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ABSTRACT

In E. coli, small RNA GImZ activates the g/mS mRNA
by base-pairing in an Hfq dependent manner. When
not required, GImZ is bound by adaptor protein RapZ
and recruited to RNase E, which cleaves GImZ in
its base-pairing sequence. Small RNA GImY coun-
teracts cleavage of GImZ by sequestration of RapZ.
Although both sRNAs are highly homologous, only
GImZ specifically binds Hfq and undergoes cleav-
age by RNase E. We used domain swapping to iden-
tify the responsible modules. Two elements, the 3’
terminal oligo(U) stretch and the base-pairing re-
gion enable GImZ to interact with Hfg. Accordingly,
Hfq inhibits cleavage of GImZ, directing it to base-
pairing. Intriguingly, the central stem loop of GImZ
is decisive for cleavage, whereas the sequence com-
prising the actual cleavage site is dispensable. As-
sisted by RapZ, RNase E cleaves any RNA fused to
the 3’ end of this module. These results suggest a
novel mode for RNase E recognition, in which one of
the required handholds in the substrate is replaced
by an RNA binding protein. This device can gener-
ate RNAs of interest in their 5 monophosphorylated
form on demand. As these species are rapidly de-
graded, this tool allows to regulate gene expression
post-transcriptionally by modulation of RapZ levels.

INTRODUCTION

Small RNAs (sSRNAs) regulate protein synthesis at the post-
transcriptional level. A major class of ribo-regulators in
bacteria are frans-encoded sRNAs, which regulate func-
tions encoded at distinct locations. Many trans-encoded
sRNAs base-pair with mRNAs thereby modulating trans-
lation, transcription elongation or RNA decay. A minor

group of sRNAs acts through sequestration of RNA or
DNA binding proteins by molecular mimicry mechanisms.
Although quite heterogeneous in sequence and structure,
base-pairing SRNAs share discernible modules (1). They
carry an intrinsic terminator composed of a stem loop
followed by an oligo(U) sequence at the 3’ end. Further-
more, SRNAs contain a single-stranded seed region, which
is part of the base-pairing site and initially contacts tar-
get RNAs. Binding sites for Hfq present a third essential
feature, at least for enterobacterial SRINAs. Additional sec-
ondary structures may help to align modules or provide
binding sites for further factors.

RNA chaperone Hfq and endoribonuclease RNase E,
emerged as global players intimately connected with the
function of base-pairing SRNAs in Gram-negative bacte-
ria (2,3). Hfq of E. coli assembles into a homo-hexameric
ring providing at least three distinct RNA binding sites. The
distal site binds AAN sequence repeats present in mRNAs
that are targeted by sSRNAs (4-6). The proximal face pref-
erentially binds single-stranded oligo(U) sequences and for
some SRNAs an interaction with the 3’ terminal oligo(U)
stretch has been shown (7,8). Additionally, single-stranded
U-rich regions from the SRNA body may wrap around the
rim of the Hfq hexamer and the outward protruding C-
terminal tail of Hfq might support SRNA association (7-
10). Thereby, Hfq protects SRNAs from degradation and
facilitates annealing with RNA targets. SRNAs compete for
Hfq suggesting that they share binding sites (11-13). For a
couple of SRNAs binding to the distal site of Hfq by in-
ternal adenosine-rich sequences has been proposed (12,14).
Thus, sSRNAs may contact Hfq in different manners (12,15),
suggesting that the features conferring binding must be de-
termined for each sSRNA individually.

RNase E initiates bulk RNA decay via two different path-
ways (16-18). For efficient cleavage each protomer within
the principal RNase E dimer must contact the substrate.
In the 5 tethering pathway, the 5 monophosphate of the
RNA interacts with the 5 sensor domain of one protomer,

“To whom correspondence should be addressed. Tel: +43 1 4277 54603; Fax: +43 1 4277 9546; Email: boris.goerke@univie.ac.at

© The Author(s) 2015. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact
journals.permissions@oup.com



which stimulates cleavage of the substrate by the second
protomer. Therefore, RNA is cleaved more efficiently when
5" monophosphorylated. These species are generated from
primary transcripts by pyrophosphohydrolase RppH (19).
The second pathway, referred to as ‘direct entry’, operates
on 5’ triphosphorylated transcripts. This mechanism appar-
ently requires that both RNA binding channels of the prin-
cipal dimer interact with distinct single-stranded regions in
the substrate (20). RNase E preferentially cleaves single-
stranded AU-rich regions and generates 3’ hydroxylated and
5" monophosphorylated cleavage products, the latter fur-
ther accelerate subsequent RNase E attacks by 5 tethering.
Cleavages are specific, but the reason is poorly understood.
RNase E is composed of an N-terminal catalytic domain
and a C-terminal scaffold for binding of additional proteins
involved in RNA decay, collectively forming the degrado-
some (21,22). Notably, Hfq recruits RNase E by interac-
tion with its C-terminus contributing to SRNA-mediated si-
lencing by coupled degradation of the SRNA with its target
(3,23). Interestingly, by presenting a 5’ terminal monophos-
phate group an sSRNA was shown to allosterically activate
RNase E, allowing cleavage of base-paired substrates lack-
ing RNase E recognition sites (24). On the other hand, sR-
NAs can stabilize transcripts by sequestration of RNase E
target sites upon base-pairing (25,26). Finally, some SRNAs
themselves are cleaved by RNase E when not paired. This
may inactivate the sSRNA or lead to species with even higher
regulatory potential (27,28). Evidence is accumulating that
cleavage of sSRNAs by RNase E could also be regulated,
providing a basis for post-transcriptional control of SRNAs
(29,30).

An intriguing mechanism employing regulated decay
of an sRNA by RNase E has been unveiled in the
GImY/GImZ sRNA circuit in E. coli (31). GImZ activates
the mRNA encoding glucosamine-6-phosphate (GlcN6P)
synthase GImS through sequestration of an anti-Shine—
Dalgarno sequence upon base-pairing (Figure 1A right;
(32,33)). GImS synthesizes GIcN6P, which is required for
cell envelope biogenesis. When GIcNG6P levels are high and
GImS is dispensable, RNase E inactivates GlmZ by cleav-
ing its base-pairing region. However, this cleavage requires
adaptor protein RapZ, which binds GlmZ and recruits
RNase E by interaction with its catalytic domain (Figure
1A left; (30)). GImZ cleavage is antagonized by the ho-
mologous SRNA GImY, which accumulates upon GIcN6P
shortage (33,34). Owing to its similarity to GImZ, GImY
sequesters RapZ. As a result, GImZ stays unprocessed and
up-regulates GImS, thereby restoring GIcN6P homeostasis
(Figure 1A, right; (30)).

