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ABSTRACT

In Pseudomonas aeruginosa the RNA chaperone Hfq
and the catabolite repression control protein (Crc)
govern translation of numerous transcripts during
carbon catabolite repression. Here, Crc was shown
to enhance Hfg-mediated translational repression
of several mRNAs. We have developed a single-
molecule fluorescence assay to quantitatively as-
sess the cooperation of Hfq and Crc to form a repres-
sive complex on a RNA, encompassing the trans-
lation initiation region and the proximal coding se-
quence of the P. aeruginosa amiE gene. The pres-
ence of Crc did not change the amiE RNA-Hfq inter-
action lifetimes, whereas it changed the equilibrium
towards more stable repressive complexes. This ob-
servation is in accord with Cryo-EM analyses, which
showed an increased compactness of the repressive
Hfg/Crc/RNA assemblies. These biophysical stud-
ies revealed how Crc protein kinetically stabilizes
Hfq/RNA complexes, and how the two proteins to-
gether fold a large segment of the mRNA into a
more compact translationally repressive structure. In
fact, the presence of Crc resulted in stronger trans-
lational repression in vitro and in a significantly re-
duced half-life of the target amiE mRNA in vivo. Al-
though Hfq is well-known to act with small regula-
tory RNAs, this study shows how Hfq can collaborate
with another protein to down-regulate translation
of mRNAs that become targets for the degradative
machinery.

INTRODUCTION

The opportunistic human pathogen P. aeruginosa (Pae) fea-
tures two extensive post-transcriptional networks that de-
pend on Hfq (1,2) and the CsrA-like Rsm proteins (3,4).
Hfg-dependent regulation controls virulence traits (5-7),
including the susceptibility to clinically relevant antibiotics
(8-10). As in Enterobacteriaceae (11), Hfq was shown to
exert these functions in Pae by assisting riboregulation by
small RNAs (sRNAs; 10,12-14) as well as by directly act-
ing as a translational repressor on target mRNAs (2,7).
The CsrA/RsmA family of dimeric translational repressors
control virulence gene expression in pathogenic Bacteria
(3,15) including Pae (16). Members of this family recognize
a GGA motif usually present in the Shine and Dalgarno se-
quence of target mRNAs that is exposed in the loop of a
hairpin (17,18).

In Bacteria, the uptake and utilization of carbon com-
pounds is controlled in a hierarchical manner by a mech-
anism known as carbon catabolite repression (CCR).
Whereas in Enterobacteriaceae and Firmicutes CCR is pre-
dominantly controlled at the level of transcription (19), in
Pseudomonas spp. CCR operates at the post-transcriptional
level (20). In Pae Hfq was shown to act as a translational
repressor of uptake and degradative functions required for
utilization of carbon and nitrogen sources other than the
preferred one (2). Several studies revealed that Hfq forms a
repressive complex together with the catabolite repression
control protein Crc on target mRNAs, e.g. amiE mRNA
encoding an aliphatic amidase (21,22). As Crc was shown
to promote Hfg-mediated translational repression of sev-
eral mRNAs (2), it can be regarded as a translational co-
repressor. Moreover, a recent ChIP-seq study and a com-
bined RNA-seq/proteomics approach identified 100- (1)
and 244 mRNAs (23), respectively, to be regulated by Hfq
and Crc. Cryo-EM studies showed that a segment encom-
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passing the ribosome binding site of amiE mRNA is sand-
wiched between Hfq and Crc, thus rationalizing the auxil-
iary function of Crc in Hfg-mediated translational repres-
sion by obstructing initiating ribosomes (24).

The response to different carbon sources is mediated
through different levels of the regulatory RNA CrcZ
(25,26). As CrcZ displays several Hfq binding motifs, it se-
questers Hfq when CCR is alleviated (2,22), which in turn
directs metabolism to use less preferred carbon and nitrogen
sources. CrcZ expression is under control of the alternative
sigma factor RpoN and the two component signalling sys-
tem CbrA/B (25,27). As CrcZ acts as a decoy for Hfq, it
interferes not only with direct translational repression by
Hfq/Crc (2) but also with Hfg-mediated riboregulation by
sRNAs (13), with impact on biofilm formation (28) and an-
tibiotic susceptibility (8,9).

In isolation, the Crc protein has no intrinsic affinity for
either RNA (29) or Hfq (22). However, it can cooperate
with Hfq to assemble a complex on RNAs that contain
(AAN), or (ARN), repeats, in which A is an adenine, R
is a purine (A/G) and N is any nucleotide, which align
to engage the six tripartite binding pockets on the distal
face of Hfq (22,30-32). Although the presence of Crc did
not significantly enhance the affinity of Hfq for an amiE
derived RNA octadecamer, encompassing five consecutive
AAN triplets followed by one ARN triplet (amiEgarN),
the Hfq/Crc/amiEgarn assembly displayed an increased
stability when compared with the Hfq/amiEgarn complex
alone (22). Structural studies on Hfq/Crc/amiEgarn com-
plex supported and explained these findings. The assem-
bly was formed by two stacked Hfq hexamers with each
bound to one amiEgarn motif and two interconnecting Crc
protomers, predominantly contacting the RNA molecules
bound to the Hfq hexamers (24).

Here, we have studied Hfq/Crc complexes formed on a
longer amiE mRNA sub-sequence (amiE102 RNA; Figure
1A), encompassing the translation initiation region and the
proximal coding sequence. Single-molecule co-localization
experiments revealed that the presence of Crc did not
change the amiE102 RNA-Hfq interaction lifetimes. How-
ever, Crc increased the probability of forming stable com-
plexes, which is supported by Cryo-EM studies, showing
that the presence of Crc increases the compactness of the re-
pressive complexes. In vitro translation assays corroborate
these findings as the presence of Crc resulted in stronger
translational repression, which can be reconciled with the
significantly reduced stability of amiE mRNA in Pae strain
PAO1 when compared with PAO1 Acrc.

MATERIALS AND METHODS
Strains and Plasmids

The strains and plasmids used in these studies are indicated
throughout the text and newly constructed plasmids are de-
scribed in Supplementary Materials and Methods.

Protein purification

The P aeruginosa Hfq/Hfqsesc-Flag heterooligomer
(Hfg*) used in the single-molecule assays was pro-

duced in E. coli strain JW4130F Ahfg(pKEHfqp,;
pBADH(fqp,es65c-Flag). The cells were grown at 37°C in
LB medium. At an ODygyy of 0.7, the synthesis of Hfg*
was induced by addition of IPTG and arabinose to a final
concentration of 1 mM and 0.02%, respectively. The cells
were harvested after 2 h, the cell pellet was resuspended
in lysis buffer (50 mM Tris—HCI pH 8.0, 1.5 M NaCl, 250
mM MgCl,, 1 mM PMSF, 1 mM B-mercaptoethanol, 1
mM EDTA, 10 pg/ml DNAse I, 10 pg/ml RNaseA), and
the cells were lysed by sonication. First, Hfg* was highly
enriched by heating and ammonium sufate precipitation
followed by three consecutive chromatography steps as
described in detail by Beich-Frandsen er al. (33). To
further determine the ratio between wild type (wt) Hfq
and Hfqgsesc-Flag in the Hfq* mixture, Hfq* was captured
with anti-Flag M2 magnetic beads (Sigma Aldrich) as
specified by the manufacturer. Then, given the difference
in size between Hfq wt and Hfqgsesc-Flag, a western-blot
analysis was performed with anti-Hfq antibodies to de-
termine the ratio of Hfq wt and Hfqgesc-Flag. Both,
the column purified Hfq* and Hfq*, captured with the
anti-Flag M2 magnetic beads, showed a 1:1 ratio of Hfq
wt and Hfqsgsc-Flag (Supplementary Figure S1A). For the
Cryo-EM studies, Pae Hfq was purified from E. coli strain
JW4130F’ Ahfq harboring plasmid pK EHfqp,. as described
before (33).

