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The RNA-binding protein Hfqg is important for
ribosome biogenesis and affects translation fidelity
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Abstract

Ribosome biogenesis is a complex process involving multiple
factors. Here, we show that the widely conserved RNA chaperone
Hfq, which can regulate sSRNA-mRNA basepairing, plays a critical
role in rRNA processing and ribosome assembly in Escherichia coli.
Hfq binds the 17S rRNA precursor and facilitates its correct processing
and folding to mature 16S rRNA. Hfq assists ribosome assembly and
associates with pre-30S particles but not with mature 30S subunits.
Inactivation of Hfq strikingly decreases the pool of mature 70S
ribosomes. The reduction in ribosome levels depends on residues
located in the distal face of Hfq but not on residues found in the
proximal and rim surfaces which govern interactions with the sRNAs.
Our results indicate that Hfg-mediated regulation of ribosomes is
independent of its function as sRNA-regulator. Furthermore, we
observed that inactivation of Hfq compromises translation efficiency
and fidelity, both features of aberrantly assembled ribosomes. Our
work expands the functions of the Sm-like protein Hfq beyond its
function in small RNA-mediated regulation and unveils a novel role
of Hfq as crucial in ribosome biogenesis and translation.

Keywords Hfg; ribosome biogenesis; rRNA; translation

Subject Categories Microbiology, Virology & Host Pathogen Interaction;
Protein Biosynthesis & Quality Control; RNA Biology

DOI 10.15252/embj.201797631 | Received 21 June 2017 | Revised 28 February
2018 | Accepted 13 March 2018 | Published online 18 April 2018

The EMBO Journal (2018) 37: e97631

See also: IM Sharma et al (June 2018)

Introduction

Ribosomal RNA (rRNA) represents more than 80% of total RNA in
the cell and along with a plethora of ribosomal proteins (r-proteins)
constitutes the ribosome—the biosynthetic machinery of the cell.
Ribosome biogenesis is a multi-step hierarchically ordered process
in which processing of rRNA precursor (pre-rRNA) is a critical step.
Emerging evidence suggests that pre-rRNA maturation serves as a

quality control to guarantee the integrity of the functional ribosome.
In Escherichia coli, RNase III is responsible for the initial cleavages
that separate individual rRNA precursors, followed by subsequent
5’ and 3’ processing by multiple ribonucleases to generate the 16S,
23S, and 5S rRNAs necessary to assemble the mature ribosomal
subunits (Deutscher, 2009). Alterations in pre-rRNA processing
cause conformational changes in the final rRNA and lead to aber-
rantly assembled immature ribosomal particles with largely compro-
mised translational accuracy (Liiv & Remme, 2004; Roy-Chaudhuri
et al, 2010; Yang et al, 2014). A parallel can be drawn to eukaryotes
in which rRNA maturation errors lead to the production of defective
ribosomal subunits (Cole et al, 2009; Fujii et al, 2012; Karbstein,
2013).

In prokaryotes, the small 30S ribosomal subunit contains 16S
rRNA whereas 23S and 5S rRNA are the major components of the
large 50S ribosomal subunit. The two asymmetric subunits include
numerous r-proteins and associate to form the functionally active
70S ribosome (Shajani et al, 2011). Many auxiliary ribosome
biogenesis factors, including GTPases, rRNA modification enzymes,
helicases, and other maturation factors, assist rRNA folding and
r-protein assembly pathway (Davis & Williamson, 2017). Strikingly,
mutations affecting many of these accessory proteins cause dysfunc-
tional ribosomes. In humans, such mutations were shown to lead to
severe diseases, collectively referred to as ribosomopathies (Narla &
Ebert, 2010).

The bacterial RNA-binding protein Hfq is a member of the Sm/Lsm
superfamily of proteins with homologues in all domains of life
(Wilusz & Wilusz, 2013). Hfq is an RNA chaperone which facilitates
basepairing between small regulatory RNAs (sRNAs) and their mRNA
targets. Consequently, Hfq controls the expression of many mRNAs
either positively or negatively (Vogel & Luisi, 2011; Hajnsdorf & Boni,
2012; Updegrove et al, 2016). Importantly, in many bacteria, Hfq is
not required for the sSRNA-dependent pathways (Christiansen et al,
2006; Rochat et al, 2015), suggesting other yet undefined function(s)
of Hfq beyond regulation of sSRNA activity.

Hfq interacts in vitro with the 16S rRNA (de Haseth & Uhlenbeck,
1980) although the functional role of this interaction has remained
elusive. Furthermore, rRNA molecules are commonly found in
Hfg-enriched co-immunoprecipitations, what is usually regarded as
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a background noise in transcriptomic studies (Zhang et al, 2003;
Sittka et al, 2008; Bilusic et al, 2014). A cross-linking-based study in
E. coli suggests interactions of Hfq with rRNA in vivo (Tree et al,
2014). An interaction between Hfq and S12 protein of the 30S ribo-
somal subunit has been previously reported, yet lacking mechanistic
details on its role (Strader et al, 2013). Clearly, Hfq interacts with
rRNA but is this a functional or redundant interaction?

Here, we identify a novel role of Hfq in ribosome biogenesis.
Inactivation of Hfq leads to accumulation of 17S rRNA and
reduced levels of 70S ribosomes in E. coli. Using in vivo and
in vitro approaches, including ribosome profiling, we demonstrate
that Hfq deletion affects the ribosome pool with direct effects on
translation efficiency and fidelity. Our data propose Hfq as a novel
auxiliary ribosome biogenesis factor. This expands the functional
spectrum of this RNA chaperone beyond the sRNA-biology with
impact on rRNA processing, ribosome biogenesis, and translation
fidelity.

