1. In vitro binding of RNA-OUT or RNA-IN to WT, distal- or proximal-impaired Hfq mutants

RNA species Hfq variant Kp1 (nM) Kpa (NM) h

RNA-OUT Hfqwr 19.6 £0.94 44.8 +£2.57 3.45+0.49
hise-Hfqwr 75.6 £ 6.98 179+18.5 2.20+0.36
hisg-Hfqyasa 94.3 +6.50 202 £2.50 2.42+0.32
his6_quK5bA = 389+ 14.1 =

RNA-IN Hfquwr 0.24 +0.01 1.18+0.12 2.44+0.27
hise-Hfqwr 0.99+0.13 2.29+0.31 2.09 +0.55
hisg-Hfdy2sa 1.69 +0.23 11.1+2.92 1.32£0.20
hise-Hfqksea 3.10+0.40 15.1+1.01 1.00+0.10

Binding observed by EMSA. The percentages of RNA bound by Hfq were plotted vs. Hfqe concentration (in nM), and the data were fit to a
binding curve to determine apparent Kp, values and Hill slopes (h), expressed + standard error. Binding assays were performed twice.
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FIGURE 3. Structure-probe analysis of RNA-OUT and Hfq:RNA-OUT
complex. (A) 32p_labeled RNA-OUT (65 nM) was incubated with or
without Hfq as indicated before hydroxyl radical (lanes 4-7) or ribonucle-
ase (A, T1, or V1; lanes 8—19) treatments. Reactions, including untreated
RNA (lanes 2,3) and a G-ladder (lane 1), were analyzed ona 10% denatur-
ing polyacrylamide gel. Nucleotide labeling is relative to the RNA-OUT in
vitro transcriptional start site, which includes two extra nucleotides intro-
duced by T7 RNA polymerase at the 5 end of the RNA. Where Hfq was
included, it was presentat 1460, 2190, and 4380 nM. (B) A previous model
of RNA-OUT (Model I) is compared to the model derived from the cur-
rent work (Model II). Colored letters represent RNase-sensitive positions
in RNA-OUT observed in the absence of Hfq. Red indicates cleavage by
either RNase A or T1, while blue indicates cleavage by RNase V1.
Symbols (triangles and asterisks) are defined in the text.

of G48 to T1. Additionally, for 14 of the 23 bp in the predicted
stem, atleast 1 ntin the pair showed sensitivity to V1, and only
2 bp had 1 nt that was sensitive to A. The V1-sensitive residues
appeared in all four segments of the stem that are separated by
bulges. In contrast, no residues in the loop or bulges exhibited
V1 sensitivity.

Addition of Hfq to RNA-OUT caused some significant
changes in the RNase cleavage profile (indicated by upward
and downward pointing triangles in Fig. 3A, B). In this exper-
iment, Hfq was added to RNA-OUT at concentrations suffi-
cient (based on EMSA data) (Supplemental Fig. S1A) to give
>90% Hfq:OUT-1 (1460 nM) and >90% Hfq:OUT-2 (2190
and 4380 nM). Based on similarities of sample loading and
total reactivity relative to the “no Hfq” control, results for
the “intermediate” Hfq concentration (2190 nM—Ianes 10,
14, and 18) were the easiest to analyze and are discussed in
detail below.

Hfq binding appears to destabilize the base-paired stem of
RNA-OUT. All four of the stem regions contained residues
that increased in sensitivity to single-strand-specific ribo-
nuclease (upward facing red triangles), and the lower stem

also contained residues that exhibited reduced sensitivity to
double-strand-specific ribonuclease (downward facing blue
triangles). Destabilization of the stem by Hfq could be func-
tionally significant because the 5’ portion of the stem, includ-
ing residues 6-33, is expected to pair with RNA-IN in the
antisense response.

Interestingly, of the predicted 15 unpaired residues in
RNA-OUT, eight exhibited increased reactivity to single-
strand-specific ribonucleases. While it is not obvious how
to interpret this result, perhaps the simplest explanation is
that Hfq binding to RNA-OUT prevents conversion of
loops and/or bulges to structures that include base-paired
regions.

Finally, a stretch of five consecutive residues in bulge 2 (nu-
cleotides 23-27) exhibited a decrease in sensitivity to all three
RNases (green asterisks). This suppression could result from
Hfq binding to this segment. Notably, this is a very U-rich se-
quence (5" UUAUUG 3') that is predicted to be in single-
stranded form. E. coli Hfq has been shown to preferentially
bind U-rich single-stranded sequences in sRNAs through its
proximal binding site (Ishikawa et al. 2012), and we provide
evidence below that Hfq engages RNA-OUT exclusively
through its proximal binding site (Fig. 6). Using data from
our RNase probing of RNA-OUT in the presence of Hfq,
we determined a single structure of an RNA-OUT:Hfq com-
plex (Supplemental Fig. S3A). This predicted structure is
largely single stranded, with the exception of 5 bp forming be-
tween nucleotides 29-33 and 59-63. Of the 35 nt that are pre-
dicted to base-pair with RNA-IN, 30 are in single-stranded
regions after Hfq addition.

We also performed hydroxyl radical footprinting on Hfq:
RNA-OUT complexes to further investigate the position(s)
of Hfq binding (Fig. 3A, lanes 4-7) but were unable to see
clear and reproducible patterns of protection. The hydroxyl
radical cleavage pattern was, however, useful in assigning
cleavage products produced in the RNase structure-probe
experiments.

We next probed the structure of the first 160 nt of RNA-IN
with RNases as described for RNA-OUT. In the absence of
Hfq, there was a significant amount of reactivity to V1 nucle-
ase (cf. lanes 2 and 11 in Fig. 4A), which is indicative of this
RNA forming base-paired segments. Two regions in which
V1-reactive residues clustered (residues 17-35 and 45-60)
(indicated by a solid blue line in Fig. 4A) also showed minimal
reactivity to single-strand-specific ribonucleases. Hard con-
straints from the nuclease data (circled letters in Fig. 4B)
were input into the Mfold program to generate a model of
RNA-IN-160 structure. Notably, addition of these hard con-
straints resulted in the output of a single structure. The model
predicts one substantial stem that includes 11 bp and two
bulges. The stem includes residues 25-36 on one strand and
residues 45-60 on the other strand. At least 1 nt in each of
the 11 predicted base pairs showed reactivity to V1. We
note that our model for RNA-IN-160 includes some second-
ary structure involving the first 20 nt. However, the single base

www.rnajournal.org 673



Ross et al.

