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ABSTRACT

Structural and biochemical features suggest that
the almost ubiquitous bacterial YbeY protein may
serve catalytic and/or Hfqg-like protective functions
central to small RNA (sRNA)-mediated regulation
and RNA metabolism. We have biochemically and
genetically characterized the YbeY ortholog of the
legume symbiont Sinorhizobium meliloti (SmYbeY).
Co-immunoprecipitation (ColP) with a FLAG-tagged
SmYbeY yielded a poor enrichment in RNA species,
compared to Hfq ColP-RNA uncovered previously by
a similar experimental setup. Purified SmYbeY be-
haved as a monomer that indistinctly cleaved single-
and double-stranded RNA substrates, a unique abil-
ity among bacterial endoribonucleases. SmYbeY-
mediated catalysis was supported by the divalent
metal ions Mg?*, Mn?* and Ca?*, which influenced
in a different manner cleavage efficiency and reac-
tivity patterns, with Ca?* specifically blocking activ-
ity on double-stranded and some structured RNA
molecules. SmYbeY loss-of-function compromised
expression of core energy and RNA metabolism
genes, whilst promoting accumulation of motility,
late symbiotic and transport mRNAs. Some of the
latter transcripts are known Hfg-binding sRNA tar-
gets and might be SmYbeY substrates. Genetic re-
porter and in vitro assays confirmed that SmYbeY is
required for sRNA-mediated down-regulation of the
amino acid ABC transporter prbA mRNA. We have
thus discovered a bacterial endoribonuclease with

unprecedented catalytic features, acting also as gene
silencing enzyme.

INTRODUCTION

The ybeY gene is almost ubiquitous in bacteria and has
been included in the minimal prokaryotic genome set (1—
3). These evidences support a rather fundamental physio-
logical role of its protein product. Accordingly, YbeY loss-
of-function is lethal in some bacterial species and in oth-
ers can result in pleiotropic changes (3-8). Structural stud-
ies of YbeY orthologs uncovered a conserved three histi-
dine H(X)3H(X)4DH motif shared by metallo-hydrolases
and global similarity to the MID domain of eukaryotic
AGO proteins involved in small RNA-directed gene silenc-
ing (9-12). These features suggest that YbeY could serve
catalytic and/or RNA-binding/chaperone functions in bac-
teria. However, the biochemical activity of this protein has
remained elusive until recently.

Escherichia coli YbeY (from here on EcoYbeY) has been
shown to be required for efficient translation, optimal activ-
ity of the 30S ribosomal subunit and accurate ribosome as-
sembly, particularly upon a temperature upshift (5,13-15).
The severe defects of EcoYbeY deletion mutants in ribo-
some biogenesis have been mainly attributed to a failure in
rrn transcription anti-termination and abnormal matura-
tion of the rRNA precursors, which together result in ac-
cumulation of misprocessed 16S, 23S and 5S rRNA species
(5,13,16). Similar effects on rRNA maturation have been
also described for YbeY orthologs of the human pathogens
Yersinia enterocolitica and Vibrio cholerae (7,8). Support-
ing these observations it has been also reported that the
purified EcoYbeY acts as a single strand-specific metallo-
endoribonuclease (13). The H114 residue within the histi-
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dine triad involved in metal binding and the arginine R59
integrating another conserved cluster of amino acids are re-
quired for EcoYbeY activity in vivo and in vitro (5,12,13).
Processing of the rRNA precursors to their functional ma-
ture forms in vivo involves the concerted activity of addi-
tional RNases, including RNase III, RNase R, RNase E,
RNase G and PNPase (5,13,17). Indeed, YbeY and RNase
R are major components of a remarkable late-ribosome
quality control system, particularly important for stress sur-
vival, which mediates removal of assembled 70S ribosomes
specifically containing defective 30S subunits (13).

Structural modeling of the YbeY protein encoded by the
nitrogen-fixing symbiotic bacterium Sinorhizobium meliloti
evidenced a positively charged cavity resembling the AGO
MID domain that anchors si/miRNAs to the RNA-
induced silencing complex (10,18,19). In bacteria, a large
fraction of the known small non-coding RNAs (sRNAs)
regulates translation and/or stability of trans-encoded tar-
get mRNAs (20). To date, the chaperone activity assist-
ing trans-sSRNA function has been almost exclusively at-
tributed to the widespread bacterial RNA-binding protein
Hfq (21,22). However, nearly half of the sequenced bacterial
genomes do not encode a recognizable Hfq homolog and
several well-characterized trans-sRNAs have been shown
to be Hfg-independent (23-25). For example, in S. meliloti
only 14% of the annotated frans-acting SRNAs bind to Hfq
(26). These observations suggest that other proteins may
assist SRNA-mediated post-transcriptional control of gene
expression. YbeY has been proposed to fulfil this important
role since: (i) lack or depletion of YbeY results in differen-
tial accumulation of subsets of SRNAs and their predicted
mRNA targetsin E. coli, S. meliloti and V. cholerae (8,10,27)
and (ii) YbeY and Hfq similarly influence S. meliloti sen-
sitivity to a number of stress agents (e.g. paraquat, SDS,
ethanol, NaCl or heat) and the symbiotic interaction with
its legume host, alfalfa (3,10,28). However, these studies did
not provide data supporting an active role of YbeY in the
sRNA-mRNA interplay.

In this work, we have purified and characterized S.
meliloti YbeY (from here on SmYbeY) regarding its RNA-
binding ability and biochemical activity. Furthermore, we
have also investigated the influence of SmYbeY loss-of-
function in the S. meliloti transcriptome. Our results show
that this protein acts as a metal-dependent single and
double-strand endoribonuclease rather than as Hfg-like
RNA chaperone. SmYbeY activity profoundly impacts on
conserved fundamental chromosomally-encoded functions
as well as on certain acquired plasmid-encoded S. meliloti
pathways. We also provide evidences of the involvement
of SmYbeY in the Hfg-dependent riboregulation of amino
acid uptake.

MATERIALS AND METHODS

Bacterial strains, plasmids, culture conditions and oligonu-
cleotides

Bacterial strains and plasmids used in this work along with
their relevant characteristics are listed in Supplementary
Table S1. Oligonucleotide sequences are provided in Sup-
plementary Table S2. E. coli strains were routinely grown

in Luria—Bertani medium (LB) at 37°C and rhizobia in ei-
ther complex tryptone-yeast (TY) or defined MM media at
30°C (29,30). When required, growth media were supple-
mented with the appropriate antibiotic(s) at the following
final concentrations (pg/ml) unless otherwise stated: strep-
tomycin (Sm) 250, ampicillin (Ap) 200, tetracycline (Tc) 10,
erythromycin (Er) 100, gentamicin (Gm) 45 and kanamycin
(Km) 50 for E. coli and 180 for rhizobia.

For co-immunoprecipitation (ColP) experiments wild-
type and Smybe Y14 strains were subjected to five differ-
ent growth/stress conditions in 50 ml broth. Exponential
and stationary cultures were obtained in TY medium upon
bacterial growth to ODgg 0.6 and 2.8, respectively. Cold
and heat shocks were applied to exponentially growing bac-
teria in TY during 1 h by shifting the temperature to 20°C
and 42°C, respectively. The salt shock was imposed during
1 h by addition of 0.4 M NaCl to exponential cultures in
MM medium.

Construction of S. meliloti mutants and derivative strains

SmYbeY is encoded by the gene annotated as SMc01113
in the genome of the reference Rm1021 strain (31).
S. meliloti SmAybeY and Smybe Y4C derivatives were
both generated in the ExpR* Sm2011 derivative strain
Sm2B3001 (32). To create an in-frame deletion of ybe?,
938-bp and 921-bp DNA fragments flanking the SMc01113
ORF were PCR amplified from genomic DNA with
primer pairs YbeY_F1/YbeY_iR and YbeY_iF/YbeY_R1.
Primers YbeY_iR and YbeY_iF carry HindllI sites at their
5’-ends. The resulting PCR products were thus restricted
with Hindlll and ligated to each other. The ligation reac-
tion was used as a template for a second PCR with primers
YbeY_FS and YbeY_RE that yielded a 1871-bp DNA frag-
ment flanked by EcoRI sites and containing the ybe Y dele-
tion with the junction sequence ATGACGGCGAAGCTT-
TAA. This fragment was digested with EcoRI and in-
serted into the suicide vector pK18mobsacB (33) to yield
pK18AybeY, which was mobilized to the Sm2B3001 strain
by a biparental mating involving E. coli S17-1 (34). Recom-
binants that underwent single and double crossover events
were subsequently isolated by Km resistance and counter-
selection in 10% sucrose as described in (35). Deletion of
ybeY in the selected double recombinant was confirmed by
PCR with primers YbeY_MutF and YbeY_MutR followed
by HindlII restriction of the PCR product as well as by full
re-sequencing of parent and mutant strain genomes on an
Illumina MiSeq System applying a TruSeq, V2 Chip (2 x
250 bp) (Supplementary Figure S1).