Results
Hfq is required for 16S rRNA maturation

The 16S rRNA arises from processing of the 17S rRNA precursor
which harbors additional nucleotides (nts) at both extremities
(Fig 1A). Hfq is a key regulator of cell physiology affecting gene
expression in both exponential and stationary phases (Tsui et al,
1994; Muffler et al, 1997; De Lay et al, 2013). Thus, we compared
the total RNA from wild-type and Ahfg cells extracted from expo-
nential and stationary phase cells by Northern blotting using specific
probes complementary to 5'- or 3’-ends of the 17S rRNA. In addi-
tion, we used probes corresponding to the internal regions of 16S
rRNA or 23S rRNA (Fig 1B). Both 17S-specific probes hybridized
only to 17S rRNA, whereas the 16S-probe identified both 16S and
17S rRNA. Notably, inactivation of Hfq in both growth phases
resulted in higher levels of 17S rRNA with misprocessed extremities
(28 and 148% increase in exponential and stationary phases, respec-
tively), suggesting a role for Hfq in 16S rRNA maturation. On the
other hand, Hfq did not significantly change the levels of 23S rRNA.
The accumulation of 17S in the Ahfqg mutant compared to the wild-
type strain is observed over time in different points of the growth
curve (Fig EV1A).

Hfq preferentially binds to the (ARN)x motif in RNAs (Mikulecky
et al, 2004; Link et al, 2009; Peng et al, 2014). Strikingly, both
5" and 3’ extremities of the 17S rRNA carry several of these
predicted Hfg-binding sequences (Fig EV1B). To further assess the
Hfq binding to these regions, we performed gel mobility shift experi-
ments with constant amounts of the 5’-end and 3’-end sequences of
17S RNA and increasing levels of the Hfq protein (Fig 1C). Indeed,
Hfq complexed with both 17S-end sequences corroborating the idea
that Hfq interacts in vitro with 17S rRNA specific sequences.

The additional nucleotides from the 17S rRNA could interact with
helix 1 and helix 2 of the mature 16S rRNA inducing alternative
structures which would affect the folding of the central pseudoknot
(Lodmell & Dahlberg, 1997; Roy-Chaudhuri et al, 2010). To evaluate
whether the deletion of Hfq leads to an altered conformation of the
16S rRNA, we performed RNA mapping using two chemical probes,
dimethyl sulfate (DMS) and N-cyclohexyl-N'-(2-morpholinoethyl)
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carbodiimide (CMCT), in separate experiments (Fig 1D). A specific
antisense primer to the 5-end of the 16S rRNA was used in the
primer extension reactions which allowed good resolution of the
16S central pseudoknot that consists of helix 1 (nucleotides 9-13/
21-25) and helix 2 (nucleotides 17-19/916-918; Brink et al, 1993).
Several nucleotides accessible to DMS (adenosines and cytidines) or
CMCT (uridines and guanosines) modification in the wild type were
less reactive to these probes in the absence of Hfq (Fig 1D). Our
data imply that the folding of the 16S rRNA is altered as conse-
quence of Hfq inactivation, resulting in the structural occlusion of
those residues. Altogether, our observations indicate that Hfq inter-
acts with 17S rRNA and is necessary for the correct processing and
folding of the mature 16S rRNA, and affects the formation of the
central pseudoknot.

Inactivation of Hfq results in altered profiles of
ribosome sedimentation

Given that misprocessing of rRNA can be consequence of defects
in ribosome assembly (Liiv & Remme, 2004; Roy-Chaudhuri et al,
2010; Shajani et al, 2011), we next examined whether the defects
in the maturation of 16S rRNA found in the Ahfg strain had
consequences to the total amount of ribosomes. We profiled the
ribosomes from exponential and stationary phase cultures of wild-
type and mutant Ahfg strains by sucrose gradient ultracentrifuga-
tion (Fig 2A and B). The ribosome identity in the different peaks
was further confirmed by analyzing their rRNAs (Appendix Fig
S1). In the wild-type strain, under conditions that favor ribosome
association (10 mM Mg®"), the peak corresponding to the small
30S subunits was nearly absent, while the amount of the 70S
ribosomes was comparable between exponential and stationary
phases (Fig 2A and B, and Appendix Fig S1). In clear contrast,
the levels of the mature 70S ribosomes were reduced in the Ahfg
mutant as compared to the wild type, an effect particularly severe
in the stationary phase. Additionally, free 30S accumulated in the
Ahfg, which again was more evident in stationary phase (Fig 2A
and B). The complementation of the Ahfq deletion in trans with a
plasmid expressing Hfq (pHfq; Andrade et al, 2012) raised the
amount of mature ribosomes to levels comparable to that of
the wild-type strain (Fig 2A and B, Appendix Fig S1). Strikingly,
the plasmid expressing Hfq rescued the defects in the ribosomal
amounts isolated from the Hfq deletion strain. Note that the Ahfg
strain transformed with the empty vector was essentially identical
to the Ahfq strain suggesting no effects of the transformation itself.

Our data clearly demonstrate that the inactivation of Hfq leads to
a reduction in the pool of 70S ribosomes in the cell. This could
either result from imbalanced production of subunits or the occur-
rence of major defects in the assembly of the 70S particle upon inac-
tivation of Hfq. To distinguish between these two possibilities, we
further analyzed ribosomes under dissociative conditions (0.1 mM
Mg>*) to guarantee that all ribosomal subunits would be in their
free state. As observed in Fig 2A and B (right panels), both strains
displayed comparable contents of 30S and 50S subunits irrespective
of the growth phase. Hence, the lower levels of 70S ribosomes in
the absence of Hfq (Fig 2A and B, left panels) are a consequence of
defects in the 70S assembly.

A well-known hallmark of ribosome biogenesis defects in
bacteria is the cold-sensitive phenotype (Connolly & Culver,
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Figure 1. Hfq is required for correct processing and folding of 16S rRNA.