Although RapZ specifically binds both sRNAs, only
GImZ is processed by RNase E (30). As expected, Hfq binds
GImZ with high affinity. In contrast, GImY is only weakly
bound (30). These differences were surprising given that
both sSRNAs share 66% sequence identity and exhibit strik-
ingly similar secondary structures (Supplementary Figure
S1; Figure 1B). To provide insight, we dissected the molec-
ular requirements for Hfq binding and RNase E cleavage by
swapping sequences between GImY and GlmZ. This anal-
ysis uncovered modules crucial for Hfq binding, residing in
the 3’ end of GImZ. As one of these modules overlaps the
RNase E target site, binding of Hfq confers protection from
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cleavage. Most importantly, the current work reveals an ap-
tamer suited to induce RNase E-dependent cleavage in any
RNA fused to its 3" end. This tool generates 5 monophos-
phorylated RNAs on demand, by modulation of RapZ
availability in the cell. Using a model mRNA, we demon-
strate that this aptamer allows regulating mRNA and pro-
tein abundance at the post-transcriptional level, providing
a novel tool for synthetic biology.

MATERIALS AND METHODS
Growth conditions, plasmids and strains

Escherichia coli strains and plasmids used in this study
are described in Supplementary Tables S1 and S2, respec-
tively. Oligonucleotides are listed in Supplementary Table
S3. Bacteria were grown in LB medium under shaking at
165 rpm and antibiotics were added when necessary: ampi-
cillin (100 pg/ml), chloramphenicol (15 wg/ml), kanamycin
(30 pg/ml), spectinomycin (75 pwg/ml), streptomycin (100
pg/ml). General transduction by phage T4GT7 was used
to transfer established alleles tagged with an antibiotic re-
sistance marker between strains (35). Resistance markers
flanked by FLP recombinase recognition sites were removed
using the temperature-sensitive FLP recombinase delivery
plasmid pCP20 (36). The F’ plasmid of strain BMH71-18
was moved into strain Z897 by conjugation using a dou-
ble selection for streptomycin resistance and proline pro-
totrophy. Recombinant plasmids were constructed using
strains DH5a or XL 1-blue as described under ‘Supplemen-
tary Material and Methods’.

In vitro transcription and labelling of small RNAs

Generation of radioactively labelled RNAs by in vitro tran-
scription is described under Supplementary Materials and
Methods.

Purification of Strep-RapZ and His¢-RNase E-N (1-529)

Strep-RapZ and the Hisg-tagged catalytic domain of R Nase
E were purified as described previously ((30,37); for details
see Supplementary Materials and Methods).

Electrophoretic mobility shift assays (EMSAs)

Protein/RNA binding assays were carried out in 1x struc-
ture buffer (10 mM Tris-HCI pH 7.0, 100 mM KCI, 10 mM
MgCl,) in a volume of 10 wl (30). Four nM of the a-3?P-
UTP-labelled heat-denatured RNAs were mixed with 1 pg
yeast tRNA (Ambion) and various amounts of the respec-
tive proteins (Hfq or Strep-RapZ) and incubated for 30 min
at 30°C. The protein dilutions were prepared in 1x structure
buffer. Following incubation, 2 w1 loading buffer (50% glyc-
erol, 0.5x TBE, 0.2% bromophenol blue) were added and
samples were subsequently separated by non-denaturing
gel electrophoresis (8% polyacrylamide, 1x TBE) at 300
V for 3 h at 4°C using 0.5x TBE as running buffer. Gels
were dried and analysed by phosphorimaging (TyphoonTM
FLA 9500, GE Healthcare).
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Figure 1. The homologous small RNAs GlmY and GImZ in E. coli. (A) Alternative fates of SRNA GImZ in response to the intracellular GIcN6P level as
revealed by combined results obtained in the present and a previous study (30). Under conditions of GIcN6P sufficiency, GImZ is rapidly bound by adaptor
protein RapZ. RapZ recruits RNase E, which cleaves GImZ in the g/mS base-pairing region. As a result, GImZ is unable to activate translation of g/mS
mRNA, which is therefore rapidly degraded (left). Under condition of GlcN6P deficiency, RapZ is sequestered by the homologous sSRNA GImY, thereby
inhibiting processing of GImZ. Accordingly, Hfq can bind the 3’ end of GImZ, additionally contributing to protection of GImZ from cleavage by RNase E.
Hfq promotes base-pairing of GImZ with glmS leading to GlmS synthesis. (B) Secondary structures of GImZ and GImY according to Mfold predictions
and structure probing (30). The three stem loops (SL1-SL3) and the single stranded regions (SSR) in the sSRNAs are denoted. The glmS base-pairing site
in GImZ is labelled in red. Processing sites in GImZ and GImY are marked with vertical arrows. For GImZ, only the most frequently used processing
site is indicated. (C) Schematic drawing depicting the composition and nomenclature of the various GImYZ chimeras and derivatives used in this study.
Sequence elements derived from GImY are shown in blue and those derived from GlmZ are labelled in red. Exact sequence coordinates can be retrieved

from Supplementary Table S2.

Isolation of total RNA and Northern analysis

Northern analysis of total RNA was carried out as de-
scribed previously (34). Details are described in Supplemen-
tary Materials and Methods.

RNase E cleavage assays

RNase E cleavage assays were performed as previously de-
scribed (30). Briefly, 40 nM of heat denatured a-*P UTP la-
belled RNA was re-natured for 5 min at 30°C in 1x reaction

buffer (25 mM Tris—HCl pH 7.5, 50 mM NaCl, 50 mM KCl,
10 mM MgCl,, | mM DTT) containing 0.1 mg/ml yeast
tRNA (Ambion). Reactions were either incubated with 150
nM Strep-RapZ or the equivalent volume of 1x reaction
buffer for additional 10 min. Cleavage was started by ad-
dition of the N-terminal catalytic domain of His-RNase E
(RNase E-N) in the assigned concentrations. The reaction
was stopped after 20 min by the addition of 4 u of Pro-
teinase K (Thermo Scientific) in 1 volume of Proteinase K
buffer (100 mM Tris—-HClpH 7.5, 12.5mM EDTA, 150 mM



NaCl, 1% SDS) and an additional incubation at 50°C for
10 min. For RNase E cleavage assays addressing the im-
pact of Hfq on GImZ processing, time course experiments
were performed. Here, cleavage of GlmZ was assessed us-
ing fixed concentrations of RNase E-N (10 nM) and Strep-
RapZ (38 nM) in the absence and presence of 150 nM Hfq.
Reactions were prepared in 80 wl volume, 10 wl samples
were taken at indicated times, and reactions were stopped
by Proteinase K treatment as above. Subsequently 2x RNA
loading dye was added and the samples were separated on
7 M urea/TBE /8% PAA gels. Gels were dried and analysed
by Phosphoimaging.