Crc was purified from strain PAOI(pMMB67HE-6His-
3C-Crc) by Ni-affinity chromatography followed by re-
moval of the Hisg-tag with GST-HRV14-3C “PreScission”
protease as described by Milojevic et al. (29).

Single-molecule experiments

The RNA molecules used for the single-molecule exper-
iments were prepared by in vitro transcription using T7
RNA polymerase, and then purified on 8 M urea 8%
polyacrylamide gels. The DNA templates for transcription
were obtained by extension of chemically synthesized
overlapping oligodeoxyribonucleotides (Thermo Fisher
Scientific) with Q5 DNA polymerase (NEB). The template
for the amiE102 sub-sequence, which comprises nt —40 to
+60 of amiE mRNA relative to the A (+1) of the AUG start
codon, plus two additional Gs at the 5’end (Figure 1A) was
generated by hybridization and extension of the amiE_F
(5-TAATACGACTCACTATAGGTTTTTTCGTCCCG
AAAAAATAACAACAAGAGGTGATATCCATGC
GTCACGGCGATATTTCCAGCAGC-3) and amiE R
(5CCTGTGTCCTGTGTGTCCTGTCCAAAGTGTGT
CGTCCTGTAGTTGACCACCGCCACTCCGACGG
TGTCGTTGCTGCTGGAAATATCGCCG-3') oligonu-
cleotides, while the amiE_5 AANmut RNA (Figure 2A)
was obtained by using the amiE_AANmut_F oligonu-
cleotide (5- TAATACGACTCACTATAGGTTTTTTC
GTCCCGAAAAAATAGGTGATATCCATGC-GT
CACGGCGATATTTCCAGCAGC-3) in combination
with the oligonucleotide amiE R. The amiE_3’ ARNmut
RNA (Figure 2B) was obtained by the combination
of primers: amiE 61_F (5-TAATACGACTCACTAT
AGGTTTTTTCGTCCCGAAAAAATAACAACAAG
AGGTGATATCCATGCGTCACG-3') and amiE 61-
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Figure 1. Crc stabilizes Hfq/RNA complexes. (A) Predicted secondary structure (54) of amiE102 RNA. The two G nucleotides (gg) at the 5'end were
added to facilitate in vitro transcription. The amiEgarn motif overlapping with the Shine and Dalgarno sequence, which can fully occupy the six tripartite
A(A)RN binding pockets on the distal side of Hfq (24), and putative AA(R)N motifs downstream of the AUG are highlighted in yellow. (B) Schematic of
the single-molecule assay using immobilized Hfq* and CyS5-labeled amiE102 RNA. The sequence of the extension present in amiE102 RNA is indicated
in green. (C-F) Representative binding events for single Hfq* hexamers in the absence or presence of Crc. Top panels, fluorescence intensity upon CyS5
excitation with 0.1 s frames. Bottom panels, rastergrams depicting Hfq*/RNA or Hfq/Crc/RNA interactions. 50 randomly selected traces are shown.
Each horizontal bar represents an individual binding event. (C) Hfq*/amiE102 binding; (D) Hfq* /amiE102 binding in the presence of 100 nM Crc; (E, F).
The presence of Crc increased the population of long-lived RNA-Hfq* complexes. Comparison of the lifetimes (75 (shorty and T (1ong); E) and amplitudes
for the long lifetime (ar ; F) from maximum likelihood analysis of the dwell times. Details are shown in Supplementary Figure S2 and Supplementary Table
S1. The error bars represent the s.d. of the mean determined from bootstrap analysis. Details of the number of observations and fit parameters can be
found in Supplementary Figure S2 and Supplementary Table S1. The p values were calculated using an unpaired 7-test. * indicates P < 0.05.
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Figure 2. Hfq binds to the upstream and downstream (AA(R)N motifs. (A, B) Predicted secondary structure of the amiE_5 AANmut (A) and
amiE_3’ ARNmut (B) variants. The remaining AAN or ARN motifs in both RNAs are highlighted in yellow. The sequence of the extension hybridiz-
ing with Cy5-labeled DNA is indicated in green. SL, stem-loop. (C, D) Representative binding events between single Hfq* hexamers and amiE_5’ AANmut
(C) and amiE_3’ ARNmut (D), respectively. Top panels, fluorescence intensity upon Cy5 excitation with 0.1 s frames. Bottom panels, rastergrams depicting
the Hfg*/RNA interactions. 50 randomly selected traces are shown. Each horizontal bar represents an individual binding event. (E, F) Comparison of the
lifetimes (T (transient)» TS (short) a1d. T (long); E) and the corresponding amplitudes (aT (transient)» @s (shorty a1d AL (long); F) from maximum likelihood analysis
of the dwell times of amiE_5’ AANmut (orange) and amiE_5 AANmut (purple), respectively, on Hfq in the absence or presence of Crc. The error bars rep-
resent the s.d. of the mean determined from bootstrap analysis. Details of the number of observations and fit parameters can be found in Supplementary
Figure S3 and Supplementary Table S1.



linker-R (5-CCTGTGTCCTGTGTGTCCTGTCCA-
AAGTGTGTCGTCCTGTAGTTGGAAATATCGCC
GTGACGCATGGATATCACC-3'). The resulting RNAs
contained the 3’end extension -//-5-AGGACGACACAC
TTTGGACAGGACACACAGGACACAGG-3, which
is complementary to the SA5-Cy5 DNA oligonucleotide
(5-CCTGTGTCCTGTGTGTCCTGTCCAAAGTGTGT
CGTCC-3'/3Cy5/; 34).

Single-molecule data were collected using a custom-built
prism-based total internal reflection fluorescence (TIRF)
microscope with an EMCCD camera (Andor). A 640 nm
laser was used for Cy5 excitation. A selected field of view
was recorded upon flow of Cy5-RNA for 3 minutes. The
Cy5 emission signals were collected through a 60 x water
immersion objective using custom software developed in the
Ha Lab (smCamera).

The amiE102 RNA (250 nM) or variants thereof were
added to the same concentration of the SA5-Cy5 DNA nu-
cleotide and annealed by denaturation at 75°C for 5 min in
I1x TNK buffer (10 mM Tris—HCI pH 7.5, 50 mM NacCl,
50 mM KCl), refolded at 37°C for 15 min, and equilibrated
at 20°C. DDS-coated quartz slides were pre-treated with
biotinylated BSA (0.2 mg/ml), Tween-20 (0.2%) and Neu-
travidin (0.1 mg/ml) as previously described (35). Biotiny-
lated anti-FLAG antibodies (1mg/ml) were 12.500x di-
luted in imaging buffer (10 mM Tris—HCI pH 7.5, 50 mM
NacCl, 50 mM KCl, 4 mM Trolox, 0.01% octaethylene glycol
monododecyl- ether (Nikkol), 0.8% glucose, 2 U RNasin
Plus) and applied to the slide for 5 min. Unbound anti-
body was removed by washing with imaging buffer. The im-
mobilized antibody was incubated with 20 nM Hfq* for 5
min, then washed with imaging buffer supplemented with
165 U/ml glucose oxidase. We used unlabeled protein be-
cause we noticed that labeling of Pae Hfq* changes the ki-
netics of RNA binding. The RNA/DNA complexes were
diluted to 1 nM in imaging buffer containing glucose oxi-
dase and added to the slide channel in the absence or pres-
ence of 100 or 500 nM Crc. As judged from native gel
mobility shift assays, the Cy5S DNA oligomer was not dis-
placed from the RNA by Hfq (not shown). The time tra-
jectories of single molecules were extracted from the CCD
images using custom IDL code developed in the Ha lab.
The Cy5 molecules were selected based on spots appearing
in the acceptor channel during the whole duration of the
movie.