A Schematic representation of the RNase-mediated processing of the 17S rRNA precursor into mature 16S rRNA.
B Northern blot analysis of total RNA extracted from cells in exponential (EXP) or stationary (STAT) growth phase. Samples were fractionated on a 4% polyacrylamide/

7 M urea gel. A scheme of the probes binding to the rRNA sequence is displayed on the side.
C Electrophoretic mobility shift assays of Hfg binding to the 5" and 3’ extremities of the 17S rRNA. Increasing amounts of Hfq hexamer were mixed with a constant

amount of the specific 17S-flanking sequences and resolved on a 6% (top panel) or 8% (bottom panel) native polyacrylamide gel.
D DMS and CMCT accessibility probing of the 16S rRNA. Reverse-transcribed cDNA was fractionated on an 10% polyacrylamide/7 M urea gel. Residues with altered

reactivities in the Ahfg mutant are indicated. The inset depicts the analyzed region of the 16S rRNA.

Source data are available online for this figure.

2009). We next compared the growth of the wild-type and Ahfg
strains at 37 and 16°C (Fig 2C). Clearly, the Ahfg mutant exhib-
ited the cold-sensitive phenotype, with severe growth defects
under cold shock but not at 37°C which correlated with the
altered ribosome profile found in the absence of Hfq. This effect
is reminiscent of the cold-sensitive phenotype observed with dif-
ferent ribosome biogenesis factors like RbfA, KsgA, RimM, and
RimO (Bylund et al, 1998; Connolly et al, 2008; Leong et al,
2013).

rRNA synthesis feedforwards the synthesis of ribosomal
proteins (Scott et al, 2014). Thus, to assess the expression of the

r-proteins, we used ribosome profiling which captures the

© 2018 The Authors

positions of actively translating ribosomes and the ribosome-
protected fragments (RPFs) reporting on differences in gene
expression at the level of translation (Ingolia et al, 2009; Li et al,
2014). This analysis was combined with RNA-Seq to determine
the mRNA expression levels and the regulation of gene expression
at the level of transcription. Strikingly, all ribosomal proteins were
significantly translationally downregulated in the Ahfg mutant
strain while the levels of their transcripts remained unchanged or
decreased to much lower extent (Figs 2D and EV2A, and Dataset
EV1). Notably, among the significantly enriched gene ontology
(GO) terms are genes participating in ribosome assembly (Dataset

EV1). Furthermore, within the polycistronic mRNAs, the
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Figure 2. Defective ribosome biogenesis in the Ahfq strain.

A B (Left panels) Ribosomes from cells in the exponential or stationary phase were fractionated on sucrose density gradients in 10 mM Mg?* to stabilize 70S particles
with and without trans-complementation of hfg gene using pBAD24 plasmid. Ribosome species are identified over each peak; top and bottom denote the lowest
(15%) and highest (45%) sucrose concentration in the gradient, respectively. (Right panels) Ribosomes purified from cells in exponential and stationary phases
fractionated on sucrose density gradients at low 0.1 mM Mg?* concentration to promote 70S dissociation into free 30S and 50S subunits. Top and bottom denote
the lowest (10%) and highest (30%) sucrose concentration in the gradient, respectively.

@ Serial dilutions (with 1:10 steps) of wild-type and Ahfq strains grown on LB-agar plates at 37 or 16°C.

D  Comparison of mRNA expression (left) and protein production (right) of ribosomal proteins between wild-type and Ahfq strains analyzed by RNA-Seq (left) and

ribosome profiling (right), respectively.

Source data are available online for this figure.

translation yields of the encoded r-proteins differed (Fig EV2B and
Dataset EV1) implying an independent translation initiation of the
r-proteins (Li et al, 2014). This expression pattern corroborates
earlier observations for translational coupling of the expression of
the ribosomal proteins and rRNA synthesis (Jinks-Robertson &
Nomura, 1981; Nomura, 1999). Cumulative profiles of all
expressed genes do not differ between wild-type and Ahfg strains,
arguing against an effect of Hfq depletion on translation initiation
(Fig EV3A).

Overall, our results show that the Hfq depletion leads to defects
in ribosome biogenesis with consequences for the pool of mature
70S ribosomes and propose Hfq as an auxiliary factor which regu-
lates ribosome biogenesis.
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Hfq copurifies with immature 30S subunits

We hypothesized that Hfq would preferably bind to immature 30S
subunits as these can be enriched in 17S RNA. To test this, we
purified immature 30S subunits from the knockout mutant of RbfA,
a late assembly factor that accumulates pre-30S particles enriched in
17S rRNA (Jones & Inouye, 1996; Bylund et al, 1998; Thurlow et al,
2016). Compared to the wild-type, the ArbfA mutant showed a simi-
lar ribosome profile to the Ahfg mutant, with increasing levels
30S particles and lower levels 70S ribosomes (Fig 3A). The peak
corresponding to the 30S fraction was recovered from the sucrose
gradients of the ArbfA mutant, and the 30S subunits were purified
in low salt conditions. In parallel, mature 30S subunits were

© 2018 The Authors
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obtained from dissociation of 70S ribosomes isolated from the wild
type, also in low salt conditions. Purified 30S samples were then
analyzed by mass spectrometry that identified proteins associated
with 30S subunits. Most of the proteins identified corresponded to
r-proteins or known factors associated with ribosomes (Dataset
EV2). Strikingly, Hfq was found to copurify only with immature 30S
isolated from the ArbfA but not with the mature 30S isolated from
the wild type (Fig 3B). The same 30S samples were analyzed by
Western blotting using an anti-Hfq antibody. Cell lysates of wild-
type and Ahfq strains and purified His-tagged Hfq were used as
controls. Western blot confirmed the presence of Hfq in the 30S
purified from the ArbfA but not from the wild type, in total agree-
ment with mass spectrometry data (Fig 3C). Overall, these results
show that Hfq is copurifying with precursor 30S ribosomes in vivo
and corroborates that Hfq is a novel factor that assists ribosome
assembly.