Mutant SmAybeY was complemented with plasmid
pIBYbeY expressing SmYbeY from its own promoter.
For that, an 810-bp genomic DNA fragment contain-
ing the SmYbeY coding sequence along with 266 nt of
its upstream region was PCR-amplified with the primers
pair YbeY_PrF/YbeY_PrR. The PCR product was first
cloned into the pGEM-T®) Easy vector (Promega Corpo-
ration), then retrieved by HindIlI-EcoRI restriction and fi-
nally inserted into the low copy vector plasmid pJB3Tc19
(36) to generate pJBYbeY, which was conjugated into the
SmAybeY mutant by biparental mating.



The loci encoding the trans-sSRNAs AbcR1 and AbcR2
were deleted in both the parent Sm2B2001 and the
SmAybeY strains by allelic replacement mediated by
plasmid pKI18EryAR1/2 (37) to generate the double
Sm2B2001AR1/2 and triple SmAR1/2Aybe Y mutants.

Tagging of ybe Y with the FLAG epitope (Sigma-Aldrich)
to generate the Smybe Y*4C strain was done as follows.
The full-length SmYbeY coding sequence (devoid of its
TAA stop codon) along with 935 nt of its upstream ge-
nomic region was amplified by PCR with the pair of primers
YbeY_F1/YbeY _Xbal, the latter adding a Xbal restriction
site to the 3’-end of the fragment. The PCR product was
first cloned into pPGEM-T(®) Easy, retrieved as a Sacll (ge-
nomic site internal to the PCR product)-Xbal fragment and
finally inserted upstream of the DNA sequence coding for
three tandem FLAG epitopes in the previously constructed
pKS3xFLAG plasmid (35) to generate pSK5 YbeYFlag.
A second 921-bp genomic DNA fragment, starting with
the SmYbeY stop codon, was generated by PCR with
primers YbeY_iF and YbeY_RK that add Hindlll and
Kpnl restriction sites to its 5 and 3’ ends, respectively.
This PCR product was cloned into pPGEM-T®) Easy, then
excised as a Hindlll-Kpnl DNA fragment and inserted
immediately downstream of the 3xFLAG DNA sequence
in pSK5YbeYFlag to yield pKSYbeY3xFlag. Finally, a
2372-bp DNA fragment encoding the C-terminal FLAG-
tagged SmYbeY was amplified from pKSYbeY3xFlag with
the primers pair YbeY_FS/YbeY_RE, then digested with
EcoRI and inserted into pK18mobsacB to generate the sui-
cide plasmid pK18YbeY3xFlag. This plasmid was mobi-
lized to the Sm2B3001 strain by biparental mating for re-
placement of wild-type ybeY by the modified allele. Pres-
ence of ybe Y149 in several double recombinants selected
as previously described was confirmed by PCR on genomic
DNA with primers YbeY_MutF and YbeY_MutR, Xbal
restriction of the PCR products and Western blot analy-
sis with commercial ANTI-FLAG monoclonal antibodies
(Sigma-Aldrich) following a published protocol (35).

All PCR reactions required for cloning were performed
with the proofreading Phusion™ High-Fidelity DNA poly-
merase (Thermo Scientific). Plasmid inserts were always
checked by sequencing to confirm the absence of PCR-
introduced mutations.

CoIP-RNA preparation, RNAseq and data analysis

Exponential, stationary, cold, heat and salt stressed cul-
tures of both Sm2B3001 (control) and Smybe Y7546 strains
were obtained as described, and 50 ml of each culture were
pooled before bacterial lysis by sonication. CoIP-RNA was
obtained from both control and Smybe Y*14¢ lysates using
the ANTI-FLAG M2 affinity gel (Sigma) followed by or-
ganic extraction as described (26). This procedure was per-
formed twice and equivalent quantities of ColP-RNA from
each replicate and strain were finally pooled.

Control and Smybe Y46 ColP-RNA pools were fur-
ther processed by Vertis Biotechnologie AG to generate two
strand-specific cDNA libraries as previously described (26).
Libraries were sequenced on an Illumina MiHiSeq System
applying a TruSeq, V3 Chip (2 x 300 bp).
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After sequencing, reads were demultiplexed based on
their sequence indices and mapped with Bowtie2 version
2.1.0 (38), using standard parameters after quality trim-
ming, to the S. meliloti Rm1021 reference sequence (31).
Data visualization and analysis based on an updated ver-
sion of the S. meliloti public GenDB project including
annotations of identified sSRNAs (39,40) were done with
the ReadXplorer software (41). Within ReadXplorer, the
Express test and DESeq2 (42) tools were used to iden-
tify transcripts differentially represented in Control and
Smybe YFLAC ColP-RNA.

Overexpression, purification and cross-linking of recombi-
nant SmYbeY and SmYbeY-R69A

The S. meliloti ybeY gene was amplified by PCR from
genomic DNA of strain Sm2B3001 with Phusion High-
Fidelity DNA polymerase using the primers YbeY_F2 and
YbeY_R2. The purified 529-bp PCR product was double
digested with Ndel and BamHI and cloned into the his-
tidine tag-containing pET15b vector (Novagen) to yield
pET15b-SmYbeY. The point mutation R69A was intro-
duced into pET15b-SmYbeY by site-directed mutagene-
sis using primers R69A_F and R69A_R, originating plas-
mid pET15b-SmR69A. Both constructs were checked by se-
quencing (STAB Vida, Portugal).

Both plasmids were transformed into E. coli BL21(DE3)
(Novagen) for the expression of the recombinant proteins.
Cells were grown at 37°C to an ODgyy of 0.5 in 100 ml
LB medium supplemented with 100 pwg/ml ampicillin. At
this point, protein expression was induced by addition of
0.5 mM IPTG and bacteria were grown for a further 4 h.
Cells were pelleted by centrifugation and stored at —80°C.
The culture pellet was resuspended in 3 ml of Buffer A
(10 mM Tris-HCI, 200 mM potassium acetate, S mM -
mercaptoethanol, pH 7.5). Cell suspension was lysed using
a French Press at 1000 psi in the presence of 0.1 mM PMSF.
The crude extract was treated with Benzonase (Sigma) to
degrade the nucleic acids and clarified by a 30 min centrifu-
gation at 10 000 g. Purification was performed in an AKTA
FPLC™ system (GE Healthcare). The cleared lysate was
subjected to a histidine affinity chromatography in a His-
Trap HP column (GE Healthcare) equilibrated in Buffer A.
Proteins were eluted by a continuous imidazole gradient up
to 500 mM in Buffer A. The fractions containing the puri-
fied protein were pooled together, concentrated and buffer
exchanged to Buffer B (20 mM Tris-HCI pH7.5) using a
HiTrap Desalting column (GE Healthcare). The proteins
were then added to a HiTrap Q HP column (GE Health-
care) equilibrated in Buffer B to perform anion exchange.
Protein elution was achieved by a continuous NaCl gradi-
ent up to 1 M in buffer B. Eluted proteins were concen-
trated by centrifugation at 4°C with Amicon Ultra Cen-
trifugal Filter Devices of 10 000 MWCO (Millipore), and
buffer exchanged to Buffer A. The purity of the proteins
was verified in a 15% SDS-PAGE gel followed by BlueSafe
staining (Nzytech, Portugal). Proteins were quantified us-
ing the Bradford Method and 50% (v/v) glycerol was added
to the final fractions prior storage at —20°C. RNase E from
Salmonella enterica serovar Typhimurium, used as a control
in the activity assays, was purified as described (43).
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To verify if SmYbeY is able to form oligomers, 0.5 g
of the purified recombinant protein were incubated in a 10
wl cross-linking reaction with 10 mM Hepes pH 7.4, 250
mM NacCl, 0.1 mM EDTA, 0.1 mM DTT and increasing
concentrations (1-20 pg) of disuccinimidyl suberate. The
reaction was performed at room temperature for 30 min and
quenched by adding 1 pl of Tris-HCI IM pH 7.5 and SDS
loading buffer. The samples were boiled during 5 min and
then analyzed in a 15% SDS-PAGE gel. RNase 111, which
is active as a dimer, was used as a positive control.

In vitro production of RNA substrates and SmYbeY activity
assays

The single-stranded RNA substrates used in the in vitro ac-
tivity assays were the synthetic 16-mer and 30-mer olig-
oribonucleotides (Supplementary Table S2), which were
labeled at their 5’ end with [y-*>ATP] and T4 Polynu-
cleotide Kinase (Ambion) in a standard reaction. Both
RNA molecules were also hybridized to a complemen-
tary non-labeled 16-mer oligoribonucleotide added in ex-
cess (molar ratio 1:5) in order to obtain a perfect 16-16ds
duplex, and a 30-16ds double stranded substrate with a
3'poly(A) tail. The hybridization was performed during 10
min at 80°C followed by 45 min at 37°C.