Single-molecule data analysis

The dwell times were collected using custom Matlab code.
To estimate the lifetimes and associated errors, un-binned
distributions were fit using maximum likelihood methods
(36) to equations containing two or three exponential terms
(Equations 1 and 2, respectively). In both equations, ¢, is
the minimum resolvable time interval in the experiment, ¢,
represents the duration of the experiment, 7, 75, T3 repre-
sent characteristic lifetimes and «, a;, and a, are the fitted
amplitudes; a3 = 1— a;— ap. The amplitudes of each term
of an exponential distribution represent the proportion of
detected events that occur with a given rate constant (1/71).
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Errors in fitted parameters were determined by boot-
strapping 1000 random samples of initial data, fitting the
resultant values with a normal distribution, and determin-
ing the standard deviation, . The error for a3 was obtained
by error propagation (Equation 3).
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Error bars in the histograms visualizing the maximum
likelihood fits represent the standard deviation (Equation
4), where N is the number of events and P is the event prob-

ability.
o =y/NP(1-P) )

To assess the significance of the observed changes in the
absence versus the presence of Crc, a two-tailed, unpaired
t-test was performed to calculate the P value between given
conditions using GraphPad Prism 6.

Cryo-EM sample preparation, imaging and data analysis

For the Cryo-EM studies, amiE105 RNA (nt —45 to
+60 of amiE mRNA with respect to the A (+1) of the
AUG start codon was prepared by in vitro transcrip-
tion using T7 RNA polymerase, and then purified on
a 8M urea 8% polyacrylamide gel. The DNA template
was amplified by PCR using the primer pair R185 (§'-
TCTAGACGTAATACGACTCACTATAGGGCCTT-

TTTTCGTCCCGAAAAAATAACAAC-3) and Z172
(5-GTAGTTGACCACCGCCACTC-3'), wherein the
forward primer R185 contained the T7 promoter sequence.
When compared with amiE102, the yield obtained with the
amiE105 template was ~2-fold higher. The RNA amiE105
is identical to amiE102 except for the 3’extension and that
the artificial two G-nucleotides at the 5'-end of amiE102
RNA are replaced by 5-GGGCC-3'.., which is identical to
the authentic sub-sequence of amiE. For Hfq and Hfq/Crc
assembly on amiE105, the RNA was annealed at 50°C for 3
minutes. Hfg and Hfq/Crc were mixed at 2:1 and 2:11 ratios
prior to addition of amiE105 (800 nM final concentration).
After incubation on ice for 1 h, the mixture was diluted
7-fold before loading onto grids. Graphene oxide (GO)
grids were prepared from regular Quantifoil r1.2/1.3 grids.
A 2 mg/ml graphene oxide dispersion (Sigma Aldrich) was
diluted 10-fold and spun at 300 x g for 30 s to remove
larger aggregates. The dispersion was then diluted 10-fold
before applying 1 pl to glow-discharged grids (0.29 mbar,
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15 mA, 2 min, Pelco Easiglow glow discharger). After
drying, 3 pl of the sample was applied to the GO grids
and after 30 s of incubation, excess sample was blotted
away and frozen in liquid ethane (Vitrobot markIV (FEI)).
The grids were screened on a 200 kV Talos Arctica (FEI)
(Cryo-EM facility, Department of Biochemistry, University
of Cambridge), and datasets collected on a 300 kV Titan
Krios (FEI) with a K3 (Gatan) direct electron detector
(BioCem facility, Department of Biochemistry, University
of Cambridge). For the 2 Hfq/1 Crc/1 amiE105 dataset, a
set of 1007921 particles was extracted by Warp (37), and
further processed with CryoSparc v2.15 (38) via multiple
rounds of 2D classification. Due to significant preferential
orientation bias of the particles in vitreous ice, as illustrated
by the large discrepancy in particle numbers contributing to
the 2D class averages in Figure 3A, no 3D reconstructions
were generated. For the 2 Hfq/11 Crc/1 amiE105 dataset,
2757685 particles were extracted by Warp (37), and further
processed with CryoSparc v2.15 (38) via multiple rounds of
2D classification and 3D heterogeneous refinement. Prior
to heterogeneous refinement, a 3D ab initio reconstruction
was generated in CryoSparc v2.15 from a subset of the
particles. The maps from heterogeneous refinement were
lowpass filtered to 15 A for depiction, and a selection of
2D class averages was used to measure compaction of the
Hfq/amiE105 intermediate upon Crc binding (Figure 3B).

In vitro translation

In vitro translation was performed with the PURExpress
in vitro protein synthesis kit (New England BioLabs) in
the presence of 20 U RiboLock RNase Inhibitor (Thermo
Fisher Scientific). 5 pmol of in vitro transcribed amiE-flag
mRNA (2) was used in a 12.5 pl reaction and 5 pmol of
either in vitro transcribed amiE-flag and oprD-flag mRNA
were used in a 25 pl reaction. For in vitro transcription of
oprD-flag mRNA, first, a PCR fragment was generated
with the primer pair Y133 (5-TCTAGACGTAATACGA
CTCACTATAGGCTAGCCGTCACTGCGGCAC-3)

and A131 (5-TTTTTTCTATTATCAtcacttgtcgtcatcgtettt
gtagtcCAGGATCGACAGCGG -3'). The forward primer
contained a T7 promoter sequence and the reverse primer
contained the Flag-tag encoding sequence (lower-case
letters). The amplified PCR fragment was use as template
in an in vitro transcription reaction using the AmpliScribe
T7-Flash Transcription Kit (Epicentre Biotechnologies).
Increasing amounts of purified Hfq protein as indicated in
Figure 4 were added alone or in the presence of a 2-fold
molar excess of Crc protein. The protein amount was
doubled in the reactions were both mRNAs were present.
The proteins and mRNAs were added simultaneously.
After 1 h of incubation at 37°C, 5 wl of the reaction was
mixed with 5 pl protein loading buffer and AmiE-Flag
and OprD-Flag synthesis, respectively, was assessed by
Western-blotting. The proteins were separated on a 12%
SDS-polyacrylamide gel and blotted onto a nitrocellulose
membrane. The blot was blocked with 5% dry milk in
TBS buffer, and then probed with rabbit anti-Flag-tag
polyclonal antibodies (Antibodies Online GmbH) and
anti-rabbit [gG HRP-linked antibody (Cell Signaling Tech-
nology). The antibody-antigen complexes were visualized

with the Clarity Max™ Western ECL Substrate (BioRad).
The quantification of the signals was performed with the
Volume Tools of ImageLab software 5.2.1 (BioRad).

Determination of amiE stability

The stability of amiE mRNA was determined in strains
PAO1 (39) and PAO1 Acrc (25) grown in BSM medium sup-
plemented with 40 mM acetamide and 40 mM succinate (+
CCR) to an ODg of 1.0 followed by addition of rifampicin
(100 wg/ml, final concentration). The samples were with-
drawn at several times thereafter (Figure 5 and Supplemen-
tary Figure S4), and total RNA was extracted by using the
hot phenol method (40). 2 pg of total RNA was used for
cDNA synthesis of amiE and 16S rRNA. Finally, 2 pl of
cDNA were used as a template for PCR amplification of
amiE and 16S rRNA (internal control) as previously de-
scribed (2). The quantification of the PCR signals was per-
formed with the Volume Tools of ImageLab software 5.2.1
(BioRad). The values for the amiFE signals were divided by
the corresponding values of the 16S rRINA signals and time
0 was set as 100%. The degradation of amiE mRNA in
PAOL1 followed a first order kinetics and the half-life for
was calculated by ¢1/2 = In 2/kgecay, Whereas the kqecay values
were extracted from the exponential trendlines (line of best
fit) to the graphs determined in Excel. The amiE mRNA was
not degraded with a first order kinetics in strain PAO1 Acre.
Therefore, the half-life was estimated by determining the
slope (k*gecay) from a linear trendline and the half-life was
calculated by #1,> = 50/k* decay-

RESULTS
Crc increases the population of stable Hfq/RNA complexes

Hfq/Crc assemblies are most likely forming on nascent
mRNA (1), and thus on a longer sub-sequence than used in
our previous studies (24). Therefore, we used a 100 nt amiE
fragment to measure the protein binding dynamics by single
molecule fluorescence co-localization. This RNA includes
the authentic amiE mRNA sequence spanning nucleotides —
40 to +60 with respect to the A (+1) of the AUG start codon,
two extra 5-terminal G nucleotides, and a 3’extension for
annealing to a Cy5 labeled DNA oligonucleotide. (hereafter
amiE102); Figure 1A and B). The amiE102 RNA comprises
the proximal amiEgarn motif as well as further AA(R)N
motifs for the distal site of Hfq that are located downstream
of the AUG (2; Figure 1A).