Hfq affects translation efficiency

Altered ribosome biogenesis can lead to major defects in translation,
and thus, we next assessed the translational status in the Ahfg
mutant. Firstly, the Ahfq strain showed a reduced polysome fraction
compared to that of the wild-type strain (Fig 4A). Secondly, a global
measurement of protein synthesis by pulse metabolic labeling con-
firmed a significant reduction of translation in Hfq-depleted back-
ground (Fig 4B). Thirdly, the global translation efficiency, which
was determined by the density of ribosomes from the ribosome pro-
filing per mRNA from the RNA-Seq dataset, was significantly
reduced (Mann-Whitney U-test or Wilcoxon rank-sum  test,
P =0.0001996; Fig 4C). Hence, the defects in rRNA precursor
processing and ribosome biogenesis in the Ahfg mutant decreased
translation volume and efficiency as compared to the parental
strain. The well-known importance of Hfq for stress response in
E. coli could arise from this effect on translational capacity, and not
only from Hfq’s role in SRNA-dependent regulation.

We next asked whether these changes in translation efficiency
are global or a fraction of genes escapes this trend. We performed a
fold-change analysis and ranked the genes according to the fold-
change in translation (i.e., only translationally up- or downregulated
in the ribosome profiling set) but with unchanged mRNA expression
from the RNA-Seq experiment. Genes with changes in their RPF
coverage higher than twofold were considered. The gene ontology
(GO) analysis of the downregulated genes in Hfg-depleted back-
ground showed several pathways being affected but with a signifi-
cant GO term enrichment in genes participating in ribosome
biogenesis, translation, and amino acid metabolism (Fig 4D and
Dataset EV1). The complete list of genes with the GO categories is
summarized in Dataset EV1. For comparison, density plots of repre-
sentative examples downregulated in the Ahfg mutant (Fig EV3B)
or with unaltered translation (Fig EV3C) are included. Notably,
inactivation of Hfq augmented the mRNA levels of genes known to
be regulated by Hfg-dependent sRNAs, while their translation was
only slightly affected (Dataset EV3).

Hfq affects translation fidelity

The ribosomal tRNA accommodation site (A-site) is formed by
helix 44 of the 16S rRNA of the 30S subunit. Three aminoglycoside

© 2018 The Authors
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Figure 3. Hfq copurifies with immature 30S subunits.

A Ribosomes from wild-type and ArbfA exponential growing cells were
analyzed on sucrose density gradients. The ArbfA mutant displays an
altered ribosome profile with an increase in 30S and 50S subunits and a
reduction of 70S ribosomes compared to the wild type.

B Representative proteins identified by mass spectrometry of purified 30S
subunits from the wild-type and ArbfA mutant. The measurement of all the
peptides identified for each protein is shown as total ProtScore values
calculated with the Pro Group™ Algorithm (Sciex), with a 95% confidence.
The ratio between the ArbfA mutant and wild type are shown as
normalized fold changes that are represented by positive or negative values
corresponding to an increase or decrease, respectively, of the number of
peptides found in the ArbfA mutant compared to the wild type. (ND, not
detected).

C Western blot analysis of purified 30S subunits using an anti-Hfq antibody.
WT and Ahfqg cell lysates as well as purified His-Hfq protein were loaded as
controls.

Source data are available online for this figure.

antibiotics, neomycin, paromomycin, and kanamycin, interact with
the 16S rRNA near the A-site and induce translational misreading
(i.e., shift of the reading frame, stop-codon readthrough; Foster &
Champney, 2008). In the presence of sub-lethal concentrations of
neomycin, paromomycin, or kanamycin, the Ahfg mutant strain
showed exacerbated growth defects relative to untreated Ahfg or
wild-type strains, suggesting that Hfq affects translation fidelity
(Fig 5A). Additional aminoglycosides were further tested showing
similar effect (Fig EV4). As control, the Ahfq strain did not show
increased sensitivity to other classes of antibiotics, like colistin,
which targets cell membrane (Figs SA and EV4). We also investi-
gated the misreading using a collection of widely used plasmids
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C Translation efficiency of wild-type and Hfg-depleted cells obtained by ribosome profiling.
D GO term analysis of translationally downregulated genes in the Ahfg. The top three affected categories are in bold. Full GO term analysis is included in Dataset EV1.

bearing lacZ as reporter (O’Connor et al, 1997). When compared
with the isogenic parent, the Ahfg mutant showed a substantial
increase in frameshifting, aberrant initiation from alternative start
codon(s), and stop-codon readthrough (Fig 5B), indicating that the
accuracy of translation in Hfg-depleted background is severely
compromised. In sum, these data suggest that inactivation of Hfq
decreases translation efficiency and enhances misreading of
mRNA, implying a functional link between Hfg-dependent alter-
ations in rRNA processing, ribosome biogenesis, and translation
fidelity.