A
Lo
»
‘c;r{l‘\" 50‘ .
A PG 0. @
- S
IJU}\.! .-2"" Y )
.-\—% :?: &
o e
/";b";,t-h-_%{_\,
viian
ol e
i %
L\, vee
. A
. £
v A"
40/\"{-0"\9_"' 90
h A
% Ak 1o
{ e
4 g
) A
% ¥
\?.\ 1.-;;.:‘ 110
m,q\fu.w Lm.c“)}(;_u‘
v 1204% a
13 L v W "'-E 130 n‘i{a%‘
e A ¥y oot u
o
kil Tas 3 g
ey Ry N
6 " B A U\L; ljl::" ey
T A
‘ : Qg k
. . v 140
- ’-‘-

12345678 51011213

FIGURE 4. RNase footprinting of RNA-IN. (A) **P-labeled RNA-IN-
160 (45 nM) was incubated with or without Hfq as indicated before
treatment with ribonuclease A, T1, or V1 (lanes 5-13). Reactions, in-
cluding RNA not treated with RNase (lanes 2—4) and a G-ladder
(lane 1), were analyzed on a 10% denaturing polyacrylamide gel.
Nucleotide labeling is relative to the RNA-IN in vitro transcriptional
start site, which is nucleotide 1. Blue bars highlight clusters of V1 sen-
sitivity observed in the absence of Hfq. (B) A model is shown for the
secondary structure of RNA-IN-160. The model was produced using
Mfold with hard constraints (circled positions) obtained from two in-
dependent RNase structure-probe experiments (part A and Supple-
mental Fig. S2). RNase A/T1 cleavage is indicated with red letters,
while V1 cleavage is indicated with blue letters. Symbols (triangles
and asterisks) are defined in the text.

pair between position 6 and 149 is unlikely to maintain the
most 5 and 3’ portions of the RNA in a stable secondary struc-
ture. The absence of stable secondary structure within the first
8 nt of RNA-IN suggests that there is no structural impedi-
ment to initiating pairing with RNA-OUT. Of the first 35 nt
of RNA-IN-160 that are complementary to RNA-OUT, resi-
dues 25-35 are sequestered in a stem that may interfere with
the antisense response.

Addition of Hfq to RNA-IN-160 had substantial effects on
RNA structure. Much of the V1 sensitivity in the predicted
stem was lost (indicated by downward pointing blue triangles
in Fig. 4A,B). Strikingly, starting at position 104 and contin-
uing to position 149, there was a large increase in V1 sensitiv-
ity with the addition of Hfq. As there were few residues within
the 104-149 segment that showed substantial increases in ei-
ther A or T1 sensitivity upon Hfq addition, it appears likely
that some intra-molecular base-pairing is occurring in this

674 RNA, Vol. 19, No. 5

region. There were also a few regions that showed a decrease
in reactivity to both single- and double-strand-specific ribo-
nucleases. This includes segments 3—13, 17-25, 38—40, and
71-92 (denoted by green asterisks). These regions could
define Hfq binding sites. Notably, at the highest concen-
tration of Hfq used in this experiment, we anticipate, based
on EMSA data (Supplemental Fig. S1B), that there could be
as many as three distinct Hfq binding sites in RNA-IN-160.
A predicted structure of RNA-IN-160 in the presence of
Hfq is presented in Supplemental Figure S3B. Consistent
with the RNase footprinting data, the first 98 nt of RNA-IN
are mostly single-stranded, with two small hairpins formed
at nucleotides 34-56 and 66-79. An extensive stem—loop
structure is predicted to form from nucleotides 99-160. We
note that 33 out of 35 nt of RNA-IN that are expected to
base-pair with RNA-OUT are single-stranded in the presence
of Hfq.

Note that RNase data for RNA-IN-160 footprinting comes
from two independent experiments (Fig. 4A; Supplemental
Fig. S2). All reactivities were reproducible except at positions
C72-C75, where we saw Hfq-dependent protection of these
residues only in the experiment shown in Supplemental
Figure S2.

To further probe the location of Hfq binding sites in RNA-
IN-160, we performed hydroxyl radical footprinting on 5
end-labeled RNA-IN-160 using multiple Hfq concentrations
(Fig. 5). Quantitation of portions of the gel image showing
the greatest differences in band intensity for “no Hfq” (lane
2) and selected “plus Hfq” samples (lanes 3, 6, and 10) is
also presented. A region spanning residues 29 to 46 showed
protection against hydroxyl radical cleavage at both 149 nM
and 347 nM Hfq. At the higher Hfq concentration, additional
zones of protection were observed as indicated beside the gel
image (green asterisks). Due to discontinuities in the patterns
of protection it is difficult to infer the boundaries of individ-
ual binding sites and, therefore, the total number of sites.
However, based on the density of protected residues in the
29-46 segment and the fact that there was uniform protection
in this cluster at an intermediate Hfq concentration, we sug-
gest that this cluster defines a single Hfq binding site. The re-
gion spanning residues 84 to 94 includes the second highest
density of protected residues and could represent a second
Hfq binding site. This second site would be a lower affinity
site relative to the site within the nucleotide 29-46 segment,
as protections in this site were only observed at the highest
Hfq concentrations. Unfortunately, we were not able to ob-
tain high-quality hydroxyl radical footprinting data for the
most 5" portion of RNA-IN-160 to further test the possibility
raised by RNase footprinting that this segment also contains
an Hfq binding site. We do note that five residues (38, 39,
40, 45, and 46) within segment 29—46 showed a general sup-
pression of cleavage by RNases (Fig. 4A), as did residues 80,
82, and 86, which are close to or within segment 84-94, sup-
porting the possibility that these segments include Hfq bind-
ing sites.
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FIGURE 5. Hydroxyl radical footprinting of RNA-IN. (A) **P-labeled RNA-IN-160 (45 nM) was
incubated with increasing concentrations of Hfq (lanes 3—10) and then subject to hydroxyl radical
treatment (lanes 2-10). Lane I contains RNA not treated with hydroxyl radicals. Samples were
analyzed as in Figure 4. Nucleotides are numbered as in Figure 4. Green asterisks identify posi-
tions protected from hydroxyl radical cleavage in the presence of Hfq, while purple asterisks iden-
tify positions where Hfq induced hypersensitivity to hydroxyl radical cleavage. (B) Quantification
of band intensities from selected lanes of the gel image in part A is shown. Reactivity is presented

in arbitrary units (AU).

RNA-binding sites in Hfq that interact with RNA-IN
and RNA-OUT

Hfq has at least two distinct RNA-binding surfaces, enabling it
to simultaneously bind multiple RNAs and catalyze trans-
SRNA/mRNA pairing reactions. To gain insight into how
Hfqinteracts with RNA-IN and RNA-OUT, we performed ex-
periments designed to define the surfaces in Hfq that interact
with these RNAs. It should be recognized that Hfq binding de-
terminants for an asRNA have not previously been reported.
Two complementary approaches were used. In one approach,
we performed binding assays with RNA-IN-160 or RNA-
OUT and Hfq mutants that are defective in either proximal
site (Hfqxsea) or distal site (Hfqy,s54) RNA binding. In the sec-
ond approach, we performed binding assays with Hfqy and
RNA-IN-160 or RNA-OUT in the presence of competitor
RNAs that exhibit high affinities for either the proximal
(DsrA) or distal (A;3) RNA-binding surfaces of Hfq.