The R1.1 RNA, the unprocessed 3’ terminus of the 16S
rRNA (39-mer), and the complementary 3’ terminus 16S
rRNA were generated using a synthetic DNA template
(R1.1 REV, 3’ 16S-rRNA Sm (39-mer) REV and 3’ 16S-
rRNA Sm complementary, respectively) and a commer-
cial promoter oligonucleotide (T7 FW) (StabVida, Portu-
gal) for in vitro transcription, following a previously de-
scribed method (44). Briefly, the synthetic DNA template
(0.5 wM) and the promoter oligonucleotide (0.6 wM) were
annealed in 10 mM Tris-HCI pH 8.0 by heating for 5 min
at 70°C, followed by 30 min incubation at 37°C. In vitro
transcription was carried out using the ‘Riboprobe in vitro
Transcription System’ (Promega) and T7 RNA polymerase
with a molar excess of [*’P]-a-UTP over non-radioactive
UTP. In order to remove the DNA template, | U of DNase
(Promega) was added and incubated 30 min at 37°C. RNA
transcripts generated from in vitro transcription were pu-
rified by electrophoresis on an 8.3 M urea/polyacrylamide
gel. The gel slice was crushed and the RNA was eluted
overnight at room temperature with elution buffer [3 M am-
monium acetate pH 5.2, 1 mM EDTA, 2.5% (v/v) phenol
pH 4.3]. The RNA was ethanol precipitated, resuspended in
RNase free water and quantified using the Biophotometer
Plus (Eppendorf). tRNA-Ser, AbcR2, 5'-prbA, ugpA4 and
SMa_asRNA _345 RNAs were similarly generated, however,
the corresponding DNA templates for in vitro transcrip-
tion were produced by PCR using genomic DNA from S.
meliloti Rm2011 strain (primer pairs on Supplementary Ta-
ble S2). The phage T7 RNA polymerase promoter sequence
was included in the forward primers. ybe Y mRNA was gen-
erated using pET15b-SmYbeY (Supplementary Table S1)
as template for in vitro transcription. The phage T7 RNA
polymerase promoter sequence is included in the plasmid.
In all cases the yield of the labeled substrates (cpm/l) was
determined by scintillation counting.

The activity assays were performed in a final volume of
50 pl containing the activity buffer 25 mM Tris-HCl pH 7.5,
150 mM NaCl or KCl and 10 mM MgCl,, MnCl, or CaCl,
for SmYbeY or 25 mM Tris-HCI pH 7.5, 5 mM MgCl,, 60
mM KCI, 100 mM NH4Cl, 0.1 mM DTT and 5% (v/v) glyc-
erol for RNase E and the RNA substrate (concentrations
indicated in the figure legends). As a control, an aliquot
of each reaction (without the enzyme) was incubated un-
til the end of the assay. The reactions were started by the
addition of the enzyme, and further incubated at 37°C in
case of SmYbeY. Aliquots of 5 wl were withdrawn at dif-
ferent time-points, and the reactions were stopped by the
addition of formamide containing dye supplemented with
10 mM EDTA. Reaction products were resolved in a 7M
urea/polyacrylamide gel at different concentrations and vi-
sualized by PhosphorImaging (FLA-2000, Fuji, Stamford,
CT, USA). Each activity assay was performed at least in
triplicate.

Radioactive RNA molecules used as substrates in gel
shift assays are described above. Non-radioactive comple-
mentary 3’ 16S rRNA was transcribed in the same condi-
tions but using equimolar concentrations of all four ribonu-
cleotides. In vitro transcription products were run on a poly-
acrylamide gel, identified by ethidium bromide staining and
the full-length RNA molecules were cut out from the gel.
RNA was eluted from the gel slice as described above. The
hybridization between labeled and non-labeled substrates
was always performed in the Tris component of the activity
buffer by incubation for 10 min at 80°C, followed by 45 min
at 37°C. A molar excess of the non-labeled substrates were
added to the labeled RNA. The molar ratio of unlabeled
to labeled substrate molecules was 5:1. The binding reac-
tions were then mixed with loading buffer (48% glycerol,
0.01% bromophenol blue) and electrophoresed on native
polyacrylamide gels in 0.5X TBE buffer at 200V in a cold
room. Gels were analyzed using PhosphorImaging (FLA-
2000, Fuji, Stamford, CT, USA).

Microarray-based transcriptomics

Total RNA was obtained from four independent expo-
nential (ODgo 0.5) and stationary (ODggo 2.5) cultures
of each strain, i.e. Sm2B3001 and the SmAybeY mutant
(eight preparations per strain), with the RNeasy Mini
Kit (Qiagen). cDNA synthesis, Cy3- and Cy5-labeling, hy-
bridization to Sm14kOLI microarrays, image acquisition
and data analysis were performed as previously described
(45). The Sm14kOLI microarray (ArrayExpress Acces-
sion No. A-MEXP-1760) carries 50mer to 70mer oligonu-
cleotide probes directed against coding regions and both
strands of the intergenic regions (Sinorhizobium meliloti
1021 Sm14kOLI) (46). Probes in intergenic regions were
separated by ~50 to 100 nt. Normalization and t-statistics
were carried out using the EMMA 2.8.2 microarray data
analysis software (47). Genes and 5'-/3'-UTRs with P-value
<0.05 and M >1.0 or <—1.0 were included in the anal-
ysis. The M value represents the log2 ratio between both
channels. Transcriptome data are available at ArrayExpress
under accession number E-MTAB-5233. Functional cat-
egories of the differentially expressed genes were estab-
lished according to the S. meliloti Rm1021 genome se-



quence annotation (31) and the KEGG database (http://
www.genome.jp/kegg/).

Fluorescence reporter assays

Influence of SmYbeY and AbcR2 sRNA on the post-
transcriptional regulation of the prbA mRNA was fur-
ther investigated by a double-plasmid reporter assay as de-
scribed (26,48). Briefly, the reporter plasmid pRprbA::egfp
(26), which constitutively expresses a translational fusion
of the 5 region of prbA mRNA (i.e. 211 nt spanning from
its native transcription start site to the 18th codon) to
eGFP, or the control pBBsyn-eGFP (48) were first trans-
ferred to the Sm2B3001 strain and its mutant derivative
SmAybeY. A second series of reporter strains was generated
by conjugation of pRprbA.:egfp into Sm2B2001AR1/2 and
SmARI1/2AybeY harboring pSRK-R2, expressing AbcR2
constitutively, or the empty control plasmid pSRK_C (37).
pSRK-R2b, which expresses an AbcR2 variant mutated
for base-pairing with prbA4, was generated by overlapping
PCR with primers PCR3_F and PCRI1_R of DNA frag-
ments amplified from pSRK-R2 with the primer pairs
PCR3_F/AbcR2 R and AbcR2b_F/PCRI1_R, followed by
BamHI/Sacl restriction of the full-length product and in-
sertion into pSRK-C. eGFP-mediated fluorescence in nor-
malized exponential cultures of three double transconju-
gants for each plasmid combination was measured in the
Infinite M200 Pro microplate reader (Tecan) as described
(26).

RESULTS
Genome-wide profiling of RNAs bound to SmYbeY

As global approach to explore the proficiency of
SmYbeY to bind RNA we profiled the RNA species
co-immunoprecipitated (ColP-RNA) with a C-terminal
FLAG-tagged variant of the protein (SmYbeYFAG)
expressed from the chromosome of the Sm2B3001
strain. Unlike the ybeY deletion mutant (SmAybeY), the
Smybe YFAG derivative strain exhibited wild-type growth
in complete TY and minimal MM media, indicating that
tagging did not compromise SmYbeY function (Sup-
plementary Figure S2). The untagged wild-type strain
was used as control to assess unspecific RNA recovery.
Control and SmYbeYFAG CoIP-RNA, both obtained
from bacterial pools representing five different growth
conditions (i.e. exponential and stationary cultures and
salt, heat and cold shocks), served as the templates to
generate strand-specific cDNA libraries that were subjected
to paired-end sequencing on an Illumina platform. Before
organic extraction of the ColP-RNA, the presence of
SmYbeYFAG in the RNA—protein complexes was verified
by Western-blot (Supplementary Figure S3). RNaseq deliv-
ered an average of 4 200 000 reads per library of which 1 150
974 (C-wt library) and 1 406 485 (SmYbeY ' ASG derived
library) mapped to unique locations within the reference
S. meliloti Rm1021 genome. We then applied the DESeq?2
and Express tests, both implemented in the ReadXplorer
software (41), to the sets of uniquely mapped reads in order
to identify transcripts differentially represented in both
libraries. Transcripts covered by a minimum of 30 reads
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mRNAs (255)

mRNA leaders (2)
SmelC528
SmelC543

trans-sRNAs (1)
asRNAs (13) SmelA052

SMa_asRNA_345 (SMa1126) SMa_asRNA_232 (arcC-SMa0697)
SMb_asRNA_2922 (SMb21402) SMa_asRNA_265 (nifA-SMa0815)
SMb_asRNA_2942 (SMb21452) SMa_asRNA_649 (SMa2197)
SMc_asRNA_939 (SMc02328) SMc_asRNA_1067 (atpB-SMc00871)
SMc_asRNA_942 (VBISMc0802)  SMc_asRNA_1665 (SMc05008)
SMc_asRNA_1417 (SMc_ORF_15) SMc_asRNA_1681 (SMc01857)
SMc_asRNA_2103 (proB2-SMc03252)

Figure 1. Identification of SmYbeY-binding transcripts. The diagram
shows the number of different RNA species, i.e. nRNAs, asRNAs, mRNA
leaders and rrans-sRNAs, enriched >2-fold in SmYbeYFLAG ColP-RNA
with respect to the control. The identified asRNA/mRNA pairs are in red
color.

and enriched at least 2-fold in the SmYbeYFAG library
with respect to the control were scored as SmYbeY-bound
(i.e. SmYbeY RNAs).