The distal face is critical for the Hfq-dependent regulation of
ribosome biogenesis

The Sm-like Hfq assembles into a hexamer with a ring-like shape
that displays at least three RNA-binding surfaces which confer Hfq
the ability to bind simultaneously different RNA substrates. The
proximal face and a charge patch in the outer rim of the hexamer
bind preferably U-rich sRNAs while the distal face binds to A-rich
sequences in target mRNAs (Mikulecky et al, 2004; Link et al, 2009;
Otaka et al, 2011; Sauer & Weichenrieder, 2011; Sauer et al, 2012;
Panja et al, 2013; Zhang et al, 2013).
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To evaluate which binding surface would be responsible for the
newly identified Hfg-dependent regulation of ribosome biogenesis,
representative Hfq variants with mutations in the different surfaces
(Zhang et al, 2013) were tested. Ribosome sedimentation profiles of
proximal (Q8A and F39A), rim (R16A), and distal (Y25D and K31A)
mutants isolated from exponential cultures were compared to that
of the wild-type strain (Figs 6A and EV5). In addition, rRNAs from
each fraction were isolated to confirm the ribosome identity in each
peak (Appendix Fig S2). Strikingly, only mutations in the distal face
caused reduction in the 70S ribosome levels, which were similar to
those we observed for the Hfq deletion mutant (Fig 2A and B). The
ribosome profiles of mutants in the proximal or rim surface were
similar to that of the wild type, and these surfaces were shown to
govern interactions with sRNAs (Sauer & Weichenrieder, 2011;
Sauer et al, 2012; Panja et al, 2013; Zhang et al, 2013). Altogether,
from these data, we conclude that the distal face of Hfq is critical for
the regulation of the rRNA maturation and ribosome biogenesis and
propose that the novel function of Hfq in the ribosome biogenesis
might be independent of sSRNA binding.

The sensitivity of the Hfq variant strains against different
antibiotics was also tested (Fig 6B). The proximal and rim mutants
(Q8A and R16A) did not show significant growth difference to the

© 2018 The Authors
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Source data are available online for this figure.

wild type. Only the distal Hfg-Y25D variant showed increased
susceptibility to aminoglycosides, like neomycin or kanamycin,
suggesting that Hfq-Y25D is impaired in translation efficiency.
However, the growth defect of Hfq-Y25D strain is not as severe as the
one found in the knockout Ahfg mutant, which suggest that Y25D is
an important residue but is not the sole responsible for the increased
susceptibility to aminoglycosides. This phenotype was not observed
when other classes of antibiotics were tested, such as polypeptide
antimicrobials like colistin. These results from antibiotic sensitivity
further support the importance of the distal face of Hfq in translation.

Discussion

Here, we present results that support a novel role of Hfq in bacterial
ribosome biogenesis with important consequences for translation
(Fig 7). Hfq is a widely conserved RNA-binding protein of the Sm/
Lsm family of proteins (Wilusz & Wilusz, 2013) that it is mostly
known for promoting SRNA basepairing with target mRNAs
(Updegrove et al, 2016). However, a role of Hfg in regulating rRNA
processing and folding has not been proposed. Our work unveils
previously undescribed roles of Hfq in ribosome biogenesis and
expands the repertoire of Hfq functions in the cell.

We show that Hfq is a new regulator of rRNA maturation. Hfq
depletion results in loss of normal processing of rRNA, leading to
the accumulation of unprocessed 17S rRNA precursor. Earlier cross-
linking studies in E. coli identified interactions between Hfq and
TRNA (Tree et al, 2014), but did not analyze it further. We find that
Hfq directly interacts with the 17S rRNA and Hfq inactivation results
in the misprocessing of both 17S extremities. Our data align well
with observations made for Lsm proteins, the evolutionarily
conserved eukaryotic counterparts of the bacterial Hfq; depletion of
Lsm proteins causes defects in the processing of pre-rRNAs (Kufel
et al, 2003; Beggs, 2005) supporting the notion for an evolutionary

© 2018 The Authors

conserved function of the members of the Sm/Lsm protein family in
rRNA processing.

Accumulation of the 17S rRNA precursor is usually linked to
problems in formation of mature 30S subunit, and most likely
because maturation of 16S rRNA is a final step in ribosome biogene-
sis (Srivastava & Schlessinger, 1988; Shetty & Varshney, 2016).
rRNA synthesis and maturation are tightly intertwined with the
r-protein biosynthesis (Jinks-Robertson & Nomura, 1981; Nomura,
1999; Scott et al, 2014). In the Ahfg background, accumulation of
unprocessed 17S rRNA is accompanied with significant reduction of
r-proteins synthesis, substantial reduction in the levels of 70S ribo-
somes, and concomitant accumulation of immature ribosomal
subunits. The initiation of translation is the most sensitive node in
translation regulation and defects during this process could lead to a
similar phenotype (Laursen et al, 2005). However, translation initia-
tion remains unaffected upon Hfq inactivation (Fig EV3A). Along
with the fact that in trans-complementation with Hfq rescues the
defective ribosome assembly, we show that Hfq is needed for proper
ribosome biogenesis but unessential for proper initiation.
Hfg-depleted cells show phenotypes typically found in mutants of
ribosome biogenesis factors, namely defects in rRNA maturation,
accumulation of rRNAs precursors, and cold sensitivity
(Kaczanowska & Rydén-Aulin, 2007; Shajani et al, 2011). rRNA
precursors compete with mature rRNAs for binding to r-proteins,
although pre-rRNA containing ribosomes are conformationally
defective (Liiv & Remme, 2004; Yang et al, 2014).

Several auxiliary factors associate with the ribosome during the
intricate process of ribosome assembly assisting in r-protein binding
and rRNA folding steps (Kaczanowska & Rydén-Aulin, 2007). Hfq is
a novel assembly factor that preferentially binds immature 30S
subunits, like other chaperones such as RimM or RbfA. Like these
factors, Hfq probably acts to facilitate or proofread folding of the
pre-TRNA and pre-30S assembly. Hfq is a well-known RNA chaper-
one able to remodel RNA secondary structures (Moll et al, 2003;
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Figure 6. The distal face of Hfq is required for correct ribosome biogenesis and translation fidelity.
A Ribosomes purified from strains with specific point mutations in the hfg gene were fractionated on sucrose density gradients and compared to the wild-type strain.

The binding surface affected by each mutation is schematically depicted on the top.

B Serial dilutions (1:10) of wild-type, Ahfg, and Hfq variants grown on LB-agar plates at 37°C with and without sub-lethal concentrations of neomycin (1 pg/ml),

kanamycin (1 pg/ml), or colistin (0.1 pg/ml).