To assess the impact of Crc on the Hfq/amiE102 com-
plex a single-molecule fluorescence assay was established
to monitor RNA binding to Hfq with 0.1 s resolution
(Figure 1B). For these assays, we used mixed hexamers
of Hfq wt and Hfqsesc-Flag (Hfg*) that contained both
protomers in a 1:1 ratio (Supplementary Figure S1A).
Neither the C-terminal Flag-tag nor the S65C substitu-
tion affected the interaction with Crc and amiE102 RNA,
i.e. Hfq*/Crc/amiE102 complex formation (Supplemen-
tary Figure S1B) or the ability to repress a translational
amiE::lacZ reporter gene (Supplementary Figure S1C).
Hfg* was immobilized on a microscope slide via biotiny-
lated anti-FLAG antibodies. The amiE102 mRNA frag-
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Figure 3. 2D class averages of Hfq/Crc/amiE105 complexes at a ratio of 2:1:1 (A, Crc deficit) and 2:11:1 (B, Crc excess). The top and bottom 2D class
averages shown in panel A correspond to two stoichiometrically identical assemblies with different relative orientations of the Hfq-components, behaving
like ‘loose beads on a string’. The extendedness is 158 and 131 A for the top and bottom class averages, respectively. The top and bottom 2D class averages
in panel B correspond to different orientations of the same, well-defined and compact Hfq/Crc/amiE105 species in the sample. The extendedness is 106
and 104 A for the top and bottom class averages, respectively. Particle numbers contributing to each class average are annotated. (C) 3D reconstructions
of the complex shown in panel B, lowpass filtered to 15 A resolution, and oriented according to the corresponding 2D class averages in panel B. Four Crc
molecules (Crc 1-4) form bridging densities between the three Hfq hexamers in the assembly (Hfq 1-3). (D) For comparison, 3D reconstructions of the
highest order Hfq/Crc/amiEs 4gn assemblies as shown by Pei ef al. (24), lowpass filtered to the same resolution and depicted at the same sigma value as

the maps in panel C.

ment was transcribed with a 3’ extension that was hy-
bridized to a Cy5-labeled DNA oligomer. Therefore, RNA
binding to immobilized Hfq* could be observed by localiza-
tion of the Cy5-labeled amiE102 RNA/DNA complex near
the slide surface (Figure 1B).

The binding assays of amiE102 to immobilized Hfq* re-
vealed multiple CyS5 signals appearing in the field of view
(Figure 1C). They represent specific Hfq*/amiE102 inter-
actions, as these events were not observed in control exper-
iments lacking Hfq* or the anti-FLAG antibodies (Supple-
mentary Figure S2A). Maximum likelihood fits of the dwell
times for these interactions revealed that amiE102 forms
two types of complexes with Hfq; unstable complexes with
a lifetime of ~2 s, and stable complexes with ~60 s lifetime
(Figure 1E and Supplementary Figure S2C). The unsta-
ble complexes were slightly more common than long-lived
complexes during the first 3 min after RNA injection (@ghor
= 0.56 + 0.05; Supplementary Table S1). The Cy5 photo-
bleaching lifetime (173 s; Supplementary Figure S2B) was
~3 times TL (long) (~060 s), indicating that photobleaching
might lead us to slightly underestimate the lifetimes of the
most stable complexes, but does not account for the short-
lived complexes that we observed.

Next, we tested whether Cre alters the binding of Hfg* to
amiE102. The presence of 100 or 500 nM Crc did not change
the lifetimes of the stable and unstable Hfq*/amiE102 in-
teractions, suggesting that Crc does not affect the mode of
Hfq/RNA binding (Figure 1D and E). However, Crc in-
creased the population of stable complexes (aong = 0.7 &
0.04; Figure 1F). The higher concentration of Crc (500 nM)
did neither affect the lifetimes nor the fractions of unstable

and stable complexes (Figure 1E and F), suggesting that the
complexes were saturated with Crc. Thus, in the presence
of Crc, a higher fraction of the Hfq*/amiE102 complexes
are long-lived, indicating that Crc locks Hfq onto amiE102
RNA, preventing the complexes from dissociating.

Upstream and downstream AA(R)N motifs in amiE con-
tribute to stable interactions with Hfq

Previous work revealed that the amiEgarn motif present
in the translation initiation region of amiE (Figure 1A) is
required for translational repression (2,25) and that it in-
teracts with the distal face of Hfq (2,22). In addition, re-
cent structural studies suggested that Hfq binding to the
amiEgarn motif presents the RNA to Crc, thereby per-
mitting the assembly of higher order Hfq/Crc/RNA com-
plexes (24). To further assess the role of the amiEgarn
motif for Hfq*/Crc/amiE102 assembly, three of the AAN
triplets in the amiEgarn motif were deleted (hereafter,
amiE_5 AANmut; Figure 2A). This deletion is not expected
to impose significant changes in the predicted RNA sec-
ondary structure. The dwell time analyses revealed that the
vast majority of the Hfq/amiE_5’ AANmut binding events
were transient and likely non-specific (~0.2 s, Figure 2C,
E, F). We also observed some short and long-lived com-
plexes with lifetimes similar to those of amiE102 RNA
(Figure 2E and Supplementary Figure S3). However, these
short and long-lived complexes were much less prevalent for
amiE_5 AANmut RNA than for amiE102 RNA (Figure 2F,
Supplementary Table S1).
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Figure 4. Enhancement of translational repression of amiE-flag mRNA by Crc in vitro (A) Repression of amiE-flag translation by Hfq and Hfq/Crc. Lane
1, the translational yield of AmiE-Flag protein in the absence of Hfq was set at 100%. Lanes 2-5, inhibition of amiE-flag mRNA translation by 25 + 2.7%,
33 £ 0.2%, 80 & 7.2% and 89 + 0.4% in the presence of 5, 10, 15 and 20 pmol Hfq, respectively. Lane 6, the translational yield of AmiE-Flag protein in the
absence of Hfq and in the presence of 8-fold molar excess of Crc over mRNA was set at 100%. Lanes 7-10, inhibition of amiE-flag mRNA translation by
85+ 0.9%, 93 + 4.1%, 100 % 0.1% and 100 % 0.3% in the presence of 5, 10, 15 and 20 pmol Hfq, respectively. Crc was added in all assays (lanes 7-10) in
two-fold molar excess over Hfq. Lane 11, Crc was denatured for 15 min at 90 °C prior to addition to the in vitro translation assay (Indicated by 40*). The
experiment was performed in duplicate. The result from one representative experiment is shown. (B) In vitro translation competition assay programmed
with amiE-flag and oprD-flag mRNA in the presence of Hfq/Crc. Lane 1, translation of amiEp,g and oprDrj,e mRNA in the presence of an 8-fold molar
excess of Crc over the mRNAs. Lanes 2-5, translation of amiE-flag and oprD-flag in the presence of increasing concentrations of Hfq/ Cre, the latter of
which was added in all assays in 2-fold molar excess over Hfq hexamers. Lane 6, in vitro translation of oprD-flag mRNA. The assays were performed in
duplicate. The result from one representative experiment is shown.