The combination of both tests rendered a catalog of 271
SmYbeY RNAs (Supplementary Table S3). Of those, 255
(94%) derived from mRNAs, 13 (4.8%) were annotated an-
tisense SRNAs (asRNAs) and 3 (1.2%) represent other sR-
NAs (2 mRNA leaders and 1 trans-sRNA) (Figure 1). It
is worth noting that the mRNA partners of 6 out of the
13 SmYbeY asRNAs were catalogued as SmYbeY-bound.
This observation hints at certain affinity of SmYbeY for
asRNA-mRNA duplexes.

If we compare the SmYbeY and Hfq ColP-RNAs, the
latter obtained using a similar experimental setup in the
same culture conditions (26), we conclude that SmYbeY
does not have Hfg-like RNA chaperone features.

SmYbeY is a metal-dependent single- and double-strand en-
doribonuclease

We have purified SmYbeY and performed the first charac-
terization of its biochemical activity. Cross-linking of the
recombinant protein with increasing amounts of disuccin-
imidyl suberate did not promote oligomerization, indicating
that SmYbeY acts as a monomer of ~20 kDa (Supplemen-
tary Figure S4).

It has been reported that EcoYbeY acts as a metallo
endoribonuclease that specifically cleaves single-stranded
RNA (ssRNA) substrates (13). We therefore assayed puri-
fied SmYbeY for RNase activity. The monomeric SmYbeY
(5 pM) was first incubated with a 5" end-labeled 30mer ss-
RNA oligonucleotide in Tris-buffered solutions containing
NaCl or KCI and magnesium (Mg>*) as co-factor (Fig-
ure 2, left two panels). SmYbeY barely cleaved this sub-
strate in NaCl-containing buffer. However, the presence of
KClI enhanced cleavage efficiency, as revealed by a marked
formation of a major 3-nt degradation product. The incu-
bation of 30mer ssRNA with a higher enzyme concentra-
tion (10 wM) resulted into an increased accumulation of
several additional reaction products (Supplementary Fig-
ure S5A). We have also tested the activity of SmYbeY
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Figure 2. Activity of SmYbeY on single-stranded RNA (ssRNA). In vitro reactivity of purified wild-type SmYbeY and the mutant variant SmYbeY-R69A
on a 5'-labeled 30mer ssSRNA oligonucleotide (0.02 pmol/wl) whose sequence is indicated on bottom. Enzymes were used at a concentration of 5 wM in
all assays. Buffering conditions and incubation times are indicated on top of the panels. Numbers to the left indicate sizes of the major reaction products.
Reactions were analyzed on 7 M urea/20% polyacrylamide gels. C, control reactions.

with a smaller ssRNA, the 16mer oligoribonucleotide. This
RNA was also cleaved by SmYbeY, although with less effi-
ciency when compared to the 30mer (Supplementary Figure
S5A), suggesting that SmYbeY has preference for longer
substrates. We next tested SmYbeY activity on the 30mer
ssSRNA substrate in KCI solution with either manganese
(Mn?*) or calcium (Ca?*) as alternative divalent metal co-
factors (Figure 2). These new incubation conditions pro-
moted 30mer ssSRNA cleavage at different positions, most
likely in a non-specific manner. Of note, the substitution of
the ultraconserved arginine R69 (Supplementary Figure S6)
by an alanine residue (SmYbeY-R69A) rendered SmYbeY
almost inactive on this generic ssRNA substrate, which fur-
ther demonstrates that the observed cleavage was protein-
dependent.

It has been also shown that EcoYbeY does not cleave
double-stranded RNA (dsRNA) (13). We tested the activ-
ity of SmYbeY (5 wM) on a partially dSRNA with a single-
strand 3’-poly(A) tail (30:16-ds) as well as on fully double-
stranded 16mer (16:16-ds) and 39mer (39:39-ds) RNA sub-
strates (Figure 3 and Supplementary Figure S5B). Efficient
duplex formation was checked by binding shift assays in
each case. SmYbeY cleaved the 30:16-ds RNA unspecifi-
cally at multiple sites within its double-stranded portion,
but more efficiently if Mn?* was used as co-factor (Figure
3A, left two panels). In contrast, Ca®* precluded SmYbeY
activity on this RNA substrate. The SmYbeY-R69A mu-
tant enzyme showed extremely low activity on this sub-
strate in the presence of Mg?* and Mn”*, with Ca®* acting
also as an inhibitor, with Ca®" acting also as an inhibitor
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(Figure 3A, central panels). To further demonstrate that
cleavage on the 30:16-ds RNA was SmYbeY-dependent and
not the result of substrate breathing we tested the activity
of the single-strand specific endoribonuclease RNase E on
both the 30mer ssSRNA and the 30:16-ds RNA molecules
at 37°C, i.e. the SmYbeY reaction temperature (Figure
3A, right two panels). RNase E fully degraded the ssRNA
whereas the double-stranded substrate remained unaltered
at the end of the assay. The shorter 16:16-ds RNA was also
cleaved by SmYbeY at several positions when Mg?* was
used as co-factor (Supplementary Figure S5B). Remark-
ably, the activity of the protein was more evident on a longer
dsRNA molecule (39:39-ds), which was totally consumed
after 30 min of incubation of the reaction mixtures in a
Mg?*-containing buffer (Figure 3B). Once again, the activ-
ity of SmYbeY was dramatically reduced in the presence of
Ca’* (Figure 3B). Similar to what was observed with the
other RNA substrates, the SmYbeY-R69A mutant enzyme
showed residual activity on the 39:39-ds (Figure 3B).

Collectively, these results revealed that SmYbeY has ri-
bonuclease activity on both ssRNA and dsRNA substrates,
although the enzyme has preference for longer dsRNA
molecules. SmYbeY-mediated catalysis is supported by
Mg?* and Mn”>" as divalent metal co-factors. Nonethe-
less, each co-factor influenced cleavage efficiency and break-
down patterns in a different manner. Ca®* selectively im-
paired SmYbeY ability to cleave dSRNA.

SmYbeY cleaves structured and ColP-enriched RNAs

We next tested the ability of SmYbeY for cleaving a series of
structured RNA molecules namely, the generic R1.1 RNA
substrate, commonly used to assay the in vitro activity of
the double-strand endoribonuclease RNase III (49), total
rRNA and a transfer RNA (tRNA-Ser) (Figure 4). Incu-
bation of SmYbeY (5 wM) with the internally labeled 60-
nt R1.1 RNA in KCl-containing buffer and Mg>* as co-
factor rendered two major 47-nt and 13-nt long reaction
products along with a series of less abundant molecules
(including 19-nt and 28-nt long products) (Figure 4A, left
panels). Remarkably, the 47-nt, 28-nt, 19-nt and 13-nt long
RNA species derived from cleavage at positions already re-
ported to be preferred by RNase I11 within the main loop of
the R1.1 substrate (50,51). There were also additional mi-
nor products that may result from cleavages on the small
loop (on the top) of R1.1 (indicated with an asterisk in Fig-
ure 4A). Ca* inhibited SmYbeY activity when assayed in
the same concentration and buffering conditions. A higher
SmYbeY concentration (10 wM) and longer incubation of
the reaction in the presence of Mg?* resulted in a similar
R1.1 breakdown pattern (Figure 4A, central panels). How-
ever, the use of Mn”* as co-factor in the assays promoted
almost depletion of the full-length R1.1 substrate shortly
upon reaction initiation (30 min) as well as minor cleavage
at additional sites within R1.1. Interestingly, although less
efficiently SmYbeY-R69A retained the ability of the wild-
type protein for cleaving R1.1 at the major reaction sites
(Figure 4A, right panel).

On the other hand, SmYbeY (20 wM) was also very
active in degrading total rRNA in the presence of Mg>*,
Mn?* and Ca”" (Figure 4B, left panel). We have shown

that Ca”* inhibited cleavage of SmYbeY on the structured
R1.1. RNA but not on ssRNA, therefore, this result sug-
gests that the enzyme likely recognizes the larger stems
within the complex structured rRNAs as single-stranded
substrates. The R69A mutation strongly attenuated reactiv-
ity of SmYbeY on rRNA whereas EDTA (50 mM) totally
blocked R Nase activity, further supporting that SmYbeY is
a metal-dependent endoribonuclease. Given that EcoYbeY
has been shown to be involved in 16S rRNA maturation
(13) we also assayed the activity of SmYbeY on an in vitro
synthetized 39-nt RNA substrate that mimics the sequence
of the 3’ terminus of the S. meliloti 16S rRNA precursor
(Supplementary Figure S7). SmYbeY reacted poorly with
this RNA molecule in the conditions tested (Mg>* as co-
factor) (Supplementary Figure S7A). Consistent with this
finding, the SmAybeY mutant showed an unaltered wild-
type rRNA profile even upon a temperature upshift (Sup-
plementary Figure S7B). Similarly, only minor products
were detected after incubation of SmYbeY with the struc-
tured 89-nt long tRNA-Ser substrate (Figure 4B, right pan-
els).