Source data are available online for this figure.

Wroblewska & Olejniczak, 2016); hence, it is conceivable that it
might be essential for the correct processing and folding of 16S
rRNA into 30S subunits. In fact, cells lacking Hfq present an altered
rRNA folding as suggested by our RNA-structure mapping. This is
likely a consequence of the additional nucleotides from the 17S
rRNA precursor which perturb the formation of helixes 1 and 2 of
the 16S rRNA (Lodmell & Dahlberg, 1997; Roy-Chaudhuri et al,
2010). This in turn affects the folding of the central pseudoknot, a
universally conserved structural element that establish long-range
interactions within the 16S rRNA and that is critical for the overall
folding of the small subunit (Brink et al, 1993). Moreover, alter-
ations in the secondary structure of the pseudoknot result in error-
prone ribosomes (Lodmell & Dahlberg, 1997) as we observed in the
Ahfg mutant. Alternatively, Hfq may promote RNA-protein interac-
tions that are important for the correct rRNA processing. Notably,
Hfq was previously shown to bind to the S12 protein of the 30S
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small subunit in E. coli (Strader et al, 2013). The S12 protein is a
key mediator of translation fidelity in both prokaryotes and eukary-
otes and is positioned in helix 44 of the 16S rRNA that is known to
form extensive contacts with the large subunit (Yusupov et al, 2001;
Cukras et al, 2003). Association of Hfqg with S12 is suggested to be
important for the correct folding of 16S rRNA and formation of inter-
face between ribosomal subunits and consequently the assembly of
70S ribosomes. Moreover, the sensitivity of the Ahfg strain to
aminoglycosides and the cumulative translation errors induced by
hfq deletion corroborate the observation that the conserved helix 44
of 16S rRNA maintains translation fidelity and serve as amino-
glycoside target (Davis, 1987).

The role of Hfq in promoting the basepairing between regulatory
small RNAs and their target mRNAs constitutes the most well-
known function of this RNA-binding protein. An interesting feature
of Hfq is that it is possible to uncouple its multiple functions by
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Figure 7. Model for the Hfq regulation of ribosome biogenesis.

Hfq assists ribosome biogenesis together with other ribosome assembly and
maturation factors. Hfq depletion exhibits critical consequences for ribosome
biogenesis and cellular translation. The Ahfg mutant affects the correct
maturation of 30S subunits and accumulates unprocessed 17S rRNA precursor
leading to a general translation deficiency.

introducing point mutations in each of its RNA-binding surfaces: the
distal face of Hfq recognizes and binds to trinucleotide ARN repeats
in mRNA, while the proximal and rim faces bind preferably to U-
rich sequences in small RNAs (Link et al, 2009; Otaka et al, 2011;
Sauer & Weichenrieder, 2011; Sauer et al, 2012; Panja et al, 2013).
Strikingly, we found that the reduced levels of the 70S ribosomes in
Hfqg-depleted cells is dependent on residues located at the distal face
of Hfq but not on those in the proximal and rim RNA-binding faces
suggesting that rRNA regulation is independent of SRNA binding of
Hfq. Despite Hfq being widely conserved, Hfg-dependent regulation
of sRNAs is not a common feature; for example, this function is
missing in many bacteria like Bacillus subtilis and Listeria monocyto-
genes (Christiansen et al, 2006; Rochat et al, 2015). Hfq is known to
act independently of an sRNA as partner in a variety of cellular
functions. Namely, Hfq stimulates the addition of poly(A) tails to
the 3’ end of mRNAs containing Rho-independent transcription
terminators, promoting their degradation in E. coli (Le Derout et al,
2003; Mohanty et al, 2004; Folichon et al, 2005; Régnier & Hajns-
dorf, 2013). Also, Hfq inhibits translation by binding directly to
mRNAs, independent of a sRNA partner (Salvail et al, 2013; Ellis
et al, 2015).

In summary, we have demonstrated that Hfq is a new ribosome
assembly factor. Cells lacking Hfq exhibit diverse hallmarks of ribo-
some biogenesis defects, namely (i) misprocessing of rRNA and
accumulation of 17S rRNA precursor; (ii) reduced pool of 70S ribo-
somes; (iii) an abnormal translation and compromised translation
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fidelity; and (iv) cold-sensitive phenotype, typically associated with
ribosome biogenesis factor mutants. This work expands the
functions of Hfq beyond the regulation of small non-coding RNA
biology and unveils unprecedented roles in ribosome biogenesis and
translation.

Materials and Methods
Bacterial strains, plasmids, and oligonucleotides

All bacterial strains, plasmids, and oligonucleotides are listed in
Appendix Tables S1-S3, respectively. All E. coli K-12 strains used in
this study are derivatives of strains MG1693 or MC1061. Deletion of
hfqg was obtained using the A-Red recombination (Datsenko &
Wanner, 2000). The hfg point mutant alleles (Zhang et al, 2013)
were Pl-transduced to our parental strain, following selection on
glucose minimal plates and screening for sensitivity to chloram-
phenicol. The ArbfA mutant was obtained from the Keio collection
(Baba et al, 2006). All mutations were confirmed by PCR and
sequencing.

Bacterial growth

Strains were grown in LB medium (Difco) supplemented with
thymine (50 pg/ml) at 37°C, unless otherwise stated. Overnight
cultures of single freshly grown colonies were diluted to an initial
ODggp ~ 0.03. Cultures were collected either at exponential phase
(ODggo ~ 0.5) or stationary phase (after ~ 14 h growth). Antibiotics
were present at the following concentrations when needed: 25 pg/
ml chloramphenicol, 50 pg/ml kanamycin, 10 pg/ml tetracycline,
and 100 pg/ml ampicillin. For the dilution plating assays, serial
dilutions were made in 10-fold increments and immediately spotted
onto LB-agar plates. Sub-lethal concentrations of antibiotics were
added when relevant: 1 pg/ml neomycin, 1 pg/ml paromomycin,
1 pg/ml kanamycin, 0.1 pg/ml colistin, 0.1 pg/ml gentamicin,
1 pg/ml streptomycin, 0.01 pg/ml cefotaxime, 2 pg/ml erythro-
mycin, and 0.002 pg/ml ciprofloxacin.