100

50

% amiE remaining

15 ® ”

Time [min]

Figure 5. Acceleration of amiE mRNA decay by Crc in vivo. The strains PAO1 and PAO1Acrc were grown in BSM medium supplemented with 40 mM
acetamide and 40 mM succinate (+CCR). At an ODygqg of 1.0, rifampicin was added to a final concentration of 100 pg/ml and samples were withdrawn
for total RNA extraction at the times indicated. The remaining amounts of amiE mRNA in strains PAO1 (blue graph) and PAO1Acrc (red graph) were
normalized to that of 16S rRNA at different times after addition of rifampicin (see also Supplementary Figure S4). The average and standard-deviation
from two biological replicates are presented.



The amiE102 RNA also comprises Hfq binding mo-
tifs situated downstream of the start codon (Figure 1A).
We therefore asked whether these motifs also contribute
to the interactions with Hfq. To address this, a variant
of amiE102 was generated that lacked the (ARN); mo-
tif and the distal hairpin comprising one putative ARN
motif in the loop (hereafter, amiE_3’ ARNmut; Figure
2B). The amiE_3’ ARNmut RNA also formed both short-
and long-lived complexes (Figure 2D and E). However,
like amiE_5' AANmut, amiE_3' ARNmut formed noticeably
fewer stable complexes with Hfq than amiE102, albeit
marginally more than amiE_ S AANmut (ar, 0.14 + 0.05
versus 0.05 £ 0.03; Figure 2F). Thus, Hfq is more likely to
stably interact with the upstream amiEgagn motif than with
the downstream (ARN); motif. Nevertheless, most binding
events between amiE 3’ ARNmut and Hfq were transient
and non-specific (~0.4 s; Figure 2F), indicating that both
A-rich motifs are recognized by Hfq and that they both con-
tribute to its stable association with amiE102.

When Crc was injected together with amiE_5 AANmut
RNA, no change in binding was noted (Figure 2E and F;
Supplementary Table S1). Crc only slightly decreased the
fraction of non-specific amiE_3’ ARNmut RNA complexes
in favor of stable Hfq complexes (ar, 0.23 + 0.04 versus 0.14
4 0.05; Supplementary Figure S3A). These results indicated
that Crc can only stabilize Hfq/RNA complexes when Hfq
suitably interacts with the AA(R)N motifs located up- and
downstream of the amiE start codon, indicating that Crc
repression depends on sequence-specific recognition of the
mRNA by Hfq.

The presence of Crc results in compact Hfq/Crc/amiE as-
semblies

Next, Cryo-EM studies were performed to visualize the im-
pact of Crc on Hfq/amiE105 complexes. 2D classification
of Hfq/amiE105 assemblies indicated the presence of up to
three Hfq hexamers that interacted with amiE105 RNA.
The extended assemblies appeared as ‘loose beads on a
string’ and revealed different relative orientations of Hfq in
the folding intermediate (Figure 3A). The preferred particle
orientations on the grid did not allow for interpretable 3D
maps to be reconstructed, but the extendedness of the sub-
assemblies could be measured directly from the 2D class av-
erages with 158 A and 131 A for the top and bottom classes
in Figure 3A, respectively.

When Crc was added to Hfq and amiE105, its presence
resulted in more compact Hfq/Crc/amiE105 assemblies,
consisting of complexes with apparent compositional sto-
ichiometries of 3 Hfq: 4 Crc: 1 amiE105 (Figure 3B; Den-
dooven et al., unpublished). This increased compactness of
the Hfq/Crc/amiE105 assemblies was apparent from a de-
creased extendedness of the 2D class averages with 106 and
104 A for the top and bottom class averages in Figure 3B,
respectively. The 2D class average in the top panel of Fig-
ure 3B displays the greatest intramolecular length in the
Hfq/Crc/amiE105 assembly, which is significantly lower
than the sizes measured from the 2D class averages of
the Hfq/amiE105 assembly (Figure 3A). Lastly, the com-
pactness is also rationalized by preliminary 3D reconstruc-
tions (Figure 3C), where Crc molecules form proteinogenic
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bridges between the Hfq hexamers in the complex, as was
recently observed for the Hfq/Crc/amiEg gy assembly (24,
Figure 3D).

Increased translational repression in the presence of Crc

Previous in vivo studies with the Pae strains PAO1 wt and
PAOI1 Acre revealed that translational repression of differ-
ent Hfq/Crc regulated reporter gene fusions was reduced ~
50% in the absence of Crc, qualifying Crc as a translational
co-repressor (2,9). To assess more directly the contribution
of Crc in Hfg-mediated translational repression, full length
amiE transcript abutted to a Flag-encoding sequence was
translated in vitro in the presence of increasing molar ratios
of Hfq and Hfq/Crc, respectively. Although, a 4-fold mo-
lar excess of Hfg-hexamer over amiE-flag mRNA did result
in significant translational repression, translation was not
completely abolished (Figure 4A, lane 5). In contrast, a 3-
and 4-fold molar excess of Hfq resulted in complete trans-
lational shut off in the presence of Crc (Figure 4A, lanes 9
and 10). To verify that Hfq/Crc repression is restricted to
Crc targets such as amiE, an in vitro translation competi-
tion assay programmed with amiE-flag mRNA and oprD-
flag mRNA was performed. The oprD translation was re-
cently shown to be down-regulated by two Hfg-dependent
small RNAs (10). Hfq alone or the presence of Hfq/Crc did
not impact translation of oprD (9). Consistent with these
observations, translation of oprD-flag mRNA was hardly
affected in the presence of increasing concentrations of Hfq
and Crc, whereas translation of amiE-flag mRNA ceased
in the presence of Hfq/Crc (Figure 4B). These results sug-
gested that co-binding of Hfq and Crc and the presumed
assembly of higher order Hfq/Crc/RNA complexes, sim-
ilar to those shown in Figure 3B and C, ensures efficient
translational repression of the target mRNA.

Accelerated decay of amiE mRNA in the presence of Crc

Translational repression of bacterial mRNAs very often re-
sults in their rapid degradation (41,42). Therefore, we next
tested the stability of the amiE transcript in the presence
and absence of Crc in strains PAO1 and PAO1Acre. Un-
der conditions of CCR, the half-life of amiE mRNA was
1.7 £ 0.1 min in strain PAO1, which is in the presence of
Crc. In contrast, the half-life increased >6-fold to 10.4 £ 0.9
min in strain PAO1Acre (Figure 5 and Supplementary Fig-
ure S4). Together with the results shown above, we conclude
that Crc compacts and stabilizes Hfq/Crc/RNA assem-
blies, strengthening translational repression, which leads
to rapid degradation of target mRNAs during CCR when
their encoded functions are dispensable.