3 RACE

The 3’ RACE analysis was carried out using a previously
published protocol (34). Strain Z106 harbouring the respec-
tive plasmids encoding GImZ (pYG84), CMR4 (pYG177),
CMRS (pYG178) and CMR6 (pYG180), as well as the
wild-type strain R1279 were grown in LB-medium to mid-
log phase (ODgyy ~ 0.5-0.6) and harvested after addition
of RNAprotect™ Bacteria Reagent (Qiagen). Total RNA
was prepared using the RNeasy Mini Kit (Qiagen) and
treated with DNase I (Thermo Scientific). Subsequently, 2.5
g RNA was ligated with 100 pmol RNA oligonucleotide
RIBOLI using 20 units T4 RNA ligase (NEB) in 1x re-
action buffer (50 mM Tris—-HCI pH 7.5, 10 mM MgCl,,
1 mM DTT, 1 mM ATP, 10% DMSO) at 37°C for 2 h.
After Ethanol/LiCl precipitation, the RNA pellet was re-
suspended in 20 pl RNase free water pH 8.0. Five mi-
crolitres of the resolved RNA were incubated with 100 pmol
DNA oligonucleotide DEOXYLI and 10 mM dNTPs at
65°C for 5 min and shocked on ice. First strand cDNA
synthesis was carried out for 1 h at 42°C. The reaction
was started by addition of 200 u ProtoScript II Reverse
Transcriptase (NEB) in ProtoScript II RT Reaction buffer
(NEB) containing 40 u RNase Inhibitor (Thermo Scientific)
and 10 mM DTT. Subsequently, 2 wl of the RT reaction
were used together with primers BG946 and DEOXYLI to
amplify the cDNA products. PCR products were digested
with Pstl/BamHI and inserted into the PstI/BamHI sites
of vector pLDR10. Recombinants were analysed by colony-
PCR using primers BG946 and BG1286. PCR products cor-
responding in size to the processed form of the respective
sRNA species were sequenced.

Western blotting

Western blot analyses were performed as previously
described (30). Polyclonal rabbit anti-FLAG antiserum
(antibodies-online) was used at a dilution of 1:20 000 to de-
tect RpsT-3xFLAG. GFP was detected using GFP (D5.1)
XP® rabbit monoclonal antibody (Cell Signaling Technol-
ogy) diluted 1:10 000. The antibodies were visualized using
goat anti-rabbit IgG secondary antibodies conjugated to al-
kaline phosphatase (Promega) at a dilution of 1:100 000.
Signals were detected by chemiluminescence using CDP*
as substrate (Novagen).
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Liquid culture fluorescence measurements

Details are described in Supplementary Materials and
Methods.

RESULTS
Construction of GImYZ chimeras by domain swapping

GImY and GImZ are similar sSRNAs (Supplementary Fig-
ure S1, Figure 1B). According to in silico analysis and
previous structure probing experiments, these SRNAs fold
into three stem loops SL1, SL2 and SL3 (Figure 1B;
(30,33,34)). RapZ binds the SRNAs primarily by interac-
tion with residues located in SL2, more specifically in the
lateral bulge protruding from its basal part (30). SL3 is lo-
cated at the 3’ end of the sSRNAs and mediates transcription
termination. Accordingly, both sSRNAs carry 3’-terminal
oligo(U) sequences. Single stranded regions (SSRs) are
present between SL2 and SL3. The 26 nt long SSR of GImZ
includes the RNase E cleavage site as well as residues in-
volved in base-pairing with glmS. In contrast, the SSR of
GImY comprises only 12 nt and exhibits no complementar-
ity to g/mS. GlmY is also processed in the SSR, but by a yet
unknown enzyme (Figure 1B).

In conclusion, GImY and GImZ are composed of four
major modules: SL1, SL2, SL3 and SSR. Their similar-
ity offers no explanation for the different Hfq binding and
RNase E cleavage properties of the sSRNAs. In order to
pinpoint the molecular requirements for these activities we
swapped modules and subdomains between both sRNAs.
Ultimately, we constructed 10 different GImYZ chimeras
(designated F1-F10), the composition of which is illus-
trated schematically in Figure 1C. We reasoned that the var-
ious sSRNA modules may likely fold into their correct struc-
tures when present in context of the homologous sRNA.
Indeed, in silico analysis using Mfold (38) indicated that
all hybrid sRNAs fold in the schematically depicted man-
ner (Figure 1C). As the only exception, hybrid F10 may
adopt alternative structures with lower free energy (AG)
values. To confirm these predictions experimentally, we as-
sessed binding of the various GImYZ hybrids by RapZ us-
ing EMSA (Supplementary Figure S2). Efficient binding
should rely on proper folding of SL2, which is contacted by
RapZ. The EMSAs confirmed previous data (30) showing
that RapZ specifically binds GImY (app. K4 ~30 nM) and
GImZ (app. K4 ~75 nM). The results indicated that RapZ
binds most hybrid sRNAs similarly efficient (Supplemen-
tary Figure S2). The only exception was hybrid F10, which
required significantly higher RapZ concentrations for com-
plex formation. In conclusion, the EMSA results support
the Mfold predictions indicating that except for hybrid F10
the various chimeras form the expected secondary struc-
tures.

The 3’ end comprising the base-pairing region and the intrin-
sic terminator enables GImZ to bind Hfq with high affinity.

We previously observed that Hfq interacts with GlmZ with
high affinity in vitro (app. Kq ~10 nM), whereas its affinity
for GlmY is much lower (30), i.e. GImY requires ~10-fold
higher Hfq concentrations for complex formation (Figure
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Figure 2. Interaction of GImY, GImZ and the various chimeras with Hfq in vitro. EMSAs using a-3P-UTP labelled sSRNAs and increasing concentrations
of purified Hfq protein as indicated. Binding reactions were separated by non-denaturing gel electrophoresis and RNAs were visualized by phosphorimag-
ing. It should be noted that assays using wild-type GImZ and/or GlmY were carried out in parallel and analysed alongside (data not shown) the respective
chimeric SRNA(s) on the same gel to allow for direct comparison of the binding affinities.

2). To dissect the sequence elements responsible for these
drastically different Hfq binding properties, we tested in-
teraction of the chimeric sSRNAs with Hfq by EMSA. This
analysis generated clear-cut results: All chimeras carrying
the sequence of GImZ downstream of SL2, i.e. F8, F9 and
F10 interacted with Hfq with high affinity, indistinguishable
from GlmZ (Figure 2). In contrast, chimeras possessing the
sequence of GlmY downstream of SL2, i.e. F1, F2, F3, F4
and F5 showed a much lower affinity for Hfq, comparable
to that of GlmY. These results indicate that the sequence
following SL2 enables GImZ to interact with Hfq with high
affinity. To further dissect this module, we swapped the
SSR and SL3 of GImY individually with the correspond-
ing modules from GlmZ. Swapping SL3 (hybrid F6) only
mildly improved the Hfq binding potential when compared
to GImY (Figure 2). In contrast, swapping of the SSR re-
sulted in a SRNA (hybrid F7) with a significantly enhanced
affinity for Hfq, indicating that the SSR of GImZ is a major
determinant for interaction with Hfq. However, to obtain
the full Hfq binding potential, both modules SSR and SL3
from GImZ are required as exemplified by hybrid F8 (Fig-
ure 2; Supplementary Figure S3).