RNA analysis

For Northern blots, total RNA was extracted as previously described
(Andrade et al, 2012). One microgram of total RNA was resolved on
4% polyacrylamide/7 M urea gels in TBE 1x buffer, transferred to a
nylon membrane (GE Healthcare) and UV cross-linked. Membranes
were hybridized with PerfectHyb Plus (Sigma-Aldrich) and probed
with *?P-5'-end-labeled DNA oligonucleotides. Blots were analyzed
on the Fuji TLA-5100 imaging system (GE Healthcare). RNAs
collected from ribosome sedimentation fractions were extracted
using TRI Reagent (Sigma-Aldrich) and resolved on agarose gels
stained with ethidium bromide.

Electrophoretic mobility shift assays

Binding assays were performed essentially as previously described
(Andrade et al, 2013). The 17S rRNA extremities were generated by
in vitro transcription with T7 RNAP (Promega) and [o-**P]-UTP
(Perkin Elmer). EMSA samples were electrophoresed on native 6%
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or 8% polyacrylamide gels in TBE 1x buffer in a cold room. Gels
were exposed to a PhosphorImager screen (GE Healthcare).

RNA mapping

Chemical modification reactions were carried out with DMS (diluted
1:6 in ethanol) or CMCT (1 mg/ml) following protocols described in
Andrade et al, 2013 and Caprara, 2011; respectively. Total RNA
(10 pg) extracted from exponential phase cultures (ODggg ~ 0.35—
0.40) of wild-type and Ahfq strains was used. Primer extension reac-
tions were carried out using the *2P-5'-end-labeled primer 46
(Clatterbuck Soper et al, 2013) and 100 U of reverse transcriptase
SuperScript III or IV (Thermo Fisher Scientific). Samples were
analyzed on 10% polyacrylamide/7 M urea gels run in TBE 1x
buffer.

Ribosome extraction and sucrose sedimentation

Ribosome isolation was adapted from (Powers & Noller, 1991). Cell
pellets were resuspended in ice-cold buffer A (50 mM Tris—Cl at pH
7.5, 10 mM MgCl,, 100 mM NH,Cl, 0.5 mM EDTA, and 6 mM 2-
mercaptoethanol) with the addition of Complete Mini Protease Inhi-
bitor cocktail EDTA-free (Roche) and lysed by French press. After
TurboDNase (Ambion) digestion, the clarified lysate was layered
over a 36% sucrose cushion composed of buffer B (50 mM Tris—Cl
at pH 7.5, 10 mM MgCl,, 500 mM NH,CI, 0.5 mM EDTA, and 6 mM
2-mercaptoethanol) and spun at 120,000 g for 16 h in a Beckman
ultracentrifuge 90Ti rotor at 4°C. The ribosome pellets were washed
once with buffer C (50 mM Tris—Cl at pH 7.5, 10 mM MgCl,,
100 mM NH4Cl, and 6 mM 2-mercaptoethanol) and then resus-
pended in the same buffer by gentle rocking at 4°C. Purified ribo-
somes were analyzed in 15-50% (w/v) sucrose gradients prepared
in buffer C with 10 mM MgCl, (associative conditions) or in 10—
30% (w/v) sucrose gradients prepared in buffer C with 0.1 mM
MgCl, (dissociative conditions). Associative samples were centri-
fuged in a Beckman ultracentrifuge SW41 rotor for 16 h at 71,000 g
at 4°C and analyzed by UV using the AKTA system (GE Healthcare).
Dissociative samples were centrifuged in a Beckman ultracentrifuge
SW28 rotor for 16 h at 76,000 g at 4°C and fractions collected from
the top were quantified on Nanodrop.