For binding experiments with Y25A and K56A mutant
forms of Hfq, it was necessary to use Hfq bearing a C-terminal

Hfq binds trans-sRNAs. If this is correct,
then it is expected thata SRNA, but nota
distal-specific RNA, would act as a com-
petitor for RNA-OUT binding to un-
tagged Hfqywr. We show in Figure 6B
that this is the case. When we pre-incu-
bated Hfq with DsrA (an sRNA) or A
(a distal-specific RNA) and then added
32p_Jabeled RNA-OUT, only DsrA in-
hibited Hfq:OUT-1 complex formation; ICs, values (Table
2; Supplemental Fig. S4) are ~7 nM and >4000 nM for DsrA
and A;g, respectively. In fact, there was evidence of ternary
complex formation at A;g concentrations above 31 nM (see
lanes 18-24 in Fig. 6B). Overall, we conclude that RNA-
OUT behaves like a trans-sRNA in its interaction with Hfq.
In titrations with RNA-IN-160 and hiss-tagged Hfq pro-
teins (WT, K56A, and Y25A), there was a moderate reduction
in binding affinity. This is reflected by changes in Kp; of 1.7-
and threefold, respectively, for Hfqy,sy and Hfqgsea vs.
Hfqwr (see Fig. 7A; Table 1). These results are consistent
with RNA-IN-160 binding to both the proximal and distal
sites. Competition experiments support this inference, as
both DsrA and A;g gave some inhibition of Hfq:IN-1 forma-
tion when each of these RNAs was pre-incubated with Hfq
prior to addition of RNA-IN-160. More specifically, we ob-
served strong inhibition of Hfq:IN-1 formation at concentra-
tions above the K, for A;g:Hfq complex formation, which is
~10 nM (Fig. 7B, lanes 11-15; ICsq ~11 nM, Table 2;
Supplemental Fig. S4; Sun and Wartell 2006). In contrast,
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Hfqksea exhibits a reduced rate of
RNA-IN:OUT pairing in vitro

The results in the previous section
show that RNA-IN can contact both
the distal and proximal sites in Hfq
and that RNA-OUT binds only to the
proximal site. One or more of these in-
teractions is likely important for the ac-
celeration in the rate of RNA-IN:OUT
pairing directed by Hfq that we previ-
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pair. Accordingly, we asked if an intact
proximal RNA-binding site is necessary
for Hfq to accelerate the rate of RNA-IN:
OUT pairing. Note that we developed
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FIGURE 6. RNA-OUT interacts specifically with the proximal RNA-binding surface of Hfq. (A)
EMSAs with **P-labeled RNA-OUT (~0.4 nM) and either WT or mutant forms of Hfq. Hfqyss4 is
defective in RNA-binding at the distal site, and Hfqgsea is defective in RNA-binding at the prox-
imal site. The corresponding binding curves are presented below each gel image. Error bars rep-
resent standard error from two experiments. Note that all forms of Hfq used in this experiment
possess a hisg epitope tag at their C termini. Species are labeled as in Figure 2. (B) EMSAs per-
formed in the presence of competitor RNAs. Hfqy (untagged) was first mixed with various con-
centrations of DsrA or A;3 RNA for 5 min, and **P-labeled RNA-OUT (0.4 nM) was added. After
an additional 15 min, reactions were subjected to polyacrylamide gel electrophoresis. A species
ICs, values were calculated

expected to represent a ternary complex is labeled A,:Hfq:OUT™*.
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from curves shown in Supplemental Figure S4 and are reported in Table 2.

we observed weak inhibition of Hfq:IN-1 formation at DsrA
concentrations above the Kp, for DsrA:Hfq complex forma-
tion, which is ~21 nM (Fig. 7B, lanes 6-8; ICsq ~53 nM,
Table 2; Supplemental Fig. S4; Mikulecky et al. 2004). At
A,g concentrations above its Ky for Hfq (lanes 11-15), pri-
marily the proximal site is expected to be available for
RNA-IN-160 binding, and at DsrA concentrations above its
Kp for Hfq (lanes 5-7), primarily the distal site is expected
to be available for RNA-IN-160 binding. Accordingly, the
stronger inhibition observed for A;g is consistent with the
distal site of Hfq being the higher affinity site for RNA-IN-
160 binding. This is typical of Hfq binding to mRNAs
(Mikulecky et al. 2004; Soper et al. 2011).

We also performed a competition experiment where both
competitors were mixed with Hfq simultaneously and then
RNA-IN-160 was added (Fig. 7B, lanes 16-26). Very strong
inhibition of Hfq:IN-1 formation was only observed when
the concentrations of both A3 and DsrA were close to or
above their respective Kp, values for Hfq complex formation

676 RNA, Vol. 19, No. 5

an alternative means to purify untagged
Hfqwr and Hfqgsea (see Materials and
Methods), as the hisg-tagged forms
gave inconsistent pairing results. We
mixed Hfq (WT or K56A), 32p_labeled
RNA-OUT, and *’P-labeled RNA-IN-
160 and incubated them for the indicat-
ed times before processing and analy-
sis on a native polyacrylamide gel.
Processing involved phenol extraction
(mixing, centrifugation, and recovery
took ~15 sec) and then immediately
loading the samples on a native polyacrylamide gel. This
step was included to remove Hfq from the paired product
so that identification of this species was unambiguous. The
ratio of RNA-OUT to RNA-IN was fixed (10:1) to roughly

TABLE 2. In vitro competition by DsrA or A;g for binding of
Hiqwr to RNA-IN or RNA-OUT

RNA DsrA IC50 A]g |C50 DSFA+A18 IC50
species (nM) (nM) (nM)?
RNA-OUT 6.77+0.317 >4000° N.D.
RNA-IN 52.7 +14.1 10.6+1.18 8.93+2.12

ICs0 values (+ standard error) were measured by EMSA. Percent-
age of competition was plotted vs. competitor concentration, and
ICso values were obtained from the resulting curves (shown in
Supplemental Fig. S4). Competition assays were performed twice.
N.D., not determined.

Reported for each competitor in the mix.

PInstead of competition, a ternary complex was formed.
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sured (see Materials and Methods). For
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FIGURE 7. RNA-IN interacts with the distal and proximal RNA-binding surfaces of Hfq. (A)
EMSAs with *?P-labeled RNA-IN (0.17 nM) and either WT or mutant forms of hise-tagged
Hfq. Species are labeled as in Figure 2. Binding curves are shown below the corresponding
EMSA, and apparent K values are reported in Table 1. Error bars represent standard error
(B) EMSAs performed in the presence of competitor RNAs.
Competitor experiments were performed as described in Figure 6B except that RNA-IN was pre-
sent at a concentration of 0.17 nM. For lanes 18-26, a 1:1 mix of DsrA and A was serially diluted
to the indicated concentrations before competition. ICs5, values were calculated from curves

from two experiments.

shown in Supplemental Figure S4 and are reported in Table 2.

reflect the ratio of these RNAs in vivo. The Hfq concentration
used (45 nM) was set from a preliminary experiment where
we determined the minimum concentration of Hfq that
yielded an enhancement in RNA-IN:OUT pairing (relative
to the absence of Hfq) at the above ratio of RNA-OUT to
RNA-IN (see Supplemental Fig. S5).