Recent studies demonstrated a role of the 3’ terminal
oligo(U) tail for interaction of some sSRNAs with Hfq (7,8).
Since SL3 of GImZ contributes to interaction with Hfq, we
determined whether the oligo(U) tail at the 3’ end is respon-
sible for this function. To this end, we tested a GImZ variant
lacking the 5 unpaired 3’-terminal uridines by EMSA. In-

deed, absence of these uridines clearly impaired interaction
although considerable Hfq binding potential was retained
as compared to GImY (Supplementary Figure S4; Figure
2). In conclusion, there are two distinct regions in GImZ
required for specific interaction with Hfq, at least in vitro:
A major interaction site is provided by the SSR of GImZ,
and the oligo(U) tail following the terminator hairpin also
contributes to interaction.

The 3’ end of GImZ provides protection against degradation
in an Hfq-dependent manner

Next, we aimed to obtain in vivo evidence supporting our
conclusion that the 3’ end of GImZ is involved in interac-
tion with Hfq. In vivo, GImZ is destabilized in the absence of
Hfq, similar to other Hfq dependent sSRNAs. Accordingly,
lower amounts of full-length GImZ are observed in /fg mu-
tants. In contrast, the amount of GlmY is unaffected (30).
To characterize the modules of GImZ providing protection
against degradation in an Hfg-dependent manner, we com-
pared steady state levels of the various GImYZ chimeras
in isogenic hfg* versus Ahfy strains. To this end, the var-
ious SRNAs were expressed from plasmid pBR—pLac, al-
lowing transcription of the sSRNAs to start at their gen-
uine +1 position from the IPTG inducible Py ,.o.; promoter
(39). Since expression of all hybrids is driven from iso-
genic plasmids by the same synthetic promoter, differences
in the sSRNA amounts likely reflect differences in stabili-
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Figure 3. Effect of a Ahfg mutation on cellular levels of GlmY, GImZ
and the various GlmYZ chimeras. Northern blot analyses addressing the
amounts of the hybrid GImYZ sRNAs present in strains Z106 (hfg*) and
7865 (Ahfq). Both strains lack chromosomal gim Y and glmZ to allow for
detection of the plasmid encoded sSRNAs using a mixture of probes specific
for GImY and GImZ. The sRNAs were transcribed from plasmid pBR-
plac under control of the Lacl-repressible Pyj,.0.; promoter (see Supple-
mentary Table S2 for plasmid names). In addition, the compatible plasmid
pFDX500 delivering Lacl was present. Bacteria were grown in LB and to-
tal RNA was extracted from samples harvested at an ODgg of ~0.3 and
~1.3, respectively. Different SRNA species are separated by lines and their
names are given alongside. Arrows denote the full-length and processed
(additionally labelled with asterisks) forms of GlImY and GImZ. The mem-
branes were re-probed against 5SS rRNA to obtain loading controls (Sup-
plementary Figure S7).

ties rather than expression. Pilot experiments revealed that
GImY and GImZ were strongly overproduced from plasmid
pBR-pLac as compared to their chromosomally encoded
copies (Supplementary Figure S5). Despite their overpro-
duction plasmid-encoded GlmY and GlmZ are functional
in regulation of g/mS translation (Supplementary Figure
S6) as predicted by the model in Figure 1. In order to ob-
tain more physiological SRNA levels, a compatible plasmid
producing Lacl for repression of the Py,.0.; promoter was
additionally introduced. The resulting transformants exhib-
ited reduced expression of the SRNAs. As demonstrated for
GImY and GImZ, the levels of plasmid and chromosomally
encoded sSRNAs were comparable, at least during exponen-
tial growth (Supplementary Figure S5).

Northern analysis showed that the amount of full-length
GImZ was significantly reduced in the /ifg mutant, whereas
GImY levels remained constant (Figure 3). Comparable re-
sults were previously obtained when addressing the chro-
mosomally encoded sSRNAs (30). From the various GImYZ
chimeras only F8, F9 and F10 were affected by the /fg mu-
tation. The amounts of the unprocessed forms of these sR-
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NAs were significantly reduced in the AAfg mutant indicat-
ing that Hfq stabilizes these hybrids. In contrast, all other
chimeras behaved as GlmY and were not affected by the /ifg
mutation. As a common feature, hybrids F8, F9 and F10
carry the SSR as well as SL3 of GImZ. Taken together, the
in vivo data (Figure 3) are in perfect agreement with the EM-
SAs (Figure 2) showing that the complete 3’ end of GImZ is
required for high affinity interaction with Hfq. In contrast,
the origin of SL1 and SL2 plays no role for this interaction.
An additional variant, which is shorter than the normally
processed species, was visible in the Afg* strain for GImZ
and also for hybrid F9. This species has not been observed
before for chromosomally encoded GImZ (30,32-34). Con-
trol experiments show that appearance of this novel GImZ
variant strictly correlates with GlmZ overproduction (Sup-
plementary Figure S5B), indicating that it might result from
aberrant cleavage due to an overload of the canonical pro-
cessing machinery (Supplementary Figure S8).

Hfq counteracts cleavage of GImZ by RNase E

Our analyses indicate that Hfq specifically binds the 3’ end
of GImZ consisting of SL3 and the SSR, which is also
cleaved by RapZ/RNase E (Figure 1B), raising the possi-
bility that interaction with Hfq protects GlImZ from cleav-
age by RNase E. To obtain evidence for this hypothesis, we
tested the impact of Hfq on cleavage of GImZ by RNase E
in vitro. Our previous data showed that presence of RapZ
and the catalytic domain of RNase E (subsequently desig-
nated RNase E-N) are essential and sufficient to reconsti-
tute processing of GImZ in vitro (30). Here, we used protein
concentrations triggering partial cleavage of GImZ within
20 min reaction time (30). The fate of GlmZ was followed
over a period of 60 min in absence and presence of 150 nM
Hfq (Figure 4). In absence of Hfq, almost complete pro-
cessing of GImZ could be observed. No cleavage occurred
in the absence of RapZ or RNase E-N or both (Figure 4,
lanes 1-3), confirming that both proteins are required for
this function. Presence of Hfq considerably retarded cleav-
age of GlmZ supporting the idea that binding of GImZ by
Hfq counteracts processing (Figure 4).

To confirm this conclusion, additional assays with vary-
ing RapZ concentrations and a constant reaction time of 20
min were performed (Supplementary Figure S9). In agree-
ment with previous data (30), an ~3-fold molar excess of
RapZ over RNase E-N was required to achieve complete
cleavage of GImZ. However, in additional presence of 150
nM Hfq, complete cleavage of GImZ was observed only at
the highest RapZ concentration corresponding to a 15-fold
molar excess over RNase E-N. In sum, the data indicate that
Hfq counteracts cleavage of GImZ by RapZ/R Nase E, most
likely by masking the RNase E cleavage site upon binding
to the SSR.