DISCUSSION

In Pae, the concerted action of Hfq and Crc steers cell
metabolism by governing the hierarchical utilization of car-
bon sources. Previous studies on the Hfq/Crc repressome
strongly indicated that Crc works only in concert with Hfq,
i.e. Hfq acts as the principle translational repressor and Crc
has an ancillary role as a co-repressor (1,22,23). RNA-seq
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Figure 6. Model for stabilization of Hfq-mediated translation repression complexes by the co-repressor Crc. (A) Transient interactions of Hfq with RNAs
lacking suitable (AA(R)N), motifs results in translation, as indicated by traversing 70S ribosomes (yellow). (B) The presence of canonical (AA(R)N),
Hfg-binding motifs and the formation of short-lived Hfq/RNA complexes leads to moderate translational repression. (C) Binding of Hfq to (AA(R)N),
motifs followed by a suitable presentation of the RNA to and recruitment of Crc results in stable repressive complexes that prevent formation of productive
30S translation initiation complexes and enhance opportunities to encounter the RNA degradation machinery. For further details, see text.

based comparative transcriptome analyses with the Pae mu-
tant strains PAO1/fg- and PAO1 Acrc revealed many over-
lapping mRNA targets, regulation of which is governed
by both, Hfq and Crc during CCR (22). In addition, a
ChIP-seq approach showed that Hfq and Crc co-associate
with nascent transcripts, whereas Crc was not observed on
RNAs in the absence of Hfq (1). These in vivo findings are
in accord with previous in vitro results, showing that Crc
is devoid of RNA binding activity (29), and that the asso-
ciation of Crc with RNA depends on Hfq (21,22). More-
over, we have performed an RNA-seq based comparative
transcriptome analysis with the Pae strains PAO1Akfg and
PAOLAAfgAcre to verify that Crc does not exert an inde-
pendent regulatory function. As shown in Supplementary
Table S2, using standard thresholds of significance for the
analysis only eight transcripts were differentially abundant
in the presence of Crc in strain PAO1 AAfg when compared
with strain PAO1AAfgAcrc under conditions of CCR. As
none of these transcripts was identified by ChIP-seq using
anti-Crc antibodies (1), it is rather unlikely that these genes
are directly regulated by Crc. However, at this stage we can-
not exclude that Crc interacts with another regulatory pro-
tein(s) that is involved in regulation of these transcripts.
Although these studies underlined the cooperative action
of Hfq and Crc, the question arises as to why two pro-
teins are needed to efficiently repress translation of a target
mRNA. To gain deeper insight into the mechanism of reg-
ulation, we developed a single-molecule assay that visual-
izes individual binding events on time scales of milliseconds.
Because single-molecule studies enable characterization of
transition states, they are a valuable tool for understand-
ing molecular processes. In the context of Hfq, this tech-
nique was recently used to demonstrate unfolding of struc-
tured mRNAs during base-pairing with small RNAs (43).

Here, the single-molecule assay revealed that the majority of
Hfq/amiE102 complexes are intrinsically perturbed, which
leads to a high dissociation rate (1 ~2 s; Figure 6B). Our
assays strongly corroborate the previous notion (24) that
Crc engages transient, pre-organized Hfq/amiE102 com-
plexes and shifts the equilibrium towards assemblies with
increased stability (1 ~ 60 s) so that the effector complex
blocks translation more efficiently (Figure 6C). Thus, the
cooperation of Hfq with Crc effectively stabilizes the repres-
sive complex, excluding the 30S ribosome more effectively
than can be achieved by Hfq alone (Figure 6C).

When compared with the Hfq/amiE105 complex (Fig-
ure 3A), the increased stability of the Hfq/Crc/amiE102
assemblies determined by the single molecule experiments
can be readily reconciled with the 2D and 3D Cryo-EM
averages of the complex formed with both abundant and
sparse concentrations of Crc (Figure 3B and C). In the 3D
reconstructions, 3 Hfq hexamers and 4 Crc protomers can
be discerned that build a compact assembly (Figure 3C).
In fact, the observed compaction is anticipated to increase
buried surface areas of the complex and is a hallmark of
increased thermodynamic stability. Moreover, the arrange-
ment of the Hfq hexamers on amiE105 suggests that Hfq
binding is not restricted to the amiEgarn motif upstream of
the AUG but involves as well cognate sequences of the im-
mediate coding region. This observation is supported by the
single molecule experiments with amiE_3’ ARNmut RNA
that implicated the distal Hfq-binding motif(s) in formation
of stable Hfq/amiE102 complexes (Figure 2).

How does Crc engage as a translational co-repressor? Re-
cent Cryo-EM studies showed that there are limited con-
tacts between Crc and the rim of Hfq (24). Crc mainly
contacted exposed bases at the ‘N’ position of the ARN
motif and the RNA backbone in the Hfq/Crc/amiEsarN



complex (24). Consequently, we suggested that complex as-
sembly occurs in a checklist-like manner through numer-
ous small contacting surfaces, and when the RNA target is
presented by Hfq in a specific, well-defined configuration.
It can be assumed that the location of Hfq binding motifs
as well as the length and structure of an RNA molecule
determine the meandering of it around one or more Hfq
hexamers. Thus, the presentation mode of the RNA sub-
strate by Hfq might impact Crc assembly. Our studies with
the amiE_5 AANmut and amiE_3’ ARNmut RNAs support
this notion. Hfq bound to these RNAs dynamically, form-
ing mostly transient interactions (7 ~ 0.2-0.4 s; Figure 6A).
The lack of the three upstream AAN or the three down-
stream ARN motifs most likely prevented proper presenta-
tion of the RNA by Hfq, therefore the addition of Crc did
not result in increased stability of the complex. Hence, this
observation underlines the notion that Crc can only engage
preformed Hfg/RNA complexes.

Autogenously acting translational repressors generally
employ molecular mimicry and operate either by competing
with initiating ribosomes or by an entrapment mechanism,
whereby the formation of a productive translation initia-
tion complex is impeded (44). A well-studied example of the
first type is the E. coli threonyl-tRNA-synthetase (ThrRS),
which binds as a dimer to the operator on its own mRNA
so that the N-terminal domain sterically prevents ribosome
binding (45). The second type of translational repressors are
exemplified by E.coli ribosomal proteins, such as S4 and
S15. The S4 autoregulatory feedback mechanism involves
allosteric changes in the mRNA structure, affecting the dis-
tribution of translationally active and inactive mRNA (46).
Similarly, S15 binding to a pseudoknot structure on its own
mRNA prevents formation of an active 30S complex by ab-
rogating productive interactions of the anti-codon of initia-
tor tRNA and the start codon on mRNA (47). Regardless
of the different mode of action, the affinity of S4 (48) and
of ThrRS (49) for their own mRNA is similar as that for
the 30S subunit for a typical ribosome binding site (48,50).
Thus, low concentrations of the repressor may allow effi-
cient feedback regulation.

In contrast, effective translational repression by Hfq/Crc
of undesirable mRNAs, such as amiE during CCR, or trans-
lational regulation by RsmA (51) would benefit from a
higher affinity of the repressor than that of the 30S sub-
unit for target mRNAs. Indeed, the affinity of Hfq/Crc
and RsmA for target mRNAs was ~5-fold (22) and ~2-
fold higher (3), respectively, than that of 30S subunits for
a typical ribosome binding site (48,50). The formation of
higher order complexes as observed for Hfq/Crc (Figure 3)
or dimers as inferred for Pae RsmA (52) and shown for P.
Sfluorescens RsmE (18) appear to contribute to the stability
of the complexes, and thus to an increased competition with
30S subunits. Moreover, these stable repressive complexes
will most likely result in a translationally inactive mRNA
that is kinetically trapped and subject to rapid degradation
as shown for amiE mRNA (Figures 4, 5 and 6C).

Although Hfq is well-known to act with sRNAs, this
study shows how Hfq can collaborate with another protein
to down-regulate mRNA expression. Thus, to effect robust
translational control Hfq appears to need a partner—either
a sSRNA or another protein—to lock it onto the mRNA.
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Finally, assembly of Hfq/Crc on nascent mRNAs may pro-
vide a means for efficient competition with small RNA sub-
strates of Hfq. In the complexes shown in Figure 3B and
C, it is most likely that SRNA binding sites on the proximal
side and the rim of Hfq (53) are shielded by the winding
mRNA. We hypothesize that several AA(R)N motifs in the
5'UTR and/or the immediate 5'coding region of a mRNA
(Figure 1A) result first in assembly of several Hfq hexamers
followed by suitable presentation of the mRNA to and as-
sembly of Crc protomers. As previously suggested (22), the
sequestration of sSRNA binding sites on Hfq would allow
the formation of stable repressive Hfq/Crc/mRNA com-
plexes that are inaccessible to invading SRNAs.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

CryoEM grids were prepared and data collected at the BIO-
CEM facility, Department of Biochemistry, University of
Cambridge. We are grateful to Dr Dimitri Y. Chirgadze, Dr
Steven Hardwick and Mr Lee Cooper for assistance with
data collection at the Cryo-EM Facility.