We show in Figure 8 that addition of 45 nM Hfqyr in-
creased the rate (k,ps) of RNA-IN:OUT pairing approximate-
ly 19-fold relative to no Hfq addition (ks = 1.51 min~" for
Hfqyr vs. 0.080 min~" in the absence of Hfq). By compari-
son, the rate enhancement was less than twofold when
Hfqisea was used (kops = 0.14 min™"). These results indicate
that the K56A mutation negatively impacts RNA-IN:OUT
pairing under these specific conditions, consistent with the
proximal surface playing an important role in the enhance-
ment of antisense pairing in vitro.

I1S70-Kan transposition is derepressed in strains
expressing Y25A and K56A forms of Hfq

While Hfq increases the rate of RNA-IN:OUT pairing sub-
stantially in vitro, it is difficult to know if effective antisense

the donor strain (DBH16; hfg™) with a
plasmid expressing untagged WT,
Y25A, or K56A forms of Hfq from a na-
tive hfg promoter. As controls, we also
measured the frequency of IS10-Kan
transposition in hfg" (DBH33; full re-
pression) and hfg~ (no repression)
strains.

The results of the mating out analysis
are presented in Figure 9, where we re-
port the fold-change in transposition
frequency relative to the average trans-
position frequency calculated for hfg*.
In both the hfqxssa and hfgyssa strains, IS10-Kan transposi-
tion was derepressed to about the same level as in hfg~.
Importantly, these deficiencies cannot be attributed to differ-
ential levels of Hfq expression in the different strains, as
Western blotting confirmed that plasmid-encoded WT,
Y25A, and K56A forms of Hfq were present at comparable
levels in the respective donor strains (Supplemental Fig.
S6). These results show that Hfq mutants that are partially
defective in binding RNA at specific surfaces, one of which
(K56A) is impaired in its ability to catalyze RNA-IN:OUT
pairing in vitro, are unable to repress ISI0 transposition in
vivo.

Hfq is also known to stabilize trans-encoded sRNAs (for
review, see Vogel and Luisi 2011), and such an activity could
influence the effectiveness of RNA-OUT in the Tn10/IS10
antisense system. We performed a rifampicin time-course
experiment to look at this possibility. We show in
Supplemental Figure S7 that the half-life of RNA-OUT actu-
ally decreased by about 2.5-fold in an hfg" relative to an hfg~
strain. Accordingly, we can rule out the possibility that Hfq
contributes to the antisense system by stabilizing RNA-
OUT.
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FIGURE 8. RNA-IN:RNA-OUT pairing reactions. (A) **P-labeled
RNA-IN-160 (0.85 nM) was mixed with excess >’P-labeled RNA-
OUT (8.5 nM) and, where indicated, untagged WT or K56A Hfq (45
nM). Note that RNA-OUT had a lower specific activity than RNA-IN.
At the indicated time points, pairing reactions were stopped by treat-
ment with a phenol/water mix and immediately loaded onto a 6% native
polyacrylamide gel. (B) The amount of RNA-OUT:RNA-IN* complex
(OUT:IN*) was determined as a percentage of total RNA-IN* for each
time point and plotted as a function of time. Error bars represent the
standard error from three experiments. The observed rate constant
(kops) is indicated for each reaction. These values were derived from
curves corresponding to the equation describing the rate of exponential
association, presented in Materials and Methods.

DISCUSSION

Tnl10/1S10 transposition is negatively regulated by an asRNA
(RNA-OUT) that pairs with the 5" TIR of the transposase
mRNA (RNA-IN) to inhibit transposase expression. Hfq is
also a negative regulator of TnI0/ISI0 transposition that
down-regulates transposase expression in vivo. The effect of
disrupting hfq on Tn10/IS10 transposition is diminished in a
system with reduced RNA-OUT expression. In vitro, Hfq
binds RNA-IN and RNA-OUT, forms a ternary complex
with these RNAs, and increases the rate of RNA-IN:OUT pair-
ing. Taken together, these observations are consistent with
Hfq regulating Tn10/IS10by operating on the antisense mech-
anism. In the current work, we have further characterized the
interactions between Hfq, RNA-IN, and RNA-OUT with re-
gard to binding affinity, binding sites within Hfq that govern
these RNA contacts, and the impact mutating one of these
binding sites has on RNA-IN:OUT pairing. We have also
begun to define Hfq binding sites within each RNA, as well
as the impact Hfq binding has on the structure of these RNAs.
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RNA-IN and RNA-OUT bind Hfq like a prototypical
SRNA-mRNA pair

The Hfq binding affinities we have measured for RNA-IN and
RNA-OUT are consistent with what is typically seen for ca-
nonical frans-encoded sRNA-mRNA pairs. For example,
Kp; for RNA-OUT is 19.6 nM and Kp; for Hfq binding to
DsrA is 21 nM (Mikulecky et al. 2004). Hfq binds RNA-IN
with sub-nanomolar affinity (apparent Kp; 0.24 nM), which
is comparable to the tightest Hfqg-mRNA interactions de-
scribed to date (OmpC 0.9 nM, Fender et al. 2010; SodB 0.3
nM, Geissmann and Touati 2004; RpsO 90 pM, Folichon
et al. 2003).