These findings confirmed the previous observations that
SmYDbeY is able to cleave a diversity of structured RNA
molecules. Moreover, and contrary to what was observed in
E. coli, SmYbeY does not seem to be involved in 16S rRNA
maturation.

Finally, in a new series of in vitro experiments we also in-
cubated SmYbeY with endogenous S. meliloti substrates,
i.e. the ybeY and ugp4 mRNAs, and the SMa_asRNA _345
asRNA (Figure 5). The two latter transcripts were selected
because of their enrichment in ColP-RNA, i.e. 3.20- and
2.07-fold with respect to the control, respectively. SmYbeY
was extremely effective in cleaving all these three RNA
molecules, with total consumption of the substrates early
(30 min) after the start of the reactions. These results vali-
date the ColP-RNA described above as a resource to iden-
tify SmYbeY substrates.

SmYbeY influences chromosome-linked and symbiotic plas-
mid pathways

We also investigated the SmYbeY-dependent molecular re-
sponses of S. meliloti by profiling the transcriptomes of
the Sm2B3001 strain and its deletion mutant derivative
SmAybeY on Sm14kOLI microarrays (Supplementary Ta-
bles S4 and S5). To unequivocally demonstrate that the ob-
served changes in the transcriptome were exclusively due
to the lack of SmYbeY we sequenced the genomes of the
parent and mutant strains, which confirmed the in-frame
deletion of ybeY and the absence of second site suppres-
sor mutations in SmAybe Y (Supplementary Figure S1). Ac-
cordingly, the growth phenotypes of the SmAybeY mu-
tant in complete TY and minimal MM media were com-
plemented with plasmid pJBYbeY, which expresses ybe Y
from its own promoter (Supplementary Figure S2). Total
RNA was then obtained from bacteria grown to exponen-
tial (log RNA) and stationary (stat RNA) phase in com-
plete TY medium. These experiments identified 543 and 209
SmYbeY-dependent mRNAs (i.e —1 > M > 1) in log and
stat RNA samples, respectively, with 86 of those common
to both growth states. Therefore, in our experimental condi-
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tions lack of SmYbeY altered the expression of 666 protein-
coding genes (~11% of the S. meliloti Rm1021 ORFs) (Sup-
plementary Table S4). Functional clustering of these genes
revealed that 39.8% encode metabolic functions, 11.1% are
related to translation and RNA turnover and 16.5% rep-
resent widely diverse cellular processes (e.g. motility, signal
transduction and transcription, transposition or nitrogen-
fixation) (Figure 6A and Supplementary Figure S8). The re-
maining 32.6% have unpredictable function. Differential ac-
cumulation of a subset of representative mRNAs displaying
M values ranging from —2.5 to 2.0 was further confirmed
by qRT-PCR analysis (Supplementary Table S6).
Sm14kOLI microarrays can also probe most of the re-
cently identified S. meliloti non-coding RNAs (ncRNAs).

Specifically, we have estimated that at least 478 known
trans-sRNAs have oligonucleotide probes in these microar-
rays. Analysis of the hybridization signals on this set of
probes revealed that lack of SmYbeY altered the expres-
sion of 131 and 77 ncRNAs during exponential and sta-
tionary bacterial growth, respectively, with 17 of those
present in both data sets (Supplementary Table S5). The
majority (72.3%) of these ncRNAs corresponded to pu-
tative cis-acting sense transcripts (i.e. 5'/3-UTRs of mR-
NAs), whereas trans-sRNAs represented 19.4%, asRNAs
5.2% and tRNAs 3.1% (Figure 6A and Supplementary Fig-
ure S8). Therefore, SmYbeY does not seem to have a major
role at least in trans-sSRNA turnover. Our experimental ap-
proach underestimates the expression of asRINAs since only
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a subset of these transcripts (i.e. those antisense to 5'/3'-
UTRs of mRNAs) are represented in the Sm14kOLI mi-
croarrays, which precludes a conclusion about the influence
of SmYbeY in asRNA accumulation.

The S. meliloti genome consists of three large replicons,
the chromosome (3.7 Mb) and the symbiotic megaplas-
mids pSymA (1.4 Mb) and pSymB (1.7 Mb). Interest-
ingly, distribution of the differentially accumulated mR-
NAs in this genome revealed a similar relative impact of
SmYbeY activity on the expression of chromosomal and
pSymA-borne genes (Figure 6B). Chromosomal SmYbeY-
dependent genes included those related to ribosome bio-
genesis, translation, RNA turnover, energy metabolism
and flagellum assembly (Figure 7A). Specifically, SmYbeY
loss-of-function resulted in pervasive down-regulation dur-
ing both exponential and stationary growth of a set of
genes coding for most of the ribosomal proteins, a set of

elongation/translation initiation factors and tRNA syn-
thetases as well as the ribonucleases RNase P, PNPase,
RNase III and RNase D. A similar expression profile
was exhibited by a number of genes involved in ATP
synthesis and cytochrome C oxidase assembly. However,
transcripts encoding substrate-dependent dehydrogenases
and oxidoreductases showed variable accumulation in the
SmAybeY mutant. Microarray data also revealed up-
regulation in this mutant of gene clusters coding for flagel-
lar structural elements, particularly upon entry of bacteria
into stationary phase. This misregulation of flagella biosyn-
thesis most likely explains the reduced swimming motility
of the SmAybe Y mutant with respect to the parent strain
(Supplementary Table S7).

S. meliloti symbiotic plasmid pSymA mostly encodes
functions contributing to ecological specializations of this
bacterium, e.g. microaerobic nitrate respiration and sym-
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biotic nitrogen fixation (Figure 7B). A number of genes
coding for proteins involved in the denitrification path-
way including the nitrate, nitrite and nitrous oxide reduc-
tases NapC, NirK and NosZ, respectively, were strongly up-
regulated in exponentially growing SmAybe Y mutant bac-
teria. Similar influence of SmYbeY was observed on the
expression of genes coding for the master regulators of ni-
trogen fixation (i.e. FixK1/2 and NifA) and the elements
of the electron transport chain associated with the nitroge-
nase activity, i.e. most of the genes integrating the fixNO-
QPGHIS operon. The accumulation profiles of these two
sets of transcripts indicate an involvement of SmYbeY in
the post-transcriptional silencing of denitrification and ni-
trogen fixation under free-living non-symbiotic conditions.

Discrete overlap between the Hfq- and SmYbeY-dependent
genes

Published data have evidenced large similarities between
the physiological phenotypes associated to SmYbeY and
Hfq loss-of-function in S. meliloti, which has been inter-
preted as the consequence of a strong functional relation
between the two proteins (3,10,28). To further explore these
commonalities at the molecular level we have compared the
Hfq- and SmYbeY-dependent gene sets (Figure 8). The lat-
ter included the 255 SmYbeY-bound mRNAs identified in
the ColP experiments (Supplementary Table S3), of which
23 (9%) were also scored as differentially expressed in the
SmAybe Y mutant. Accumulation of almost half of these 23
transcripts, including the ugp4 mRNA (Figure 5), was neg-
atively influenced by SmYbeY and therefore could be pre-
ferred substrates for this endoribonuclease (Supplementary
Table S4). Nonetheless, the reduced overlap between these
two data sets could be mostly explained by the differences in
the experimental setups, i.e. transcriptomics were only per-
formed in two out of the five culture conditions used in the
ColP experiments.

The compilation of existing transcriptomics and pro-
teomics data uncovered a large Hfq regulon integrated by
917 protein-coding genes (35,52-54) of which 197 (~21%)
were also scored in this study as differentially expressed
in the SmAybeY mutant. Interestingly, 93 of these genes
code for mRNAs that have recently been reported to bind
Hfq (26). Conversely, most of the 202 SmYbeY mRNA lig-
ands have been previously catalogued as Hfg-independent.
Within the subset of 93 Hfq/SmYbeY co-regulated genes,
69 encode proteins with predictable function, namely 26 in-
volved in metabolism, § in translation, 10 in nutrient uptake,
6 in flagella biosynthesis, 5 in symbiotic nitrogen-fixation, 4
in denitrification and 9 in transcription and/or signal trans-
duction (Figure 8). These 69 genes can be grouped into
two major categories according to their expression patterns
in the Hfq and SmYbeY mutants; (i) genes that exhibited
opposite dependence on Hfg and SmYbeY activity, being
mostly up-regulated in SmAybeY and consistently down-
regulated in the different Hfg mutant strains (41 genes), and
(i1) genes whose expression is negatively influenced by both
proteins (17 genes) and therefore have been catalogued as
up-regulated in the respective mutants. The first category in-
cludes large fractions of metabolic and regulatory genes and
the full subsets of genes coding for proteins involved in den-
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itrification, nitrogen fixation, biosynthesis of flagella and
sugar transport. These mRNAs may be protected by Hfq
from SmYbeY-mediated degradation. The second major
group of Hfq/SmYbeY-dependent genes codes for either
metabolic proteins or amino acid transporters. SmYbeY
would be involved in the decay of these mRNAs upon trans-
lational inhibition by Hfg-dependent frans-acting SRNA
partners.