GImZ is a cofactor-dependent ‘direct entry’ substrate for
RNase E

RNase E preferentially cleaves RNAs with 5 monophos-
phorylated ends. However, initial cleavage of a distinct
group of substrates occurs via a ‘direct entry’ mechanism
that is independent of the 5’ phosphorylation status of the
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Figure 4. Hfq antagonizes cleavage of GImZ by RapZ/RNase E in vitro. Temporal course of GImZ processing by RNase E and RapZ in vitro in absence
or presence of 150 nM Hfq. Reaction mixtures containing 40 nM a-32P-UTP-labelled GImZ and the proteins designated with plus signs were incubated at
30°C. Samples were removed and reactions were stopped at the indicated times. In the first four lanes GImZ was incubated for 60 min either alone (lane
1) or together with only one of the three proteins (lanes 2-4) showing that none of these proteins is capable to trigger GlmZ decay when provided alone.
Reaction mixtures were separated on denaturing polyacrylamide gels, which were analysed by phosphorimaging. Full-length and processed (additionally

labelled with an asterisk) forms of GImZ are denoted with arrows.

RNA. Cleavage of GImZ by RNase E strictly depends on
the presence of RapZ, but the mechanistic role of this pro-
tein is essentially unknown. Removal of the 5-terminal
triphosphate from RNA substrates by RppH requires at
least two unpaired nucleotides at the RNAs 5 end (40).
However, the first two nucleotides at the 5’ end of GImZ are
presumably involved in intramolecular base-pairing (Fig-
ure 1B) suggesting that GlmZ is resistant to 5’ end dephos-
phorylation catalysed by RppH. In agreement, GImZ lev-
els are unaffected by a ArppH mutation (Supplementary
Figure S10). Hence, one possibility is that RapZ serves as
pyrophosphohydrolase specific for GImZ. To address this
question, we tested cleavage of GImZ, carrying either a
5’ triphosphate or a 5 monophosphate, by RNase E-N in
vitro. However, even when carrying a monophosphate at its
5" end, GImZ was resistant to cleavage by RNase E-N (Sup-
plementary Figure S11). Cleavage only occurred in presence
of RapZ as observed for 5'-triphosphorylated GImZ. These
observations suggest that the 5 phosphorylation state of
GImZ plays no role for its cleavage. Accordingly, GlmZ is
processed by RNase E via a ‘direct entry’ mechanism that
depends on the additional presence of RapZ.

The central stem loop of GImZ is crucial for RapZ-mediated
cleavage by RNase E

Assisted by RapZ, RNase E cleaves GImZ in the SSR in-
dependent of its 5’ phosphorylation status. However, bind-
ing of an RNA substrate by RapZ does not necessarily lead
to cleavage since GlmY, although perfectly bound by RapZ
(Supplementary Figure S2), is not cleaved by RNase E (Fig-
ure 5, Supplementary Figure S12; (30)). Consequently, ele-
ments triggering cleavage by RNase E must be present in
GImZ but absent in GlmY.

To map these elements, in vitro RNase E cleavage as-
says using the chimeras were performed. The various SRNA
species were incubated with increasing concentrations of
RNase E-N in the absence or presence of RapZ (Figure
5). For direct comparison of cleavage efficiencies, cleavage
of wild-type GlmZ was assessed in parallel. None of the
sRNAs was cleaved by RNase E in the absence of RapZ,
reemphasizing the essential role of this protein for cleavage.
In the presence of RapZ, complete cleavage by RNase E
could be observed only for hybrid SRNAs possessing SL2 of

GImZ (i.e. F4, F5, F10; Figure 5). In contrast, all chimeras
carrying SL2 of GImY were completely resistant to cleavage
(i.e. F1, F6, F7, F8). Further, the origin of SL1 appears to be
irrelevant for cleavage. Hybrids F4 and F10 were cleaved by
RNase E even though they carry SL1 of GImY (Figure 5).
To determine whether SL1 is at all required for cleavage, we
tested a 5'-truncated GImZ variant lacking SL1. The result-
ing molecule GImZ-ASL1 (Figure 1C) was still cleaved by
RapZ/RNase E, but inefficiently (Figure 5). GImZ-ASL1 is
only very weakly bound by RapZ, which might explain this
result (Supplementary Figure S2). It remains to be clarified
whether SL1 directly contributes to interaction with RapZ
or indirectly by triggering correct folding of SL2, which is
contacted by RapZ (30).

Next, we tried to dissect requirements within SL2 for
RNase E cleavage in more detail. We previously showed
that mutation of residues G132, G137 or G139, located in
the lateral bulge of SL2, strongly inhibited cleavage suggest-
ing that this element is important for processing of GlmZ
by RNase E (30). The single nucleotide deviating between
GlmY and GImZ in the apical part of this bulge is U134 in
GImZ, corresponding to residue C131 in GImY (Figure 1B
and Supplementary Figure S1). To determine whether this
position is decisive for RNase E cleavage, we swapped the
corresponding residues between GlmY and GImZ. How-
ever, we observed no changes in performance when com-
paring the mutants with the respective wt-sRNAs (Supple-
mentary Figures S2 and S12). This result suggested that
residue U134 is either not important or that multiple ele-
ments uniquely present in SL2 of GImZ are required for
RNase E cleavage. The latter possibility is supported by
additional experiments in which only parts of SL2 were
swapped between GlmY and GlmZ. Hybrids F2 and F3
correspond to GImY molecules carrying either the lower
or the upper portion of SL2 of GlmZ (Figure 1C). Hybrid
F3 was resistant to cleavage and for hybrid F2 only partial
cleavage could be observed (Figure 5). In a complementary
experiment the lower portion of SL2 in GImZ was swapped
for the corresponding element of GlmY generating hybrid
F9. Complete cleavage of this hybrid was only observable at
highest RNase E concentrations indicating inefficient pro-
cessing (Figure 5). Collectively, these results show that SL.2
of GImZ is the only element that is specifically required
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separated on the right half of the gels and their names are given alongside, respectively. Assays using wild-type GImZ were carried out in parallel and
separated alongside (left half of each gel) to allow for direct comparison of cleavage efficiencies. Full-length and processed forms of GImZ are indicated by

arrows.

from GImZ to achieve efficient cleavage of the RNAs by
RNase E in a RapZ dependent manner. Surprisingly, the
RNase E processing site itself, which is located in the SSR
of GlmZ, is dispensable for cleavage since hybrids composed
of SL2 from GImZ and the SSR from GImY are perfectly
cleaved (i.e. hybrids F4 and FY).