We also investigated determinants in Hfq responsible for
RNA-IN and RNA-OUT binding. Hfq possesses at least
two distinct RNA-binding surfaces; the distal site generally
binds A-rich RNA/mRNA while the proximal site binds
U-rich sRNAs (Mikulecky et al. 2004; Soper et al. 2011;
Ishikawa et al. 2012). Both competition and binding experi-
ments (with Hfq variants) revealed that Hfq binds RNA-
OUT exclusively through its proximal RNA-binding surface.
For RNA-IN, both the distal and proximal binding sites in
Hfq contribute to RNA-IN binding, although the distal site
is the higher affinity site. In canonical SRNA-mRNA systems,
there is competition between sRNA and mRNA binding
at the proximal site, and this appears to be required for the
formation of the paired species (Hwang et al. 2011).
Competition is ensured by the individual RNAs having sim-
ilar binding affinities for the proximal site, and in general,
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FIGURE 9. 1S10-Kan transposition is derepressed in E. coli encoding
Y25A and K56A forms of Hfq. E. coli cells (hfg" or hfg™) were cotrans-
formed with pDH602 (encodes IS10-Kan) and a compatible plasmid en-
coding untagged Hfq (WT, K56A, or Y25A) or the corresponding
“empty vector” control. Relative transposition frequencies were mea-
sured using the conjugal mating out assay (see Materials and Methods
for details). An average transposition frequency (4.03 x 10> events
per mL of mating mixture) was calculated for the hfg" strain (hfg*/
emp.vect.) from 15 independent “donor” colonies across four indepen-
dent experiments, and this value was set at 1. All other transposition val-
ues are expressed relative to this value where Hfg-directed repression of
transposition is at its maximal level. Bars indicate the mean; the error
bars indicate standard error on the mean. From left to right, the n value
for each treatment group is 15, 15, 14, 16, and 11—these were compiled
from at least two (and up to four) independent experiments. An asterisk
(*) indicates that means were significantly different from the hfg" con-
trol group; P values are indicated above the corresponding bars.
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these affinities are much weaker than those for the distal site.
The high affinity interaction for the mRNA with the distal site
effectively tethers the mRNA to Hfq, allowing other parts of
the mRNA to interact relatively weakly with the proximal site,
and this increases the probability that the mRNA and sRNA
can occupy the proximal site at the same time (Hopkins et al.
2011). As discussed above, the Hfq:RNA interactions in the
IS10 system are consistent with this general model. A recent
study defined a third RNA-binding site in Hfq (the lateral
surface) that may be important in allowing the mRNA to
simultaneously bind distal and proximal sites (Sauer et al.
2012). Our competition studies indicate that the lateral sur-
face alone is not sufficient for binding RNA-IN or RNA-
OUT.

We have not defined the number of Hfq hexamers present
in any of the Hfq:RNA-IN or Hfq:RNA-OUT complexes. The
Kp values discussed above relate only to the complexes
formed at the lowest Hfq concentrations in each titration.
For RNA-IN, at least four distinct Hfq complexes were de-
tected, raising the possibility that at least four Hfq hexamers
may be accommodated within the first 160 nt of RNA-IN.
Results from hydroxyl radical footprinting support the exis-
tence of multiple Hfq binding sites in RNA-IN. One such site
may extend from position 29 to 46 and appears to be the
highest affinity site identified by hydroxyl radical footprint-
ing, as it was occupied at a lower Hfq concentration relative
to the other sites. For RNA-OUT, two distinct Hfg-bound
species were detected. Results from RNase footprinting re-
vealed only one strong candidate for an Hfq binding site
within RNA-OUT. This site is located within the U-rich seg-
ment of bulge 2. We don’t yet know which Hfq binding site
(s) in RNA-IN or OUT are biologically relevant. Work in oth-
er systems is consistent with the idea that maximal pairing of
an mRNA:sRNA pair can require the mRNA to bind multiple
Hfq hexamers (Soper and Woodson 2008; Salim and Feig
2010). Mutagenesis of potential Hfq binding sites in RNA-
IN and RNA-OUT is currently under way to test the impor-
tance of individual sites in IS10 transposition.

A proximal site mutation impacts on RNA-IN:OUT
pairing and IS70 transposition

The rate of RNA-IN:OUT pairing was substantially enhanced
by Hfqwr but not Hfqgsea. A limitation of this analysis was
that we measured ks under one specific set of parameters
as opposed to measuring a second-order rate constant. We
used excess RNA-OUT relative to RNA-IN (10:1) and a small
excess of Hfq relative to both (less than fivefold). As “available”
Hfq is thought to be limiting in the cell (Hussein and Lim
2011; Moon and Gottesman 2011), we feel this is a reasonable
approximation of in vivo conditions. Under these conditions,
the ks value was 10.6-fold lower for Hfqgsea vs. Hfqyr-
We also measured the impact of the Hfq proximal and dis-
tal site mutations on IS10 transposition. IS10 transposition
was derepressed in both hfqxssa and hfgqy,sa strains relative

to hfqyr. RNA-IN:OUT pairing in vitro was enhanced ~19-
fold by Hfqy relative to no Hfq, and the magnitude of der-
epression of IS10 transposition in hfg~ relative to hfg" was
~10-15-fold. Furthermore, in vitro pairing was ~10-fold fast-
er in the presence of Hfqwr relative to Hfqgsea, and in vivo
transposition was derepressed ~12-fold for hfgyssa relative
to plasmid-borne hfg". Taken together, these results are con-
sistent with Hfq playing a significant role in the pairing com-
ponent of the IS10 antisense system. Another way in which
Hfq might facilitate the IS10 antisense system is through the
stabilization of RNA-OUT. However, this possibility is not
supported by our observation that RNA-OUT stability is actu-
ally reduced in an hfg" compared to an hfg~ strain. Finally,
Hfq might directly interfere with IS10 transposase translation.
We think this is unlikely because, as previously noted, the
large increase in Tn10/IS10 transposition from a multicopy
plasmid in hfq~ is tightly linked to the expression of RNA-
OUT.

How might Hfq promote pairing in the I1S70
antisense system?

The simplest scenario for how Hfq promotes RNA pairing in
the ISI10 antisense system is that, through simultaneous bind-
ing of RNA-IN and RNA-OUT, Hfq acts as a pairing catalyst
by increasing the local concentration of these two RNAs. In
addition to providing a single surface to which both RNAs
bind, Hfq might actively alter the structure of RNA-IN and
RNA-OUT to promote pairing. In fact, our structure-prob-
ing data support an Hfq-dependent restructuring model
(Fig. 10). On the left-hand side of Figure 10, we show how
RNA-IN and RNA-OUT might interact in the absence of
Hfq. Structure-probing experiments with RNA-IN and
RNA-OUT revealed that the pairing region of both RNAs is
at least partly sequestered in secondary structure. In this
pathway, a total of 8 bp between RNA-IN and RNA-OUT
could readily form without any RNA restructuring (structure
vii). In the right-hand panel, we show how pairing could oc-
cur with RNAs (structures iii and vi) that have been restruc-
tured by Hfq. In the presence of Hfq, the pairing region of
both RNAs is largely single-stranded, leading to the forma-
tion of a paired species (structure viii) that contains 30 bp be-
tween RNA-IN and OUT. Notably, only in structure viii is the
TIR sequestered through base-pairing with RNA-OUT. We
anticipate that upon Hfq dissociation, RNA-OUT will adopt
its native structure (transition from structure iii to structure
i). However, the capacity of the 3’ end of RNA-IN to form a
stable secondary structure in the presence of Hfq may prevent
Hfq-bound RNA-IN (structure vi) from converting back to
structure iv upon Hfq release. As Hfq rapidly cycles on and
off of RNAs (Fender et al. 2010), the formation of the 3’
stem—loop structure could maintain RNA-IN in a “pairing-
competent” state after Hfq release. Consistent with genetic
data, the “Hfq pairing pathway” includes pairing of the 5’ ter-
minus of RNA-IN with the hairpin loop of RNA-OUT. Also,
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FIGURE 10. Model for RNA-IN:OUT antisense pairing in the presence vs. absence of Hfq. The
Hfq-independent pairing pathway is shown on the left-hand side (structures i, iv, and vii) and the
Hfq-dependent pathway is shown on the right-hand side (structures iii, vi, and viii). In structures
(i1) and (v) Hfq is shown bound to RNA-OUT and RNA-IN, respectively, but conformational
changes in the RNAs have not yet taken place. Other structures are described in the text. Hfq hex-
amers are indicated by green circles. The start codon (AUG) and Shine-Dalgarno sequence (SD)
of RNA-IN are indicated by asterisks (*) at the first nucleotide of each sequence. Intramolecular
base pairs in RNA-OUT/IN are indicated by blue and red, respectively. Intermolecular base pairs

between RNA-OUT and RNA-IN are in gray.