Overall, this comparative analysis revealed a discrete
overlap between Hfg- and SmYbeY-dependent genes.
Nonetheless, it enabled the prediction of putative Hfg-
dependent and independent SmYbeY substrates among
the mRNAs exhibiting increased steady-state levels in the
SmAybe Y mutant.

SmYbeY is required for the sRNA-mediated silencing of
amino acid ABC transporters

Accumulation of some known Hfg-binding mRNAs en-
coding periplasmic components of amino acid ABC trans-
porters is negatively influenced by both Hfq and SmYbeY.
The Hfg-dependent trans-sRNAs AbcR1 and AbcR2 have
among their experimentally confirmed targets two of these
mRNAs, namely prbA and livK, which code for proline
betaine and branched-chain amino acid transporters, re-
spectively (26,37). In particular, our transcriptomics profil-
ing revealed that levels of the prbA mRNA increased more
than 5-fold in the SmAybeY mutant with respect to the
wild-type strain during exponential growth, suggesting that
the post-transcriptional silencing of prb A4 requires SmYbeY.
However, the prbA mRNA was not recovered in the ColP-
RNA. Therefore, we further investigated the putative role of
SmYbeY in the regulation of prbA mRNA and if this layer
of regulation is AbcR2-dependent.

Northern hybridization of total RNA from rifampicin-
treated cells confirmed that lack of SmYbeY has no ef-
fect on either processing or stability of AbcR2 (Supplemen-
tary Figure S9). Thus, we hypothesized that SmYbeY may
influence prbA decay upon its predicted antisense interac-
tion with AbcR2. To test this hypothesis we measured the
SmYbeY- and AbcR2-dependent fluorescence of exponen-
tial cultures of a series of reporter strains expressing con-
stitutively from pRprbA::eGFP (26) a translational fusion
of 211-nt of the prbA mRNA 5 region, which contains
the predicted AbcR2 interaction site, to eGFP (Figure 9A).
First, the Sm2B3001 strain and its SmAybeY derivative
were transformed with the control plasmid pBBsyn—-e¢GFP,
expressing constitutively eGFP with a prbA-unrelated 5'-
UTR or pRprbA4::eGFP. Fluorescence of the control con-
struct was ~25% (statistically non-significant) lower in
the mutant than in the wild-type background, probably
due to eGFP mistranslation. In contrast, fluorescence of
pRprbA::eGFP increased more than 50% in the SmAybe Y
strain. These results confirmed the SmYbeY-dependent
post-transcriptional regulation of prbA4 and rendered the 5’
region of the mRNA as the specific target of this regulation.
We next mobilized pRprbA::eGFP to the AbcR1/2 dele-
tion mutant Sm2B2001AR1/2 and to the SmAR1/2Aybe Y
triple mutant (i.e. devoid of the AbcR1/2 and ybeY loci),
both harboring the compatible control empty plasmid
pSRK-C or pSRK-R2, the latter expressing AbcR2 consti-



1384 Nucleic Acids Research, 2017, Vol. 45, No. 3

SmYbeY regulon Hfg-binding mRNAs e

<>

- 4
YbeY regulatlonl &S

LOG STAT | &

degP4(protease)
adhA1(alcohol dehydrogenase)
SMa1156 (alcohol dehydrogenase)
PqgA (pyrroloqumollne quinone synthesis)
SMc00982 Rieske 2Fe-2S family protein)
SMc03211 (4-hydroxyphenylpyruvate dioxygenase)
SMc03253 (L-proline cis—4—hydroxylase)
bkdAa (2-oxoisoval hydrogenase alpha subunit) |
msrAl(peptide hi foxide red )
pdh(pyruvate dehydrogenase)
SMc04342 (methyltransferase)
SMalASO (thlolase)
PpekA( pyruvate carboxyki )
SMc02689 (aldehyde dehydrogenase)
katB (catalase/peroxidase)
SMc03101 (carbon monoxnde dehydrogenase)
guaB (inosi ydrog
qxtB (quinol omdase subunit II)
ald (alanine dehyd
SMc01814 (glutamate synthase)
gabT (4-ami fi ) I I
SMc01820 (N-carbamyl -L-amino acid amldohydrolase)
dhe (S-2-haloacid dehalogenase IVA)
exoY (galactosyltransferase)
gcvP (glycine dehydrog: decart
SMc03773 (acetyltransferase)
pID -50S L4
tufA-EF TU
rpIR-508S L18
efp-EF P
rpmD -508S L30
rpmH-50S L34
rpiL -508 L7/L12
rpmA-50S L27 e
aglE {a-glucoside ABC perlplasm ing protein) -1
(sorbitol ABC peri | protein)
Sugar transport i el ’
——————————— EbT(EoTn?E_etiTne—A—Bf_pe— lasmic-binding protein)
aapJ (L-amino acid ABC periplasmic-binding protein)
aapQ (L-amino acid ABC permease)
SMc01652 (putrescine ABC perlplasmm-bmdlng proteln) I I
SMc02378 (glycine bet. ABC peripl; p )
livK (leucine ABC periplasmic-binding protein)
SMc01597 (putative amino acid permease) |
flaA-flagellin A
flaB-flagellin B
Flagel la flgL-flagellar hook-associated protein
synthes is flgG-flagellar basal body rod protein
fibflagellar blosynthes15 repressor
______________ figH-flagellar basal body L-ringprotein_ |
fixQ1
. . fixN1
N,-fixation fixG
fixP1

Hfq regulon SmYbeY-binding

mRNAs

Metabolism

Amino acid
transport

azu1(pseudoazurin) I
s - nosZ(N20 reductase)

Den Itl"lfl cation nosD (nitrous oxidase accessory protein)
______________ nosF(ATPase)  _ _ _ _ __ |
SMa1207 (FixK-like transcriptional regulator)
syrB1(regulator)

SMb21117 (transcriptional regulator)
nex18(symbiotically induced conserved protein)
cspA3(cold shock transcription regulator)

hspC2(heat shock protein)

SMc00888 (2-component CheY-like receiver domain)

tig (trigger factor)

ohrR(hydroperoxide resistance transcriptional regulator)

Transcription/
signal transduction

Figure 8. Overlap between the Hfq- and SmYbeY-dependent gene sets in S. meliloti. On the left, Venn-diagram representing Hfq- and SmYbeY-binding
mRNAs and the transcripts differentially accumulated in the respective mutant strains. Hfq data sets were compiled from the literature. The red box
indicates the 93 Hfg-SmYbeY co-regulated mRNAs that are known to bind the Hfq chaperone. On the right, heatmap illustrating accumulation in the
SmYbeY and Hfq mutants of a subset of these 93 mRNAs (69) that encode proteins with predictable function. Functional categories are indicated to
the left and the identity of each gene to the right of the panel. In the color scale (log, fold changes) green and red stand for down- and up-regulation in
the mutants, respectively. Due to the heterogeneity of Hfq data sets fixed values of —3 and 3 were applied for the Hfg-dependent genes. I, genes inversely
regulated by Hfq and SmYbeY; II, genes negatively influenced by both proteins. Double arrowheads in red indicate prbA and /ivK mRNAs, which are

experimentally confirmed targets of the homologous trans-sSRNAs AbcR1 and AbcR2.



Nucleic Acids Research, 2017, Vol. 45, No. 3 1385

N | mpSRK-C
E=-9.9 kcal/mol6 o & wi | O pSRK-R2
N pSRK-R2b
prbA 5 -GGGAAC] |cacce-3 O smaybeY — I
AGGGGAAU | —ns
LeLLn: 6000 | ns
, UCCCCUUG , ns | * —
AbcR2 3" -GAGGUC | |UCGAC-5 o) — | }
5|5 4|8 g 4000 | I
AbcR2b 3" -GAGGUAAGGGGAAGUCGAC-5 2000 : I
5”prbA o | '
| —|
Sm2B2001AR1/2  SmAR1/2AybeY
+1 pBBsyn-eGFP * = = skl
SMc01642 (prbA) pRprbA::eGFP
2436 657 2436 867 c r
| 3 2438409 SmYbeY + - + - + + + - -
) pRprbA::egfp AbcR2 + + + + . + i i I
prbA::egfp
AbcR2b - - - - - - % - .
M n2+ Ca2+
C*153090 C*153090 C*15 3090 C*15 30 90
! | |
& - - @
i
5-prbA  5-prbA+AbcR2 5'-prbA 5"-prbA+AbcR2