RNase E cleaves any sequence when fused to the 3’ end of the
RapZ/RNase E recognition module of GImZ

Our results indicated that SL2 from GlmZ serves as a recog-
nition module for RapZ/RNase E cleavage, whereas pres-
ence of the SSR containing the actual cleavage site is dis-
pensable. This observation suggested the possibility that ev-
ery single-stranded RNA-stretch regardless of its sequence
composition might be cleaved by RNase E/RapZ when
fused to the 3’ end of SL2 of GImZ. To test this idea, we
created six artificial SRNAs, CMR1-CMR6 (CMR = cleav-
age module for RNase E), which carried randomly created
sequences with varying GC content fused to the 3’ end
of the GImZ-SL1/SL2 module (Figure 6A). In all CMRs,

SL3 was replaced by the Aty transcriptional terminator.
First, we performed RNase E cleavage assays using the var-
ious CMRs. Intriguingly, all CMRs were efficiently cleaved
by RNase E/RapZ as evaluated from direct comparison
with GlmZ (Figure 6B). For some CMRs, in particular
for CMR6, a small fraction remained unprocessed, which
might be attributed to hairpin formation in the SSR. Next,
we tested whether the various CMRs are also cleaved in a
RapZ-dependent manner in vivo (Figure 7A). We performed
Northern analysis of isogenic rapZ* and ArapZ strains car-
rying the various ¢mr sequences on plasmids. Indeed, all
CMRs were efficiently cleaved in a RapZ-dependent man-
ner, i.e. full-length as well as processed CMR species were
detectable in the rapZ* strain, whereas in the ArapZ mu-
tant processing was abolished. Interestingly, the ratio of
processed versus unprocessed forms appeared to be higher
for the various CMRs when compared to GImZ. Thus, the
CMRs are processed even more efficiently in vivo, which
might be attributed to an absence of interaction with Hfq,
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by RNase E and RapZ. See legend to Figure 5 for additional information.

which in case of GImZ protects the SSR from cleavage (Fig-
ure 4).

To determine whether the CMRs are cleaved by RNase
E/RapZ within their SSRs, in a manner analogous to
GImZ, we mapped the 3’ ends of the processed variants of
CMR4, CMRS5 and CMR6 by 3' RACE (Figure 7B). In-
deed, all cleavages took place within the arbitrarily com-
posed SSRs. Although processing events were somewhat
scattered between positions 151-158, the majority of cleav-
ages occurred between positions 152/153 and 153/154, i.e.
6 and 7 residues, respectively, downstream of SL2 (Figures
6A and 7B). A length of 155 nt was previously reported
for the processed species of GImZ (41) suggesting that it
is cleaved two residues further downstream as compared
to the CMRs. To clarify this point, we also mapped the
3’ ends of the processed form of chromosomal and plas-
mid encoded GImZ (Figures 6A and 7B). Taken together,
RNase E cleaves GImZ preferentially between positions
153/154 (7 clones) and 155/156 (5 clones). These results

are in agreement with previous Northern analysis showing
that two processed GlmZ species slightly differing in length
were detectable when separated on high resolution acry-
lamide gels (34). Collectively, our data demonstrate that
RNase E/RapZ cleave any foreign sequence regardless of
its GC content, when fused to the 3’ end of the GImZ-
SL1/SL2 module. This cleavage preferentially occurs be-
tween residues 6/7 or 7/8 within the foreign sequence.

Modulating mRNA and protein abundance using the condi-
tional module for RNase E cleavage

Upon cleavage, the foreign RNA that is fused to the GlmZ-
SL1/SL2 module is released in a 5 monophosphorylated
state. Such RNAs are expected to become rapidly degraded
due to their interaction with the 5 phosphate binding
pocket of RNase E. Therefore, we reasoned that this tool
may be used to modulate mRNA and accordingly pro-
tein abundance in a RapZ-dependent manner. That is, an
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Figure 7. Foreign RNAs fused to the SL1/SL2 module of GImZ are
cleaved at defined positions in vivo in a RapZ-dependent manner regard-
less of their sequence. (A) Northern analysis addressing RapZ-dependent
cleavage of artificial RNAs CMR1-CMRG6 in vivo. GImZ and the various
CMR RNAs were expressed from plasmid pBR-plac (see Supplementary
Table S2 for plasmid names) in strains Z106 (rapZ*) and Z864 (ArapZ),
respectively. Both strains lack endogenous glmY and glmZ to allow for
specific detection of the plasmid encoded sRNAs. Additionally plasmid
pFDX500 producing Lacl was present. Total RNA was isolated from ex-
ponentially grown cells and analysed by Northern blotting using a mix-
ture of probes directed against GImZ and the various CMRs, respectively.
Strain Z96 was analysed in parallel (lane 1) to compare the length of the
various RNAs with chromosomally encoded GImZ. The membranes were
re-probed against 5S rRNA (bottom). (B) Results of the 3’ RACE analy-
sis mapping the 3’ ends of processed CMR4-6 and of chromosomally and
plasmid-encoded GImZ. Amplified cDNA products were cloned and at
least 10 inserts corresponding in size to the processed variants were anal-
ysed by sequencing. The frequency of occurrence of the individual species
is indicated. Adenosine residues in bold are not represented in the SRNA
gene and were post-transcriptionally added.

mRNA fused to GImZ-SL1/SL2 should be relatively sta-
ble and susceptible to translation in absence of RapZ. Upon
RapZ availability, RNase E would release the mRNA from
the fusion in a 5 monophosphorylated state, leading to its
rapid decay and consequently to low levels of the mRNA
product (Figure 8A). To test this idea, we first used the
well-studied rps T mRNA, which encodes ribosomal protein
S20 (18). We created a fusion gene comprising the GlmZ-
SL1/SL2 module fused the 5 end of the sequence corre-
sponding to the rpsT mRNA started from its P2 promoter
(Figure 8A). As a difference, Aty rather than the endogenous
rpsT terminator is used to stop transcription. Moreover, we
added the sequence encoding the 3xFLAG epitope in frame
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to the 3’ end of the rpsT orf'to facilitate detection of the en-
coded protein.

The gimZ’-rpsT fusion gene was placed on a plasmid un-
der control of the Prj.0.; promoter and subsequently in-
troduced into a rapZ* strain, a ArapZ mutant and a rapZ*
strain additionally overexpressing rapZ. First, we deter-
mined the levels of the glmZ’-rpsT fusion mRNA present
in the various strains by Northern analysis (Figure 8§B).
For comparison, the same strains expressing GlmZ rather
than the glmZ’-rpsT fusion were tested in parallel. With a
GImZ-specific probe, two transcripts were detected in the
rapZ”* strain encoding the gimZ’-rpsT mRNA: A signal
corresponding to the size of processed GlmZ representing
the 5 cleavage product and an additional faint band cor-
responding to unprocessed glmZ’-rpsT mRNA (Figure 8B,
compare lane 2 with lanes 1 and 5). Intensity of the latter
signal increased in the ArapZ mutant while the 5’ cleavage
product disappeared as observed for SRNA GImZ (Figure
8B, lanes 2, 3, 5, 6). Upon rapZ overexpression, full-length
gimZ’-rpsT was almost undetectable, whereas the 5’ cleav-
age product strongly accumulated (Figure 8B, lane 4). Com-
parable results were obtained with an rpsT-specific probe.
This probe detected the two chromosomally encoded rpsT
transcripts, which originate from two alternative promoters
(P1 or P2) and therefore differ in length (447 nt versus 357
nt; Figure 8, lanes 8-11). An additional band corresponding
to the 555 nt long gimZ’-rpsT fusion mRNA was detected
in the rapZ™ strain and this signal increased in the ArapZ
mutant, but was absent in the RapZ overproducer (Figure
8, lanes 9-11).