the internal loop of RNA-OUT has been shown to be impor-
tant for the antisense response (Case et al. 1989; Kittle et al.
1989; Jain 1995). In the Hfq-independent pathway, nucleo-
tides within this loop can directly pair with RNA-IN, facilitat-
ing further propagation of pairing. In the Hfq pathway, we
suggest that internal loop residues directly participate in
Hfq binding and are, therefore, important in the restructur-
ing of RNA-OUT.

An active remodeling role for Hfq has been well docu-
mented in other systems. Hfq alters the structure of RpoS
mRNA such that the sequence that base-pairs with DsrA be-
comes single stranded (Soper et al. 2011). The pairing region
within SodB mRNA is also sequestered in a stem—loop struc-
ture; Hfq binding is required to disrupt this stem—loop, re-
sulting in formation of a large loop that is then competent
to pair with the sSRNA, RyhB (Geissmann and Touati 2004).
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(iii) In other systems, the presence of
base-pairing discontinuities in struc-
tured regions of asRNAs has also been
shown to be critical for antisense regu-
lation (see Wagner et al. 2002). At this
point, it is unclear if these discontinui-
ties are sufficient for a robust antisense
response in vivo, and in this regard, it
-I— will be interesting to see if the effective-
ness of other antisense systems shows
any reliance on Hfq.

In the current work, we have pro-
vided additional insight into how Hfq
interacts with the RNA components of
the IS10 antisense system and provided
further evidence that these interactions
ultimately influence this system. To
date, only one other antisense system
is known to be Hfq-regulated. Hfq reg-
ulates the expression of the chromo-
somally encoded gadX gene, which is
involved in acid tolerance in E. coli.
An sRNA called GadY is antisense to
the 3’ UTR of GadX, and it has been
shown that GadY expression increases
the stability of the GadX transcript. Im-
portantly, Hfq binds to the GadY tran-
script and stabilizes it (Opdyke et al.
2004). However, it has not been estab-
lished if Hfq plays a direct role in pro-
moting pairing of GadY and GadX
RNAs. With regard to other transpo-
sons, it should be noted that antisense
RNAs to the transposase have been
identified, including IS30 (Arini et al.
1997) and 1S200 (Sittka et al. 2008). Ad-
ditionally, a recent study identified five
transcripts in Mycobacterium smegma-
tus that bind Hfq and are antisense to
transposase mRNAs (Li et al. 2012). It will be interesting to
see if any of these transposons are regulated by Hfq. Notably,
Hfq regulation of other transposons might not be limited to
systems encoding asRNAs. Trans-encoded sRNAs frequently
target more than just one mRNA (for review, see Repoila
etal. 2003), and as such, there is the potential for “off-target”
effects wherein a trans-encoded sSRNA might fortuitously tar-
get a transposase mRNA. This could provide the host with a
previously unrecognized pathway to either down- or up-reg-
ulate transposon mobilization. Furthermore, as the induction
of the transcription of sSRNA genes is often linked to various
cellular stresses (Repoila et al. 2003), and this induction can
temporarily limit the availability of Hfq in the cell (Hussein
and Lim 2011; Moon and Gottesman 2011), there is the po-
tential to indirectly regulate transposition reactions through
stress response pathways.
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MATERIALS AND METHODS
Strains, plasmids, and primers

AlLE. coli strains and plasmids used in this study are listed in Table 3.
Oligonucleotides used are listed in Table 4.

To express Hfq in vivo, we cloned a fragment that included the hfgq
gene with its P3 promoter into the low-copy cloning vector pWKS30
(Wang and Kushner 1991). The aforementioned fragment was gen-
erated by PCR using genomic DNA from DBH33 and primers JR15
and JR16, which include Xbal and HindIII sites, respectively. After
digestion of the PCR product with Xbal-HindIII, the “hfg” fragment
was ligated into Xbal-HindIII-digested pWKS30, creating pDH700.
We then used pDH700 as a template for site-directed mutagenesis to
create pDH701 and pDH713, which encode Hfqgsea and Hfqyzsa,
respectively. For purification of C-terminal hise-tagged Hfq (WT,
Hfqyzsa, and Hfqgsea), the hfg gene was cloned into pET28a as de-
scribed in Mikulecky et al. (2004).

Hfq purification and quantitation

Untagged Hfq was purified as described in Ross et al. (2010) but in-
cluded a treatment of the lysate with DNase I (100 units) and RNase
A (100 pg) for 1 h on ice before heat treatment of the lysate at 85°C.
Hiss-Hfq proteins were purified as described in Mikulecky et al.
(2004). Untagged Hfqw and Hfqgsea for the experiments present-
ed in Figure 8 were expressed from pDH700 and pDH701 and pu-
rified on a TALON Cobalt column as described in Soper et al.
(2010), followed by further purification on a polyA column as de-
scribed in Ross et al. (2010). Purified Hfq was dialyzed against
Hfq storage/binding buffer (50 mM Tris, pH 7.5, 1 mM EDTA,
250 mM NH,CI, 10% (v/v) glycerol). SDS-PAGE revealed that the
Hfq was ~95% pure (Supplemental Fig. S6B). Hfq concentration
was determined by Bradford assay.

In vitro transcription and RNA purification

Linear DNA templates for run-off transcription of RNA-IN (nucle-
otides 1-160) or RNA-OUT (nucleotides 1-69) were amplified from

TABLE 3. List of £. coli strains and plasmids used in this study

pDH602 (Ross et al. 2010) by PCR with primers JR1/JR2-2 or JR3/
JR4, respectively; note that, for each primer pair, the forward primer
includes the T7 core promoter. The same approach was used to
make templates for in vitro transcription of DsrA (primers JR21/
JR22). Our standard in vitro transcription reaction for generating
unlabeled RNA was performed in a 30-uL volume with 200 ng
DNA template, 2.5 mM rNTPs, 10 mM DTT, 1x T7 RNA polymer-
ase reaction buffer (NEB), 100 units RNasin (Promega), 2.5 units
yeast inorganic pyrophosphatase (NEB), and 100 units T7 RNA po-
lymerase (NEB). For preparing **P-labeled RNA, in vitro transcrip-
tion was performed in a 20-pL volume as above except that UTP was
added to only 50 nM, and 2.5 uCi [a->*P]UTP was added. Reaction
mixtures were incubated at 37°C for 1 h before adding 0.1 units of
Turbo DNase (Ambion) per uL of reaction and continuing in-
cubation for 20 min. RNAs were purified using denaturing PAGE
and, after elution from gel slices, were concentrated by ethanol pre-
cipitation and finally resuspended in Hfq storage/binding buffer.
RNA concentrations were determined using a NanoSpectrophoto-
meter (IMPLEN). Purity of in vitro transcribed RNA was assessed
by high-resolution denaturing PAGE. A;gs was purchased from
Sigma-Aldrich and dissolved in Hfq storage/binding buffer.