Figure 9. SmYbeY is required for the AbcR2-mediated silencing of the prb4 mRNA. (A) Lack of SmYbeY abrogates AbcR2-dependent post-
transcriptional repression of prbA in vivo. The AbcR2-prbA antisense interaction as predicted by IntaRNA (http://rna.informatik.uni-freiburg.de/
IntaRNA/Input.jsp) is shown on top. The Shine-Dalgarno sequence and AUG start codon of prbA are underlined. Numbers indicate positions rela-
tive to the prbA start codon and AbcR2 transcription start site. The predicted minimum hybridization energy (E) of the duplex is indicated. Nucleotide
substitutions in the AbcR2b mutant variant disrupting base-pairing with prbA are colored in red. The schematics below show the prbA genomic region and
the reporter fusion used in the in vivo assays. Numbers stand for coordinates in the genome of the reference strain Rm1021. The transcription start site of
prbA isindicated (+1). Histogram; fluorescence of the Sm2B3001 strain and its SmA ybe Y mutant derivative transformed with the control plasmid pBBsyn-
eGFP or the reporter pRprbA.::eGFP (left part) and fluorescence of the double Sm2B2001AR1/2 and triple SmAR1/2Aybe Y mutants co-transformed
with pRprbA.:eGFP and pSRK-C (control), pSRK-R2 or pSRK-R2b. Values reported are means and standard deviation of 27 fluorescence measurements
normalized to the OD of the culture, i.e. three determinations of three independent exponential cultures of three transconjugants for each reporter strain.
The statistical significance level was set at P < 0.05 and indicated with an asterisk. ns, non-significant. SmYbeY, AbcR2 and AbcR2b genotypes of the
reporter strains are indicated on the bottom of the histogram. (B) SmYbeY cleaves the AbcR2-prbA duplex in vitro. Reactivity patterns of SmYbeY (5
M) on an internally labeled 5'-prbA RNA (0.1 pmol/pl) either alone or in the presence of a molar excess of AbcR2. Double arrow heads indicate major
cleavage products. Reactions were incubated in the presence of Mn2* or Ca2* as co-factor. Incubation times are indicated on top of the panels. Reactions
were analyzed on 7 M urea/15% polyacrylamide gels. C, control reactions.


http://rna.informatik.uni-freiburg.de/IntaRNA/Input.jsp

1386 Nucleic Acids Research, 2017, Vol. 45, No. 3

tutively (Figure 9A, right histogram). Fluorescence of expo-
nentially growing Sm2B2001AR1/2 bacteria co-expressing
AbcR2 and prbA::eGFP decreased by 35% (statistically
significant) with respect to that of the same strain co-
transformed with the target fusion and the empty vector
pSRK-C. Further, an AbcR2 mutant variant (AbcR2b) car-
rying nucleotide substitutions in the predicted prbA4 interac-
tion site and stably expressed from pSRK-R2b (Supplemen-
tary Figure S10) had no effect on the fluorescence of the re-
porter fusion. These results confirmed the AbcR2-mediated
post-transcriptional down-regulation of prbA, already re-
ported in the closely related S. meliloti strain Rm1021 (26).
In contrast, lack of SmYbeY almost abrogated repression
of prbA by AbcR2, i.e in the triple mutant background flu-
orescence of pRprbA: eGFP hardly decreased to 12% (sta-
tistically non-significant) with respect to that of the control
upon AbcR?2 expression.

Finally, we tested the in vitro activity of SmYbeY (5 uM)
on an internally labeled RNA substrate that mimics the
5" prbA region (5-prbA) fused to eGFP both alone and
upon its incubation with a molar excess of the AbcR2 tran-
script in the presence of Mn?* as co-factor (Figure 9B).
In these conditions, SmYbeY hardly reacted with the 5'-
prbA molecule, further suggesting that the prbA mRNA
is not a preferred ligand of this protein. In contrast, ad-
dition of AbcR2 to the reaction mixture favored cleav-
age of the complex at precise sites within 5'-prbA, yielding
three major cleavage products. As expected, Ca>* blocked
SmYbeY activity on the partially double-stranded prbA4-
AbcR2 molecule.

We therefore conclude that post-transcriptional regula-
tion of prbA mRNA requires SmYbeY, which could be
most likely involved in the decay of the message upon its
antisense interaction with the Hfg-dependent frans-acting
AbcR2 sRNA.

DISCUSSION

Here, we have shown that the S. meliloti YbeY pro-
tein is a divalent ion-dependent single- and double-strand
endoribonuclease whose activity influences core RNA
metabolism, energy producing pathways and plasmid-
encoded symbiotic functions. Profiling of the SmYbeY-
dependent genes and RNA ligands envisaged a number of
putative substrates for this RNase. Although our data re-
vealed that Hfq and SmYbeY participate in largely inde-
pendent RNA networks, we provide evidences that the Hfq-
dependent sSRNA-mediated silencing of amino acid trans-
port requires SmYbeY. Figure 10 summarizes the insights
into the cellular pathways influenced by SmYbeY as re-
vealed by our study.

SmYbeY acts as versatile single- and double-strand endori-
bonuclease

Hfq is now viewed as a major RNA chaperone in bacteria
that binds to and promotes stability of large sets of mRNA
and sRNA transcripts (21). Given the apparent functional
overlap between Hfq and SmYbeY in S. meliloti and the
homology of SmYbeY to the MID RNA-binding domain
of AGO proteins (10), we profiled the subpopulation of

transcripts co-immunoprecipitated with a tagged version of
SmYbeY. This approach has been proved successful for the
generation of accurate and reliable genome-wide atlas of
Hfq RNA ligands and sSRNA-mRNA regulatory pairs in S.
meliloti and other phylogenetically distant bacterial species
(26,55-60). SmYbeY ColP-RNA was barely enriched in
RNA species in comparison to the number of transcripts
stably bound by Hfq in the same conditions. This enrich-
ment profile supports a major function of SmYbeY as a
catalytic enzyme rather than an Hfg-like role as stabilizer
and facilitator of RNA-RNA interactions in vivo. There-
fore, other methods with enhanced sensitivity are required
for the accurate genome-wide mapping of SmYbeY con-
tacts of catalytic nature on RNA substrates.

To date, only the E. coli and V. cholerae YbeY orthologs
have been demonstrated to have RNase activity in vitro
(8,13), both exhibiting similar catalytic features. Although
performed under experimental conditions different to those
described for the former enzymes (e.g. reaction buffer or
enzyme/substrate ratio), our assays similarly revealed cat-
alytic activity of SmYbeY on generic and endogenous
RNA molecules, but uncovered remarkable differences in its
substrate specificity with respect to the well-characterized
EcoYbeY. The latter behaves as a single-strand specific en-
doribonuclease unable to degrade dsRNA but exhibiting
activity on short RNA hairpins and complex structured
RNA (e.g. rRNA) (8,13). SmYbeY was proficient in cleav-
ing ssSRNA, dsRNA and a number of structured RNA
substrates. To the best of our knowledge this versatility
is an unprecedented feature among bacterial endoribonu-
cleases (61). Nonetheless, the in vitro characterization of
SmYbeY activity suggests a preference of the enzyme for
longer double-stranded and structured RNA substrates. Its
cleavage pattern on ssRNA and short dsRNA is reminiscent
of non-specific endoribonucleases, such as RNase E. How-
ever, despite of being non-specific, RNAse E has a bias for
cleaving AU-rich regions (62). In contrast, our experimental
data did not reveal any preferred cleavage site of SmYbeY
in these substrates. Of note, the substitution of the ultra-
conserved R69 residue (R59 in Eco YbeY), which inhibits
EcoYbeY activity, similarly impaired SmYbeY cleavage on
most substrates. However, this mutated version retained re-
liable residual activity in some structured RNA molecules
tested (e.g. R1.1). Together with the finding that SmYbeY
is also a double-strand endoribonuclease, this suggests that
the catalytic mechanisms of both E. coli YbeY and the S.
meliloti homologue may differ.

Under optimal assay conditions SmYbeY completely de-
graded the hairpin-structured R1.1 RNA substrate at sites
recognized by the prototypical double-strand endoribonu-
clease RNase III (50,51). The catalytically competent form
of RNase III is a homodimer in which each subunit co-
ordinates a divalent metal ion (preferably Mg?*) and con-
tributes to the hydrolytic cleavage of one strand of the du-
plex RNA substrate (63). YbeY and RNase I11 polypeptides
are structurally unrelated (9,10,52). Indeed, our results in-
dicated that SmYbeY does not dimerize and thus, a ~20
kDa monomer is likely the active form of the enzyme. Co-
factor requirements of EcoYbeY have not been stablished
yet. However, we have shown that the in vitro reactivity
patterns and performance of SmYbeY largely depend on
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the divalent metal ion used in the assays. Both Mg?* and
Mn?* supported SmYbeY-mediated catalysis, but Mn?>* in-
creased the overall cleavage efficiency. On the other hand
Ca”*, which is a known inhibitor of RNase III activity
(49,63), similarly blocked reactivity of SmYbeY on dsRNA
and generic structured RNA but did not compromise ss-
RNA cleavage. It is therefore tempting to speculate on Ca>*
and Mg?*/Mn?" availability as major environmental deter-
minants of substrate selectivity and post-translational mod-
ulation of SmYbeY activity in vivo. In this regard, it is wor-
thy to note that the alteration of Mn>* homeostasis sensi-
tizes both bacterial intracellular pathogens and plant en-
dosymbionts to the oxidative burst induced in the host dur-
ing infection (64-66). SmYbeY was able to degrade very
efficiently the in vitro transcribed ybe Y mRNA and there-
fore we cannot exclude the possibility of its autoregulation
in vivo. Some RNases such as RNase E, RNase IIT and PN-
Pase are also regulated at the post-transcriptional level by
feedback loops involving decay of their own mRNA (61).
This hypothesis of SmYbeY autoregulation should be sim-
ilarly explored in the future.