To determine whether the detected differences in glmZ’-
rpsT mRNA levels also impact on the amounts of RpsT-
3xFLAG protein, Western analysis was conducted (Figure
8C). Indeed, highest RpsT-3xFLAG protein amounts were
present in the ArapZ mutant. In contrast, only low RpsT-
3xFLAG amounts were observed in the rapZ overexpress-
ing strain, whereas intermediary levels were detected in the
rapZ* strain (Figure 8C, compare lanes 2-4 and 5-7). In
sum, these results suggest that the GlmZ-SL1/SL2 mod-
ule allows modulating abundance of a fused mRNA and
its encoded protein product at the post-transcriptional level
by RapZ availability. To support this conclusion, we per-
formed an additional experiment using a fusion gene com-
prising the GImZ-SL1/SL2 module fused to the 5" end of
a gfpmut3* allele rather than the rpsT gene. The corre-
sponding Gfpmut3* variant is provided with a SsrA pro-
tein degradation-tag resulting in a half-live of ~40 min (42),
which is likely shorter than the notoriously long half-live
of ribosomal proteins such as RpsT. The construct encod-
ing the glmZ’-gfpmut3* fusion gene was introduced into the
rapZ* strain, the ArapZ mutant and the strain overexpress-
ing rapZ. Subsequently, we measured the fluorescence pro-
duced by these transformants and assessed in parallel their
Gfpmut3* protein levels by Western blotting (Figure 8D).
Indeed, fluorescence was detectable in the ArapZ mutant,
whereas fluorescence yields produced by the rapZ* strains
were close to background levels (Figure 8D, left). In agree-
ment, Western blotting detected the Gfpmut3* protein ex-
clusively in the ArapZ mutant, whereas it was undetectable
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Figure 8. The SL1/SL2 module of GImZ allows posttranscriptional regulation of mRNA and protein abundance through modulation of RapZ availability.
(A) Outline of the experimental approach to address RapZ-dependent cleavage of artificial fusion mRNAs by RNase E. One tested fusion RNA consists
of the rpsT-P, transcript (rpsT —43 to +261; in green) fused to the 3" end of the GImZ-SL1/SL2 module (in red). The sequence encoding the 3xFLAG
epitope was fused in frame to the 3’ end of the rpsT orf to enable detection of the encoded RpsT protein. The Aty terminator at the 3’ end (in blue)
serves to stop transcription. The second tested fusion RNA carries the sequence encoding an unstable Gfpmut3* variant including a 31 nt long 5 UTR
fused to the GImZ-SL1/SL2 module. The fusion RNAs are expected to be stable and expressed in the absence of RapZ protein (left). RapZ availability
leads to recruitment of RNase E, which cleaves the transcripts a few residues after the SL1/SL2 module leading to release of the rpsT and gfpmut3*
mRNAs, respectively, bearing monophosphate groups at their 5’ ends (middle). Accordingly, the latter transcripts are expected to become rapidly degraded
via the 5" end dependent pathway suppressing synthesis of the encoded proteins (right). (B) Northern blot analysis of cells transcribing the glmZ’-rpsT
fusion mRNA from the Py ,.0-; promoter on plasmid pYG183 (lanes 2-4 and 9-11). For comparison, cells expressing SRNA GImZ from plasmid pYG84
were tested in parallel (lanes 5-7). The plasmids were introduced into strains Z106 (rapZ™; lanes 2, 5, 9), Z864 (ArapZ; lanes 3, 6, 10) and strain Z106
overexpressing rapZ from plasmid pFDX4324 (lanes 4, 7, 11), respectively. These strains lacked chromosomally encoded g/mY and glmZ. In addition, the
compatible plasmid pFDXS500 delivering Lacl for repression of the Py j,.0.; promoter was present. Total RNA extracted from exponentially growing cells
was hybridized with probes specific for GImZ (lanes 1-7) or rpsT (lanes 8-11). RNA extracted from wild-type strain R1279 was included for detection of
chromosomally encoded endogenous GImZ (lane 1) and rpsT transcripts (lane 8). (C) Western analysis addressing the impact of RapZ on synthesis of the
RpsT-FLAG protein encoded by the glmZ’-rpsT fusion mRNA. The strains and transformants used in Figure 8B, lanes 1-4 were tested. Protein extracts
were prepared from cells harvested at cell densities corresponding to ODygo readings of ~0.25 (lanes 2-4) and ~0.5 (lanes 1 and 5-7) and subsequently
separated on 15% SDS polyacrylamide gels and blotted. Application of the a-FLAG antiserum detected the RpsT-FLAG protein, which was absent in
the untransformed wild-type strain R1279 (lane 1; negative control). A non-specifically detected protein band served as loading control (marked with an
arrow). (D) Fluorescence measurements (left) and Western analysis (right) of strains transcribing the glmZ’-gfpmut3* fusion mRNA. The same strains as
described for Figure 8B, lanes 2-4 were used, but as a difference the strains carried plasmid pYG213 encoding the gimZ’-gfpmut3* mRNA rather than
plasmid pYG183. Fluorescence yields above background levels are expressed as arbitrary units [AU]. In the Western blotting analysis, strain Z106 carrying
the empty plasmid pBR—pLac was included as a negative control (lane 1). As a loading control, the SDS PAA gel stained after blotting is provided at the
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in the rapZ™ strain and in the RapZ overproducing strain
(Figure 8D, right).

DISCUSSION

In the current work, we dissected functional modules in
a bacterial SRNA by domain swapping. Advantageously,
this approach may ensure correct folding of modules within
the context of the homologous sRNA, as opposed to mu-
tational and deletion analyses that generate unpredictable
constraints on SRNA structures. We identified two distinct
regions in GlmZ, namely the 3’ terminal oligo(U) tail and
the SSR preceding the transcriptional terminator, which be-
stow the ability to interact with Hfq. Consequently, Hfq
binding inhibits GImZ processing, most likely by prevent-
ing access of RNase E to the overlapping cleavage site. In-
triguingly, the sequence comprising this site is not manda-
tory for RapZ-mediated cleavage by RNase E. In contrast,
the central stem loop of GImZ triggers cleavage within any
RNA that is attached to its 3’ end suggesting a novel mech-
anism for RNase E ‘direct entry’ mediated by an RNA-
binding protein. Finally, we showed that GImZ provides an
aptamer for generation of 5 monophosphorylated RNAs
by request, through modulation of RapZ availability. This
tool might not only be valuable for RNA research in gen-
eral, but also permits to control gene expression at the post-
transcriptional level through modulation of RNA decay.
GImZ binds Hfq with an affinity of ~10 nM. GImY re-
quires much higher Hfq concentrations indicating that it is
not a bona fide Hfg-binding sSRNA (Figure 2; (30)). Incon-
sistent with our data, another study reported comparable
Hfq binding affinities for both sSRNAs in the range of 4-
S nM (4). Yet, our current data unequivocally show that
high affinity for Hfq is an exclusive feature of GImZ and
determined by its 3’ end. By swapping this element, the Hfq
binding potential of GlmZ is transferred to GlmY (Fig-
ures 2 and 3; Supplementary Figure S3). Our findings are
supported by global Hfq pulldown studies, which identi-
fied GImZ and the glmS mRNA as being associated with
Hfq, whereas GImY could not be retrieved (43-45). Taken
together, it appears unlikely that GlmY relies on Hfq for
function as proposed by Salim et al. (4). GlmY requires
Hfq, neither for turnover (Figure 3) nor for recruitment of
RapZ (Supplementary Figure S2), as it perfectly counter-
acts cleavage of GImZ in vitro in absence of Hfq (30). GImZ
uses two distinct elements, the 3’ terminal oligo(U) tail and
the SSR, to contact Hfq. The latter element is also consis-
tent with a recent Hfq—RNA crosslinking study proposing
that the consensus Hfq binding site may include U-U din-
ucleotide(s) close to or overlapping the sSRNAs seed region
(45). The SSR of GImZ contains three U-U dinucleotides,
which overlap the base-pairing site (Figure 1B). GImZ com-
petes with other SRNAs for binding to Hfq and is accord-
ingly destabilized upon overproduction of Hfg-associated
sRNAs (11,29). This suggests that GImZ contacts Hfq in
a manner similar to other sSRNAs (7-9,12): the 3’ termi-
nal oligo(U) tail may bind the proximal face, while the SSR
might contact the rim, although this remains to be proven.
In contrast, GImY is an inefficient competitor (11), consis-
tent with its weak Hfq binding potential observed here (Fig-
ures 2 and 3). GImY lacks an accessible 3’ oligo(U) tail and
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its SSR might be too short or structurally constrained to
undergo high affinity interactions with Hfq.