Hfg-RNA binding assays

In our standard Hfq-RNA binding reaction, we mixed 32p_labeled
RNA (0.1-0.4 nM) with Hfq (0.05-1856 nM) in Hfq storage/bind-
ing buffer (total reaction volume 10 uL) for 15 min at 37°C. In the
case of “competitor” experiments, unlabeled competitor RNAs
(0.5-4000 nM) were mixed with Hfq for 5 min as described above,
and then either **P-labeled RNA-IN (0.17 nM) or RNA-OUT (0.4
nM) was added. Incubation was continued at 37°C for an additional
15 min. Prior to mixing RNA with Hfq, the various RNA species
were incubated at 95°C for 2 min, placed on ice for 2 min, and equil-
ibrated to 37°C. At the reaction end points, samples were mixed with
0.3 volumes of gel load dye (21 mM Tris-HCI pH 7.5, 10 mM DTT,
100 mM KCl, 30% (v/v) glycerol, 0.05% (w/v) bromophenol blue)
and applied to a 6% native polyacrylamide gel. Electrophoresis was
carried out at 14 V/cm for 70 min, whereupon the gel was dried and

Strain or plasmid Relevant genotype

Use Source or reference

E. coli

HB101 F~ leu™; Str® Mating out recipient Bolivar and Backman (1979)

DBH33 NK5830; recA™ arg™ / F' pro* Mating out donor Ross et al. (2010)

DBH16 NK5830 hfg-1::Qcat; cmR Mating out donor Ross et al. (2010)

DH5a recA” Plasmid propagation Invitrogen

BL21 recA~ / DE3 T7 RNA polymerase Hfq overexpression Studier and Moffatt (1986)

Plasmids

pDH602 pACYC184-derived; I1S70-Kan; Cm®Kan® Mating out assays Ross et al. (2010)

pDH631 pET3a derived; T7-hfq; Ap® Hfq over-expression Ross et al. (2010)

pWKS30 pSC101-derived; low copy-number ori; Ap® “Empty vector” for Hfq Wang and Kushner (1991)
expression

pDH700 pWKS30-P3-hfqywr; Ap® Hfqwr expression This study

pDH701 pWKS30-P3-hfqsea; ApR Hfqksea €xpression This study

pDH713 pWKS30-P3-hfqyssa; ApR Hfqy254 expression This study

pDH686 pET28a-derived; C-terminal hise-tagged Hfqyr; kan® Hfqwr overexpression Mikulecky et al. (2004)

pDH688 pET28a-derived; C-terminal hise-tagged Hfqkseas kan® Hfqksea Overexpression Mikulecky et al. (2004)

pDH697 pET28a-derived; C-terminal hiss-tagged Hfqyasa; kan® Hfqy254 Overexpression Mikulecky et al. (2004)
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TABLE 4. List of oligonucleotides used in this study

Name Sequence (5" to 3')

Use

JR1 TAATACGACTCACTATAGGCGAAAAATCAATAATCAGACAACAAG

JR2-2  CAAGTTCGGTAAGAGTGAGAG

JR3 GAATTGTAATACGACTCACTATAGGGCTCGCACATCTTGTTGTC

JR4 GGATACACATCTTGTCATATGATCA

JR15  NNTCTAGANNCAGGTTGTTGGTGCTATC

JR16 NNAAGCTTNNTTATTCGGTTTCTTCGCT

JR17  AGCCAGATGGTTTACGCGCACGCGATTTCTACT
JR18  AGTAGAAATCGCGTGCGCGTAAACCATCTGGCT
JR19  GTTCCAGTTTCTATTGCTTTGGTGAATGGTATTAAG
JR20  CTTAATACCATTCACCAAAGCAATAGAAACTGGAAC

JR21 TAATACCACTCACTATAGGCAACACATCAGATTTCCTGGTGTAACGAATT

JR22 AAATCCCGACCCTGAGGGGGTCGGGAT

Forward primer (includes T7 promoter) for in vitro
transcription template (RNA-IN)

Reverse primer for above (RNA-IN-160)

Forward primer (includes T7 promoter) for in vitro
transcription template (RNA-OUT)

Reverse primer for above

Forward primer for pDH700 construction

Reverse primer for above

Forward primer for K56A Quikchange mutagenesis

Reverse primer for above

Forward primer for Y25A Quikchange mutagenesis

Reverse primer for above

Forward primer (includes T7 promoter) for in vitro
transcription template (DsrA)

Reverse primer for above

exposed to a phosphorimager screen. Gel images were obtained us-
ing the STORM phosphorimager.

For measuring the equilibrium dissociation constant (Kp) in
binding reactions, bands representing shifted and unshifted RNA
species were quantified (ImageQuant software), and the percentage
of counts for a given shifted species (relative to total counts for all
bands in the lane) was plotted on the y-axis and Hfq concentration
on the x-axis (Prizm software). The resulting curve was fit by non-
linear regression to the equation:

P : Ly o [P]"
P:L=—T" "2
Kp" + [P

where P and L are Hfq and RNA, respectively, P:L is the percentage
of RNA shifted by Hfq, [P] is the concentration of Hfqs in nM, Kp, is
the equilibrium dissociation constant, and h is the Hill coefficient.
To calculate Kp;, the percentages of all shifted species were summed
to yield the appropriate curve (e.g., the curve marked “total” in Fig.
2B or D). To calculate Kp, for RNA-OUT, the percentages of all spe-
cies representing complex 2 were plotted (e.g., the curve marked
“Hfq:OUT*2” in Fig. 2B). To calculate Kp, for RNA-IN-160, the to-
tal percentages of all species other than free RNA-IN-160 or Hfq:
IN*1 were plotted (i.e., the curve marked “Hfq:IN*2” in Fig. 2D).
To calculate Kp; for RNA-IN-160, the total percentages of all species
other than free RNA-IN-160, Hfq:IN*1 or Hfq:IN*2 were plotted
(i.e., the curve marked “Hfq:IN*3” in Fig. 2D).