FUNDING

Austrian Science Fund (FWF) (www.fwf.ac.at/en) [P28711-
B22 to U.B. and E.S., W-1207 to U.B. and M.R.]; Wel-
come Trust Investigator Award [200873/Z/16/Z to B.F.L.];
AstraZeneca studentship [to T.D.]; National Institutes of
Health [R35GM136351-01 to S.A.W., RO1AI123320-01A1
sub-award to S.A.W.]. Funding for open access charge: Aus-
trian Science Fund [P28711-B22].

Conflict of interest statement. None declared.

REFERENCES

1. Kambara, T.K., Ramsey,K.M. and Dove,S.L. (2018) Pervasive
targeting of Nascent transcripts by Hfq. Cell Rep., 23, 1543-1552.

2. Sonnleitner,E. and Blasi,U. (2014) Regulation of Hfq by the RNA
CrcZ in Pseudomonas aeruginosa carbon catabolite repression. PLos
Genet., 10, €1004440.

3. Romero,M., Silistre,H., Lovelock,L., Wright,V.J., Chan,K.G.,
Hong,K.W., Williams,P., Camara,M. and Heeb,S. (2018)
Genome-wide mapping of the RNA targets of the Pseudomonas
aeruginosa riboregulatory protein RsmN. Nucleic Acids Res., 46,
6823-6840.

4. Gebhardt,M.J., Kambara,T.K., Ramsey,K.M. and Dove,S.L. (2020)
Widespread targeting of nascent transcripts by RsmA in
Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. USA, 117,
10520-10529.

5. Sonnleitner,E., Hagens,S., Rosenau,F., Wilhelm,S., Habel,A.,
Jager,K.E. and Blési,U. (2003) Reduced virulence of a hfq mutant of
Pseudomonas aeruginosa O1. Microb. Pathog., 35, 217-228.

6. Sonnleitner,E., Schuster,M., Sorger-Domenigg, T., Greenberg,E.P.
and Bldsi,U. (2006) Hfg-dependent alterations of the transcriptome
profile and effects on quorum sensing in Pseudomonas aeruginosa.
Mol. Microbiol., 59, 1542-1558.

7. Yang,N., Ding,S., Chen,F., Zhang,X., Xia,Y., Di,H., Cao0,Q.,
Deng,X., Wu,M., Wong,C.C. et al. (2015) The Crc protein
participates in down-regulation of the Lon gene to promote
rhamnolipid production and ri/ quorum sensing in Pseudomonas
aeruginosa. Mol. Microbiol., 96, 526-547.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkab510#supplementary-data
http://www.fwf.ac.at/en

7086 Nucleic Acids Research, 2021, Vol. 49, No. 12

8.

20.

21.

22.

23.

24.

25.

26.

Pusic,P,, Sonnleitner,E., Krennmayr,B., Heitzinger,D.A.,
Wolfinger,M.T., Resch,A. and Blési,U. (2018) Harnessing metabolic
regulation to increase Hfq-dependent antibiotic susceptibility in
Pseudomonas aeruginosa. Front Microbiol, 9, 2709.

. Sonnleitner,E., Pusic,P., Wolfinger, M.T. and Blisi,U. (2020)

Distinctive regulation of carbapenem susceptibility in Pseudomonas
aeruginosa by Hfq. Front Microbiol, 11, 1001.

. Zhang,Y.F,, Han,K., Chandler,C.E., Tjaden,B., Ernst,R.K. and

Lory,S. (2017) Probing the sSRNA regulatory landscape of P.
aeruginosa. post-transcriptional control of determinants of
pathogenicity and antibiotic susceptibility. Mol. Microbiol., 106,
919-937.

. Vogel,J. and Luisi,B.F. (2011) Hfq and its constellation of RNA. Nat.

Rev. Microbiol., 9, 578-589.

. Ferrara,S., Carloni,S., Fulco,R., Falcone,M., Macchi,R. and

Bertoni,G. (2015) Post-transcriptional regulation of the
virulence-associated enzyme AlgC by the sigma(22) -dependent small
RNA ErsA of Pseudomonas aeruginosa. Environ. Microbiol., 17,
199-214.

. Sonnleitner,E., Prindl,K. and Blisi,U. (2017) The Pseudomonas

aeruginosa CrcZ RNA interferes with Hfg-mediated riboregulation.
PLoS One, 12, e0180887.

. Zheng,A., Panja,S. and Woodson,S.A. (2016) Arginine patch predicts

the RNA annealing activity of Hfq from Gram-negative and
Gram-positive bacteria. J. Mol. Biol., 428, 2259-2264.

. Holmgvist,E., Wright,P.R., Li,L., Bischler,T., Barquist,L.,

Reinhardt,R., Backofen,R. and Vogel,J. (2016) Global RNA
recognition patterns of post-transcriptional regulators Hfq and CsrA
revealed by UV crosslinking in vivo. EMBO J., 35,991-1011.

. Goodman,A.L., Merighi,M., Hyodo,M., Ventre,l., Filloux,A. and

Lory,S. (2009) Direct interaction between sensor kinase proteins
mediates acute and chronic disease phenotypes in a bacterial
pathogen. Genes Dev., 23, 249-259.

. Dubey,A.K., Baker,C.S., Romeo,T. and Babitzke,P. (2005) RNA

sequence and secondary structure participate in high-affinity
CsrA-RNA interaction. RNA, 11, 1579-1587.

. Schubert,M., Lapouge,K., Duss,O., Oberstrass,F.C., Jelesarov.I.,

Haas,D. and Allain,F.H. (2007) Molecular basis of messenger RNA
recognition by the specific bacterial repressing clamp RsmA /CsrA.
Nat. Struct. Mol. Biol., 14, 807-813.

. Gorke,B. and Stiilke,J. (2008) Carbon catabolite repression in

bacteria: many ways to make the most out of nutrients. Naz. Rev.
Microbiol., 6, 613-624.

Rojo,F. (2010) Carbon catabolite repression in Pseudomonas:
optimizing metabolic versatility and interactions with the
environment. FEMS Microbiol. Rev., 34, 658-684.

Moreno,R., Hernandez-Arranz,S., La Rosa,R., Yuste,L.,
Madhushani,A., Shingler,V. and Rojo,F. (2015) The Crc and Hfq
proteins of Pseudomonas putida cooperate in catabolite repression
and formation of ribonucleic acid complexes with specific target
motifs. Environ. Microbiol., 17, 105-118.

Sonnleitner,E., Wulf A., Campagne,S., Pei,X.Y., Wolfinger,M.T.,
Forlani,G., Prindl,LK., Abdou,L., Resch,A., Allain,F.H. ez al. (2018)
Interplay between the catabolite repression control protein Crc, Hfq
and RNA in Hfg-dependent translational regulation in Pseudomonas
aeruginosa. Nucleic Acids Res., 46, 1470-1485.

Corona,F., Reales-Calderon,J.A., Gil,C. and Martinez,J.L. (2018)
The development of a new parameter for tracking
post-transcriptional regulation allows the detailed map of the
Pseudomonas aeruginosa Crc regulon. Sci. Rep., 8, 16793.