Binding of Hfq protects GImZ from processing by R Nase
E, presumably by blocking access to the cleavage site (Fig-
ure 4). Thus, the fate of GImZ is ultimately determined by
competition between Hfq and RapZ (Figure 1A). When
the concentration of free RapZ is high, it will rapidly bind
GImZ and target it to cleavage before Hfq may associate.
When RapZ is sequestered by GlmY, Hfq may bind and
protect GImZ, thereby steering it to base-pairing. Inhibi-
tion of cleavage by Hfq due to overlapping RNase E cleav-
age and Hfq binding sites has also been observed for sR-
NAs DsrA and RprA (14,28). Interestingly, degradation of
RprA by RNase E is regulated by osmolarity through a
yet unknown mechanism (27). It is tempting to speculate
that mechanisms reminiscent of GImZ also control the fates
of these SRNAs: when superfluous, they are degraded by
RNase E, which might be recruited by an adapter protein
or by a base-pairing RNA sponge as reported for SRNA
GcevB (29). When required, Hfq binding may protect and
license the SRNAs to base-pairing.

Attempts have been made to define a consensus sequence
for RNase E target sites. These studies concluded that
RNase E cleaves single-stranded AU-rich sequences, prefer-
ably those carrying a G residue 2 nt upstream of the scissile
bond (18,22). This assumption appears to be foiled by our
observation that RNase E (assisted by RapZ) even cleaves
100% GC-rich sequences when fused to SL2 of GImZ.
Moreover, cleavage did not require a G residue at the -2 po-
sition (Figures 6 and 7). In contrast, RNase E apparently
cleaved at a fixed distance 6 or 7 nt downstream of SL.2. Us-
ing this device RNase E can be redirected to cleave within
any RNA sequence, but how does it work? GlmZ does not
fulfil the requirements for either of the two known paths
of RNase E cleavage. The phosphorylation state of its 5’
end plays no role for cleavage (Supplementary Figures S10
and S11), and there is only one SSR to which RNase E may
bind. The need for a second handhold in GImZ may be by-
passed by RapZ, which binds GlmZ at SL2 and also inter-
acts with the RNase E N-terminus. Consequently, GImZ is
completely resistant to cleavage in absence of RapZ (Sup-
plementary Figure S11; (30)). However, RNA binding by
RapZ per se is not sufficient for its cleavage, since substrates
containing SL2 of GlmY are not cut (Supplementary Fig-
ure S2 and Figure 5). The lateral bulge in SL2 is not a dis-
criminating element since its apical part is conserved in both
sRNAs (Supplementary Figure S1) and the only deviat-
ing residue (U134 in GImZ) has no impact (Supplementary
Figure S12). We speculate that only substrates containing
SL2 of GImZ can be sterically orientated by RapZ allowing
RNase E to access the adjacent SSR, which is ultimately
cleaved. Alternatively, RapZ might melt SL2 of GlmZ pro-
viding an additional handhold for RNase E. Melting may
be impaired in case of GImY due to stronger base-pairings
(Figure 1B). This mechanism could provide an explana-
tion for our unsuccessful attempts to further dissect SL2
of GImZ for elements conferring efficient cleavage (Figure
5). Irrespective of the mechanistic details, GImZ apparently
represents a novel type of RNase E substrates that uses an
adaptor protein to provide entry for RNase E in a regulated
manner. This concept might also hold true for other tran-
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scripts. At least two further sSRNAs, CsrB and CsrC, require
an auxiliary protein for degradation by RNase E (46).

Finally, we report a tool allowing release of any RNA
of interest in a completely 5 monophosphorylated state.
As the scissile phosphodiester bond in the RNA is deter-
mined by distance and not by sequence (Figures 6A and
7B), no foreign nucleotides are added to the 5 cleavage
products. Thus, RNA isoforms can be generated differing
from naturally encoded transcripts only by bearing 5’ ter-
minal monophosphates. So far, only a few similar devices
exist. By modulating the RNA binding code of a PUF do-
main, a fused PIN nuclease domain can be reprogrammed
to recognize a specific RNA sequence (47). However, these
enzymes generate cleavage products of heterogeneous size
and exhibit considerable off-target activity. Recently, RNA
thermometers exposing an RNase E cleavage site upon tem-
perature increase have been engineered (48). As a limita-
tion, temperature has significant side effects on physiology
including various processes controlled by RNase E (49).
Other tools release downstream cleavage products with 5
hydroxyl groups. This applies to ribozymes as well as many
endoribonucleases used in biotechnology (50). As 5 hy-
droxylated RNAs are highly stable in E. coli (50,51), these
approaches are not suited to generate rapidly degradable
cleavage products. Here, we provide preliminary evidence
that the GImZ-SL1/SL2 aptamer can be used to regu-
late mRNA and accordingly protein abundance by adjust-
ing RapZ levels, which are limiting for cleavage (Figure
8). By using an inducible expression system for RapZ, tar-
get RNA cleavage and thereby expression rates may be dy-
namically modulated. This tool might be useful to study
toxin/antitoxin systems and essential genes as it allows for
rapid depletion of functional RNAs. In sSRNA research it
could serve to investigate whether sSRNA activity or recruit-
ment to Hfq is affected by the 5 phosphorylation status
(2). For instance, it can be used to clarify whether activa-
tion of RNase E through 5 monophosphates provided by
base-paired SRNAs is a more widespread phenomenon and
is functional in vivo (24). Moreover, several SRNAs accu-
mulate as processed 3’ species presenting a new 5’ end for
target interactions (52,53). Using the GImZ-SL1/SL2 mod-
ule such shorter monophosphorylated SRINAs could be re-
leased on demand, facilitating their study in vivo.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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