For calculating ICs values (i.e., the concentration of competitor
RNA that inhibited Hfq:RNA-IN or Hfq:RNA-OUT complex for-
mation by 50%), bands representing Hfq:RNA* complexes (* de-
notes radiolabelled RNA-IN or RNA-OUT) and unshifted RNA*
were quantified, and the percentage of Hfq-shifted RNA* at 0 nM
competitor was set at 0% competition. The percentage of Hfq-shift-
ed RNA* remaining at increasing concentrations of competitor was
subtracted from 100% to give the percent competition (0% shifted
complex = 100% competition). Percent competition was plotted on
the y-axis and competitor concentration on the x-axis (Prizm). The
resulting curve was fit by nonlinear regression to the equation:

PG 8[C]

PC=———
IG5 + [C]
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where PC is percent competition, [C] is the concentration of com-
petitor RNA in nM, and ICs, is the concentration of competitor
RNA giving 50% competition.

RNA structure-probing and footprinting

In vitro-transcribed RNA-IN and RNA-OUT were gel-purified,
treated with Antarctic Phosphatase (NEB) and 5" end-labeled with
[y—32P]ATP (Perkin Elmer) and OptiKinase (USB). 5'-labeled
RNA was gel-purified, ethanol-precipitated, and finally resuspend-
ed in RNA Storage Buffer (20 mM MES pH 7.0, 150 mM NaCl,
1 mM EDTA). RNA concentrations were determined using a
NanoSpectrophotometer (IMPLEN). RNA and Hfq were mixed in
RNA Structure Buffer (20 mM MES pH 7.0, 150 mM NaCl, 1 mM
EDTA, 10 mM MgCl,) to a final volume of 9 uL. Binding reactions
took place at 37°C for 15 min. For RNase footprinting, 1 uL of dilute
RNAse A, T1, or V1 (Ambion) was added to each binding reaction.
For RNA-OUT, 0.04 ng RNase A, 0.03 units or 0.04 units of RNAse
T1 (— or + Hfq, respectively), and 0.00005 units or 0.0001 units of
RNase V1 (— or+ Hfq, respectively) were added. For RNA-IN,
0.004 or 0.01 ng of RNAse A (— or + Hfq, respectively), 0.01 units
of RNAse T1, and 0.00005 units or 0.0001 units of RNAse V1
(— or + Hfq, respectively) were added. G-lanes were produced by
T1 digestion of RNA following the manufacturer’s directions
(Ambion). RNase reactions proceeded for 15 min at 25°C before
RNA was ethanol-precipitated and resuspended in 7 uL formamide
load dye (97.5% deionized formamide (v/v), 10 mM EDTA, 0.5x
TBE, 3% xylene cyanol [w/v]), and ~2 uL wasloaded onto a high-res-
olution 10% polyacrylamide denaturing gel. Hydroxyl radical foot-
printing was performed as previously described (Jain and Tullius
2008). Briefly, following binding reactions, 1 pL of freshly prepared
H,0, (2.5% [v/v]), Fe(I)EDTA (32 mM ferrous ammonium sul-
phate, 88 mM EDTA; Bio Basic), and sodium ascorbate (60 mM;
Bio Basic) were added to each 9 pL binding reaction. The final con-
centrations of hydroxyl radical reagents in each 12-pL reaction were
as follows: H,O,, 0.21% (v/v); Fe(II), 2.67 mM; EDTA, 7.33 mM;
sodium ascorbate, 5 mM. Following incubation at 25°C for 10
min, samples were processed as described above for RNase treat-
ment. For footprinting reactions, RNA-OUT was at a final
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concentration of 65 nM, RNA-IN at 45 nM, and Hfqg at a final con-
centration of 99—-4380 nM. Gels were dried and imaged with a phos-
phorimager (GE Healthcare). A sample of each binding reaction
(RNA-IN and RNA-OUT, each Hfq concentration) was run on a
6% polyacrylamide gel to monitor complex formation under the
conditions used (Supplemental Fig. S1). Quantitation of RNA-IN
hydroxyl radical footprinting was performed using ImageQuant
software.

Determination of RNA-OUT:RNA-IN pairing rates

RNA-IN:OUT pairing reactions were carried out by spotting 3.5 pL
of **P-labeled RNA-IN and RNA-OUT onto separate faces of an
Eppendorf tube, mixing them with 24.5 uL of Hfq storage/binding
buffer, and immediately removing 9 L to separate tubes containing
1 uL of Hfq (or Hfq storage buffer), as indicated. Mixing was
achieved by rapid pipetting. Final concentrations of reactants
were: RNA-IN*, 0.85 nM; RNA-OUT*, 8.5 nM; Hfq, 45 nM.
Incubation was at 37°C, and after the indicated times, each 10-pL
reaction was added to tubes containing 30 L. H,O and 40 pL phe-
nol:chloroform:isoamyl alcohol. These were immediately vortexed
(8 sec) and centrifuged (3-sec pulse-spin) before removing 10 pL
of the aqueous phase and loading it directly on a 6% native poly-
acrylamide gel at 7 V/cm. After the last sample was loaded, electro-
phoresis was continued at 13 V/cm for 45 min. Gels were dried and
imaged as described above. Bands representing RNA-OUT:IN
paired species or free RNA-IN were quantified (ImageQuant). The
percentage of paired species (relative to total RNA-IN counts) was
plotted on the y-axis and time on the x-axis (Prizm). The resulting
curves were fit by nonlinear regression to the equation:

A By =A: By (1 — e f®)

where A:B, is the percentage of binary complex at time ¢ and kops is
the observed rate constant.

Mating out assay

Mating out experiments were carried out with DBH33 (hfg") and
DBH16 (hfg™) as donor strains and HB101 as the recipient strain.
Plasmids encoding I1S10-Kan (pDH602) and Hfq (pDH700, 701,
713, and pWKS30 as the “empty vector” control) were cotrans-
formed into donor strains, and transformants were selected on
M9-Glucose plates supplemented with arginine, kanamycin (50
pg/mL), and ampicillin (50 pg/mL). Donors and recipient strains
were grown in liquid media as previously described in Ross et al.
(2010), and mating was allowed to proceed for 1 h, whereupon mat-
ing mixes were pelleted and resuspended in 0.85% saline.
Resuspended mating mixes were then plated on M9 media supple-
mented with glucose, leucine, and streptomycin (150 pg/mL) or
streptomycin plus kanamycin (50 ug/mL). Plating on the former
gave the mating frequency and plating on the latter gave the number
of transposition events. Relative transposition frequencies were cal-
culated by dividing the number of colonies present on streptomycin/
kanomycin plates by the number of colonies on streptomycin plates.
For statistical analysis, we first carried out an F-test to demonstrate
that the variances between the hfg" control group and the other
treatments were not equal (hfg" vs. hfg”/hfqwr, P=0.001; hfg" vs.
all other treatments, P < 0.0001). We then conducted a two-tailed
t-test with Welch’s correction (does not assume equal variances)

to compare the various treatments to the hfg* control group. All
statistical analyses were carried out in Prizm. Sample numbers
and P values for the t-test are reported in Figure 9.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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