SmYbeY activity influences fundamental and symbiotic func-
tions

Absence or depletion of YbeY in bacteria decreases
growth rate, alters rRNA /ribosome profiles, enhances cell
sensitivity to stress and affects virulence and symbiotic

traits (7,8,10,13-15,27,28). To explore the molecular ba-
sis of this pleiotropic phenotype in S. meliloti we profiled
the SmYbeY-dependent transcriptome on oligonucleotide-
based microarrays. Contrary to the expected effect of the
removal of an endoribonuclease on the RNA steady-state
levels, down-regulated transcripts far outnumbered up-
regulated transcripts in the S. meliloti YbeY mutant. How-
ever, this has been a common finding of similar studies ad-
dressing the influence of the activity of diverse endo and
exoribonucleases in the bacterial transcriptome, including
the E. coli and Thermus thermophilus YbeY orthologs, par-
ticularly upon stress exposure (27,67-70). Down-regulated
genes could be mostly regarded as secondary molecular
targets of SmYbeY whose expression is positively influ-
enced by this RNase in an indirect manner, e.g. involv-
ing alteration of regulatory intermediates or other yet un-
known mechanisms. Nonetheless, a handful of SmYbeY-
bound mRNAs identified in our ColP experiments were
also found among this group of down-regulated transcripts.
This finding suggests a direct interaction of SmYbeY with
these mRNAs in a protective mode that remains to be ex-
plored. Such a minor residual protective role in the stabiliza-
tion of dsRNA and sRNAs has been already proposed for
the long considered strictly catalytic ribonucleases RNase
I1T and PNPase, respectively (61,71,72). Genes positively in-
fluenced by SmYbeY included those encoding relevant pro-
tein components of energy producing pathways, a number
of RNases (e.g. PNPase, RNase III or RNase D) and key
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elements of the translation machinery. It is well-known that
down-regulation of these fundamental physiological func-
tions severely compromises bacterial growth and recovery
upon stress exposure.

Protein mistranslation has been reported in E. coli YbeY
mutants and was mainly attributed to the involvement of
YbeY in rRNA maturation and ribosome quality control
(5,13-16). Indeed, misprocessing of the 16S rRNA is a ma-
jor molecular phenotype linked to YbeY loss-of-function
in several bacterial species (5,7,8,13). In contrast, our re-
sults did not evidence an obvious involvement of SmYbeY
in rRNA maturation. This was an unexpected finding since
it has been shown that a number of bacterial YbeY or-
thologs can indistinctly rescue the pleiotropic physiological
phenotypes of different Aybe Y mutants (5). The differences
in substrate specificity and probably in activity mechanisms
highlighted above may explain this apparent discrepancy.
However, rRNA maturation involves the concerted activity
of a suite of RNases some of which are not essential, can
exhibit functional overlap or are interchangeable (61,67,68).
Large genomes such as that of S. meliloti are typical sources
of genetic redundancy that confers robustness to fundamen-
tal physiological processes (31). Therefore, we cannot rule
out a role of SmYbeY in rRNA maturation that may be ef-
ficiently complemented by functionally related R Nases.

Our transcriptomic analyses evidenced that SmYbeY in-
fluenced on chromosomal and pSymA-encoded functions
to a similar extent. S. meliloti pPSymA is a megaplasmid
of mosaic origin that mostly host accessory acquired genes
that specify relevant strain-specific and symbiotic traits
(31). Major late symbiotic functions are coordinated via
the two-component regulatory system FixLLJ and the mas-
ter regulators of nitrogen fixation NifA and FixK under
microoxic conditions within the root nodule (73). Notably,
we found that the nif4 and fixK genes and a number of
FixK-dependent gene clusters encoding the microaerobic
denitrification pathway and elements of the electron trans-
port chain associated with the nitrogenase complex were up-
regulated in the SmYbeY mutant, particularly during expo-
nential growth. Interestingly, YbeY has been also shown to
severely disturb regulation of the Yersinia virulence plasmid
pYV (7). These independent findings hint at a major uni-
versal role of YbeY in the post-transcriptional control of
prokaryotic gene networks relevant to the interaction with
eukaryotic hosts.

Extensive comparison of the Hfq and SmYbeY post-
transcriptional regulons revealed a discrete overlap between
the arrays of molecular targets of the two proteins. How-
ever, a number of known Hfg-binding mRNAs (26) exhib-
ited accumulation patterns in the Hfq and SmYbeY de-
fective mutants compatible with a role of this RNase in
the decay of these transcripts. It has been reported that
Hfq actively competes for binding to the sites of the ma-
jor endoribonuclease RNase E (typically AU-rich regions)
within SRNAs and mRNAs, thereby protecting these tran-
scripts from RNase E cleavage and further exoribonucle-
olytic degradation (74,75). Our results revealed that sets of
mRNAs with increased steady-state levels in the SmAybe Y
mutant are encoded by genes positively regulated by Hfq,
namely metabolic, carbohydrate transport, regulatory, flag-
ellar, nitrogen-fixation and denitrification genes. Further

supporting an Hfg-mediated stabilization, these mRNAs
have been shown to be mostly recovered in their entire
length by pull down with Hfq (26). Therefore, it can be
hypothesized that SmYbeY has a role in the silencing
of non-functional transcriptional output of flagellar and
oxygen-regulated FixLJ-dependent mRNAs during station-
ary growth and under free-living non-symbiotic conditions,
respectively (76,77).

SmYbeY mediates silencing of SRNA-regulated mRNAs

Ribonucleases are also key active players at different lev-
els in the post-transcriptional gene silencing mediated by
antisense and trans-acting SRNAs (78). RNase E and PN-
Pase are known to affect SRNA turnover whereas RNase
III can be recruited to the sSRNA-target mRNA interplay
for the cleavage of the double-stranded RNA duplex with
the consequent degradation of the message in a mechanism
that resembles eukaryotic RNA interference (43,78,79). We
have shown that SmYbeY efficiently cleaves dSRNA and
that asRNA-mRNA duplexes were remarkably abundant
in CoIP-RNA. Thus, SmYbeY-mediated silencing of some
Hfg-protected mRNAs can be triggered by antisense inter-
action with asRNAs. In this regard, recent RNAseq-based
surveys of the S. meliloti transcriptome have uncovered
functionally significant pervasive antisense transcription of
pSymA-borne symbiotic genes (39,40,80). Therefore, the in-
volvement of SmYbeY in the asRNA-mediated decay of ni-
trogen fixation mRNAs is a plausible scenario that merits
further investigation.

RNase E has been already shown to be required for trans-
sRNA regulation of cell-cycle and quorum-sensing mRNAs
in S. meliloti (48,81). In contrast to what has been described
for E. coli (27), transcriptomics data uncovered a scarce
influence of SmYbeY on the steady-state levels of trans-
sRNAs. However, among the transcripts up-regulated in the
SmYbeY mutant we found a number of mRNAs coding
for amino acid transporters that are putative targets of the
Hfg-dependent homologous a-proteobacterial AbcR1 and
AbcR2 sRNAs (37,54,82-84). Co-IP with Hfq typically re-
covers a specific stretch of these mRNAs, mostly derived
from their 5 regions, rather than the full-length transcripts
(26). This likely indicates that these mRNAs undergo ri-
bonucleolytic degradation upon antisense interaction with
their SRNA partners at sites within the stretch bound by
Hfq. We have tested this hypothesis with the proline betaine
prbA mRNA, which is an experimentally confirmed target
of both AbcR 1 and AbcR2 trans-sRNAs (26). Fluorescence
of relevant reporter strains along with in vitro assays sug-
gested that post-transcriptional silencing of prbA4 could be
initiated by SmYbeY-mediated cleavage of the message at
discrete positions upon AbcR?2 interaction in the vicinity of
the ribosome binding site. Previous works in S. meliloti, E.
coli and V. cholerae had anticipated a major role of YbeY
in riboregulation (8,10,27). However, this conclusion was
entirely based on the misregulation of sets of sSRNAs and
their predicted mRNA targets upon deletion or depletion of
YbeY, which does not demonstrate a direct role of this pro-
tein, either protective or catalytic, in the establishment of
specific experimentally probed sSRNA-mRNA interactions.



Therefore, our results add SmYbeY to the repertoire of bac-
terial ribonucleases involved in RNA-mediated silencing.

In summary, we have shown that the highly conserved S.
meliloti YbeY protein is a versatile metal-dependent double
and single-strand endoribonuclease that influences turnover
of bulk and sRNA-regulated mRNAs. The SmYbeY-
dependent mRNA network presented here provides a solid
resource for the forthcoming investigation of SmYbeY ac-
tivity mechanisms underlying the post-transcriptional reg-
ulation of core RNA metabolism, energy producing path-
ways and late symbiotic functions in S. meliloti.
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