Ribosome profiling, RNA-Seq, and data analysis

Ribosome-protected fragments and randomly fragmented mRNA for
ribosome profiling and RNA-Seq, respectively, were isolated as
described previously (Del Campo et al, 2015). Briefly, cells cultured
to the exponential phase (ODgg 0.35-0.40) in LB medium were split
into two aliquots. From one aliquot, total RNA was extracted using
TRI Reagent (Sigma-Aldrich), enriched by depleting small RNAs
with GeneJET Purification Kit (Fermentas) and rRNA with
MICROBExpress Bacterial mRNA Enrichment Kit (Ambion), and
fragmented in alkaline solution (2 mM EDTA and 100 mM Na,CO;
pH 9.2 for 40 min at 95°C) to fragments with size of 24-35 nts. The
second aliquot was used to isolate mRNA-bound ribosome
complexes. Cells were collected by filtration and flash-frozen with-
out preincubation with antibiotics. Cells were lysed by freeze-
rupturing (Retch Mill), and 100 A,e units of ribosome-bound
mRNA fraction were directly used for polysomal analysis or
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subjected to nucleolytic digestion with 10 units/ul micrococcal
nuclease (Fermentas) for 10 min at room temperature in buffer with
pH 9.2 (10 mM Tris pH 11 containing 50 mM NH,Cl, 10 mM MgCl,,
0.2% Triton X-100, 100 png/ml chloramphenicol, and 20 mM CacCl,)
to obtain the monosomal fraction. Separation was obtained by
sucrose density gradient (15-50% w/v). Subsequently, 20-35-nt
RNA fragments from the monosomal fraction were size selected on
a denaturing 15% polyacrylamide gel. For both ribosome-protected
fragments and mRNA fragments, the libraries were prepared by
direct ligation of the adaptors (Del Campo et al, 2015) and
sequenced on the Illumina GAIIx platform. Sequenced reads were
quality trimmed using fastx-toolkit (0.0.13.2; quality threshold: 20),
and sequencing adapters were cut using cutadapt (1.8.3); minimal
overlap: 1 nt) and mapped to the E. coli genome (strain MG1655,
version U00096.3, NCBI) using Bowtie (1.1.2) allowing a maximum
of two mismatches. The number of raw reads was used to generate
gene read counts for each ORF, by counting the number of reads
whose middle nucleotide (for even read length the nucleotide 5 of
the mid-position) fell in the CDS. Gene read counts were normalized
by the length of the unique CDS per kilobase (RPKM) and the total
mapped reads per million (RPM; Mortazavi et al, 2008). Spike-ins
(ERCC, Thermo, Germany) were added to the RNA-Seq data set
upon rRNA depletion with MICROBExpress kit and used to set the
detection threshold in each sequencing set. The same detection
threshold was used for the corresponding ribosome profiling experi-
ment. Furthermore, to determine the reproducibility of our sequenc-
ing data sets, we used published data set serving as a truly
independent biological replicate in which bacteria were grown
under identical conditions (GEO accession number, GSE85540;
Hwang & Buskirk, 2017). The reproducibility is very high,
R* = 0.865 and R* = 0.816 (Spearman correlation coefficient) for the
RNA-Seq and ribosome profiling data sets, respectively. The correla-
tion is even higher for the r-proteins only. For fold-change analysis,
we used a threshold of 2. Cumulative profiles of read density for
RPFs have been computed as described (Ingolia et al, 2009). The
overlapping genes were excluded from this analysis as initiation of
the downstream gene is within the open-reading frame of the
upstream gene and the RPFs in this region cannot be unambigu-
ously assigned to either gene. Gene ontology enrichment including
statistical analysis was performed using the tools and gene lists from
Gene Ontology Consortium (http://geneontology.org/).

Analysis of purified 30S-associated proteins

For 30S purification, cells were grown in 11 of LB medium at 37°C
and 160 rpm agitation to an ODggg ~ 0.6 for the wild-type strain and
ODggp ~ 0.2 in the case of the ArbfA strain, as previously described
with minor modifications (Thurlow et al, 2016). Ribosomes were
isolated in a similar manner as detailed above. However, “low salt
conditions” were used to allow mass spectrometry analysis, mean-
ing that all buffers contained only 60 mM of NH,CI. Isolated ribo-
somes were then quantified and separated on 15-45% (w/v)
sucrose gradients under dissociative (0.1 mM MgCl,) and associa-
tive conditions (10 mM MgCl,) for the wild-type and ArbfA strain,
respectively. Gradients were centrifuged in a Beckman ultracen-
trifuge SW41 rotor at 71,000 g and 4°C for 16 h and analyzed by UV
using the AKTA system (GE Healthcare). Fractions corresponding to
30S peak were collected and spun in a Beckman 90Ti rotor at
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120,000 g and 4°C for 16 h to remove the sucrose buffer from the
30S particles. The pellet was then resuspended in buffer D (10 mM
Tris-Cl at pH 7.5, 10 mM MgCl,, 60 mM NH,Cl, and 3 mM 2-
mercaptoethanol) and stored at —80°C. Mature 30S subunits
isolated from the wild-type strain and immature 30S particles
isolated from the ArbfA strain were quantified on Nanodrop. Mass
spectrometry data were obtained by the UniMS service (Mass Spec-
trometry Unit, ITQB/iBET, Oeiras, Portugal). Peptides were
analyzed using the Pro Group™ Algorithm (Sciex), and for each
protein, two types of scores were obtained: unused and total ProtS-
core. While the latter is a sum of the ion scores of all identified
peptide evidence for a protein, the unused ProtScore reflects the
amount of total unique peptide evidence related to the same protein.
The confidence threshold was set at unused score of 2 and 1.3 with
99 and 95% confidence, respectively. A ratio from the ArbfA strain
over the wild-type control was used to identify fold-change variation
of proteins. Positive or negative fold-change values correspond to
an increase or decrease, respectively, of the number of peptides
found in the ArbfA mutant compared to the wild type. Hfq presence
in purified 30S samples (2.5 png) was further analyzed by Western
blot using an anti-Hfq antibody (Ziolkowska et al, 2006).

Pulse-labeling assay

Bacteria were grown in M9 medium supplemented with 0.02% casa-
minoacids (Difco) in an orbital shaker at 37°C. Exponential phase
cells were centrifuged, resuspended in M9 medium supplemented
with 0.15 mM amino acid mix without methionine and cysteine
(Promega), and incubated for 60 min in a water bath at 37°C. Label-
ing with **S-radiolabeled L-Met/L-Cys mix (Perkin Elmer) proceeded
for 30 s at 37°C. Reaction was stopped with addition of TCA to a
final concentration of 5%, and samples were spotted onto GF/C glass
microfibers filters (Millipore). Filters were washed four times with
TCA 5%, once with ethanol, and then dried under vacuum. 3°S
signal on filters was quantified by scintillation counting using the
Ready Safe Liquid Scintillation cocktail (Beckman Coulter).

p-Galactosidase assay

Translation fidelity was analyzed by measurement of the f-galacto-
sidase activity using the pSG plasmid series (O’Connor et al, 1997).
Cells were grown to log phase (ODggp ~ 0.35-0.40) in LB medium at
37°C. f-galactosidase activity from the plasmid encoding WT lacZ
was used for normalization in the respective set of MC1061 strains
or MC1061 Ahfq mutant strains. Paired t-test statistical analysis
performed using GraphPad Prism 6 software.

Statistical analysis and data deposition

The sequencing data were also submitted to GEO under the acces-
sion number GSE100373.

Expanded View for this article is available online.
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