Pei, X.Y., Dendooven,T., Sonnleitner,E., Chen,S., Blési,U. and
Luisi,B.F. (2019) Architectural principles for Hfq/Crc-mediated
regulation of gene expression. eLife,
https//doi.org/10.7554/eLife.43158.001.

Sonnleitner,E., Abdou,L. and Haas,D. (2009) Small RNA as global
regulator of carbon catabolite repression in Pseudomonas aeruginosa.
Proc. Natl. Acad. Sci. US.A., 106, 21866-21871.

Valentini,M., Garcia-Maurino,S.M., Perez-Martinez,l., Santero,E.,
Canosa,l. and Lapouge,K. (2014) Hierarchical management of
carbon sources is regulated similarly by the CbrA /B systems in
Pseudomonas aeruginosa and Pseudomonas putida. Microbiology, 160,
2243-2252.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41

42.

43.

44,

45.

46.

47.

48.

49.

Abdou,L., Chou,H.T., Haas,D. and Lu,C.D. (2011) Promoter
recognition and activation by the global response regulator CbrB in
Pseudomonas aeruginosa. J. Bacteriol., 193, 2784-2792.

Pusic,P, Tata,M., Wolfinger,M.T., Sonnleitner,E., Haussler,S. and
Blisi,U. (2016) Cross-regulation by CrcZ RNA controls anoxic
biofilm formation in Pseudomonas aeruginosa. Sci. Rep., 6, 39621.
Milojevic, T., Grishkovskaya,l., Sonnleitner,E., Djinovic-Carugo,K.
and Blisi,U. (2013) The Pseudomonas aeruginosa catabolite
repression control protein Crc is devoid of RNA binding activity.
PLoS One, 8, ¢64609.

Link,T.M., Valentin-Hansen,P. and Brennan,R.G. (2009) Structure of
Escherichia coli Hfq bound to polyriboadenylate RNA. Proc. Natl.
Acad. Sci. US.A., 106, 19292-19297.

Murina, V., Lekontseva,N. and Nikulin,A. (2013) Hfq binds
ribonucleotides in three different RNA-binding sites. Acta
Crystallogr. D. Biol. Crystallogr., 69, 1504—1513.

Robinson,K_.E., Orans,J., Kovach,A.R., Link,T.M. and Brennan,R.G.
(2014) Mapping Hfg-RNA interaction surfaces using tryptophan
fluorescence quenching. Nucleic Acids Res., 42, 2736-2749.
Beich-Frandsen,M., Vecerek,B., Konarev,P.V., Sjoblom,B.,
Kloiber,K., Hammerle,H., Rajkowitsch,L., Miles,A.J., Kontaxis,G.,
Wallace,B.A. et al. (2011) Structural insights into the dynamics and
function of the C-terminus of the E. coli RNA chaperone Hfq.
Nucleic Acids Res., 39, 4900-4915.

Kim,H., Abeysirigunawarden,S.C., Chen,K., Mayerle,M.,
Ragunathan,K., Luthey-Schulten,Z., Ha,T. and Woodson,S.A. (2014)
Protein-guided RNA dynamics during early ribosome assembly.
Nature, 506, 334-338.

Hua,B., Han,K.Y., Zhou,R., Kim,H., Shi,X.,
Abeysirigunawardena,S.C., Jain,A., Singh,D., Aggarwal,V.,
Woodson,S.A. et al. (2014) An improved surface passivation method
for single-molecule studies. Nat. Methods, 11, 1233-1236.
Friedman,L.J. and Gelles,J. (2015) Multi-wavelength single-molecule
fluorescence analysis of transcription mechanisms. Methods, 86,
27-36.

Tegunov,D. and Cramer,P. (2019) Real-time cryo-electron microscopy
data preprocessing with Warp. Nat. Methods, 16, 1146-1152.
Punjani,A., Rubinstein,J.L., Fleet,D.J. and Brubaker,M.A. (2017)
cryoSPARC: algorithms for rapid unsupervised cryo-EM structure
determination. Nat. Methods, 14, 290-296.

Holloway,B.W., Krishnapillai,V. and Morgan,A.F. (1979)
Chromosomal genetics of Pseudomonas. Microbiol Rev, 43, 73-102.
Leoni,L., Ciervo,A., Orsi,N. and Visca,P. (1996) Iron-regulated
transcription of the pvdA gene in Pseudomonas aeruginosa: effect of
Fur and PvdS on promoter activity. J. Bacteriol., 178, 2299-2313.

. Deana,A. and Belasco,J.G. (2005) Lost in translation: the influence of

ribosomes on bacterial mRNA decay. Genes Dev., 19, 2526-2533.
Kaberdin,V.R. and Blisi,U. (2006) Translation initiation and the fate
of bacterial mMRNAs. FEMS Microbiol. Rev., 30, 967-979.
Malecka,E.M. and Woodson,S.A. (2021) Stepwise sSRNA targeting of
structured bacterial mRNAs leads to abortive annealing. Mol. Cell,
81, 1988-1999.

Schlax,P.J. and Worhunsky,D.J. (2003) Translational repression
mechanisms in prokaryotes. Mol. Microbiol., 48, 1157-1169.
Jenner,L., Romby,P., Rees,B., Schulze-Briese,C., Springer,M.,
Ehresmann,C., Ehresmann,B., Moras,D., Yusupova,G. and
Yusupov,M. (2005) Translational operator of mRNA on the
ribosome: how repressor proteins exclude ribosome binding. Science,
308, 120-123.

Spedding,G. and Draper,D.E. (1993) Allosteric mechanism for
translational repression in the Escherichia coli alpha operon. Proc.
Natl. Acad. Sci. U.S. A., 90, 4399-4403.

Benard,L., Philippe,C., Ehresmann,B., Ehresmann,C. and Portier,C.
(1996) Pseudoknot and translational control in the expression of the
S15 ribosomal protein. Biochimie, 78, 568-576.

Schlax,P.J., Xavier,K.A., Gluick,T.C. and Draper,D.E. (2001)
Translational repression of the Escherichia coli alpha operon mRNA:
importance of an mRNA conformational switch and a ternary
entrapment complex. J. Biol. Chem., 276, 38494-38501.

Brunel,C., Romby,P, Sacerdot,C., de Smit,M., Graffe,M., Dondon,J.,
van Duin,J., Ehresmann,B., Ehresmann,C. and Springer,M. (1995)
Stabilised secondary structure at a ribosomal binding site enhances
translational repression in E. coli. J. Mol. Biol., 253, 277-290.


file:https//doi.org/10.7554/eLife.43158.001

50.

S1.

52.

Calogero,R.A., Pon,C.L., Canonaco,M.A. and Gualerzi,C.O. (1988)
Selection of the mRNA translation initiation region by Escherichia
coli ribosomes. Proc. Natl. Acad. Sci. U.S.A., 85, 6427-6431.
Lapouge,K., Schubert,M., Allain,F.H. and Haas,D. (2008) Gac/Rsm
signal transduction pathway of gamma-proteobacteria: from RNA
recognition to regulation of social behaviour. Mol. Microbiol., 67,
241-253.

Heeb,S., Kuehne,S.A., Bycroft,M., Crivii,S., Allen,M.D., Haas,D.,
Camara,M. and Williams,P. (2006) Functional analysis of the

53.

54.

Nucleic Acids Research, 2021, Vol. 49, No. 12 7087

post-transcriptional regulator RsmA reveals a novel RNA-binding
site. J. Mol. Biol., 355, 1026-1036.

Santiago-Frangos,A. and Woodson,S.A. (2018) Hfq chaperone brings
speed dating to bacterial SRNA. Wiley Interdiscip. Rev. RNA, 9,
el475.

Reuter,J.S. and Mathews,D.H. (2010) RNAstructure: software
secondary structure prediction and analysis. BM C Bioinformatics, 11,
129.



