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The endoribonuclease Il (RNase Ill) belongs to the enzyme family known to process double-stranded RNAs.
Staphylococcus aureus RNase Il was shown to regulate, in concert with the quorum sensing induced RNAIIl, the
degradation of several mRNAs encoding virulence factors and the transcriptional repressor of toxins Rot. Two of the
MRNA-RNAIIl complexes involve fully base paired loop-loop interactions with similar sequences that are cleaved by
RNase Il at a unique position. We show here that the sequence of the base pairs within the loop-loop interaction is
not critical for RNase Ill cleavage, but that the co-axial stacking of three consecutive helices provides an ideal topology
for RNase Il recognition. In contrast, RNase Il induces several strong cleavages in a regular helix, which carries a
sequence similar to the loop-loop interaction. The introduction of a bulged loop that interrupts the regular helix
restrains the number of cleavages. This work shows that S. aureus RNase Ill is able to bind and cleave a variety of RNA-
mMRNA substrates, and that specific structure elements direct the action of RNase IIl.

Introduction

The regulation of mRNA decay plays essential roles in the
regulation of gene expression, enabling the bacteria to selec-
tively activate or repress appropriate genes in response to a spe-
cific physiological state. This is particularly true for pathogenic
bacteria such as Staphylococcus aureus, which can survive under
extreme circumstances in the human host as well as in the envi-
ronment. S. aureus is both a commensal bacterium and an oppor-
tunistic pathogen, which causes a wide variety of infections,
owing in part to the coordinated expression of a large repertoire
of virulence factors."* Genome-wide studies have shown that the
decay of mRNAs encoding virulence factors is highly regulated
during growth.*> Furthermore, the stability of many transcripts
is modified upon the entry into the stationary phase of growth
and in response to various stresses.®” Detailed knowledge about
the RNA decay machinery in S. aureus was recently gained.>®
Indeed, the genome encodes all the orthologs of Bacillus subti-
lis exoribonucleases and endoribonucleases, suggesting that the
mechanisms of RNA decay are conserved in Gram-positive bac-
teria.”'® A two-hybrid system identified a degradosome-like com-
plex composed of the two bi-functional RNases J1 and J2, the
endoribonuclease Y, the 3'-5' exoribonuclease PNPase, enolase,
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phosphofructokinase, the DEAD-box RNA helicase CshA and
the protein subunit of RNase P, RnpA.? Surprisingly, the essen-
tial protein RpnA is endowed with a ribonuclease activity and a
small molecule inhibitor of RnpA-mediated RNA degradation
has been recently selected, which exhibited antimicrobial activity
against hypervirulent and multi-drug resistant S. aureus strains.!!
Thus, RNA degradation appears to be a cellular process that can
be targeted by antimicrobial drugs. Two other endoribonucleases
of S. aureus, RNase Y and RNase III, were shown to be essen-
tial for the full virulence of S. aureus in several murine mod-
els including bacteriaemia,' intraperitoneal® and peritonitis,"
although they are not essential for growth.">" Interestingly,
both enzymes are important for the processing and stabilization
of specific mRNAs, and contribute to the turnover of small non-
coding RNAs.'21¢

RNase III is one of the extensively studied RNases in S.
aureus. It belongs to the family of Mg?**-dependent endoribo-
nucleases in eukaryotes and bacteria, which recognize and cleave
double-stranded RNA (dsRNA) to generate a dsRNA with a 5'
phosphate group and a two nucleotides 3'-overhang.”” Bacterial
RNase III acts as an active homodimeric enzyme with each sub-
unit carrying the catalytic activity and substrate recognition.'®
We have previously shown that the biochemical properties of
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S. aureus RNase 11 are very similar to those of Escherichia coli
RNase III. As for E. coli,* conserved acidic residues and Mg**
1621 S gureus RNase 111 was

first shown to act as a co-factor of the quorum-sensing regulatory

are essential for the cleavage reaction.

RNAIII to irreversibly repress the synthesis of several adhesins
and the transcriptional repressor of toxins, Rot.”**?* Moreover,
a recent study discovered an antisense transcription all over the
genome, which is hidden in S. aureus strains due to RNase III
processing of sense/antisense transcripts.”’ Finally, a wide range
of structured RNAs recognized by RNase I1I have been identified
by in vivo immunoprecipitation of wild type or cleavage-defec-
tive mutant RNase III followed by deep sequencing.'® This study
revealed that besides its universal function in rRNA maturation
and RNA turnover, RNase III affects processing of mRNAs car-
rying overlapping 5'UTRs. Moreover, it directs maturation of
mRNAs resulting in their stabilization and antisense regulation
mediated by small RNAs.

We have previously shown that RNase III unexpectedly
cleaved several RNAIII-mRNA complexes forming loop-loop
interactions.”>* Intriguingly, these short intermolecular base
paired helices (7 to 8 nucleotides) share structure and sequence
similarities and are a priori not considered as RNase III sub-
strates. We demonstrate here that the sequence of these base pairs
is not critical for cleavage but that the co-axial stacking of the
newly formed intermolecular helices provides an ideal topology
for RNase III recognition and cleavage. This work also shows
that RNA-RNA complexes contain both positive and negative
elements to limit and/or direct the action of RNase III, as it was
previously demonstrated for E. co/i RNase 111.26%7

Results

Design of the RNA substrates to be probed by RNase III cleav-
age assays. S. aureus RNAIII is a multi-functional RNA that
encodes d-hemolysin and regulates the synthesis of many viru-
lence factors and enzymes involved in peptidoglycan metabolism
at high cell density.>>*** We have previously shown that the large
3' UTR of RNAIII is acting as an antisense RNA (asRNA) to
repress the translation of multiple mRNAs."?32 This region con-
tains three hairpin structures with a conserved C-rich sequence
located in the apical loops, which serve as the seed sequence to
initiate fast binding with G-rich sequences of mRNA targets.
Determination of the structures of several regulatory RNAIII-
mRNA complexes revealed bi-partite binding sites that dif-
fered according to the mRNA structures: an imperfect duplex
that sequestered the Shine and Dalgarno sequence (SD), was
stabilized by a loop-loop interaction in the coding region of coa
mRNA encoding coagulase (Fig. 1A), or two loop-loop interac-
tions involving the 5' untranslated region and the SD sequence
of 7ot mRNA that encoded the transcriptional repressor of toxins
(Fig. 1A). These complexes prevent the formation of the initia-
tion ribosomal complex and recruit RNase III to initiate the deg-
radation of the repressed mRNAs. Interestingly, previous RNase
III cleavage assays performed on 5' end-labeled mRNAs bound
to RNAIII showed a single strong cleavage in coa and ror mRNAs

located at an equivalent position of the loop-loop pairings***
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(Fig. 1A). In both systems, the sequence of the loop-loop inter-
actions is highly similar although the length and sequences of
the intramolecular helices are different (Fig. 1A). The same reac-
tion was performed with 5' end-labeled RNAIII alone and in the
presence of increasing concentrations of cold coa mRNA or rot
mRNA (Fig. 1B). The data showed that binding of coa or of rot
mRNA similarly induced an RNase III cleavage located in the
hairpin loop H7 of RNAIII at C240 (Fig. 1). However, the two
loop-loop interactions found in RNAIII-70 mRNA complex are
not strictly equivalent because no cleavage was observed in the
hairpin loop H14 of RNAIII (Fig. 1B).

Because the sequences involved in the kissing loops were very
similar, we have analyzed whether the RNase I1I cleavage pattern
resulted from a specific recognition of the base pairs or from the
topology of the kissing complex. To distinguish between these
two hypotheses, we have constructed several RNA substrates
based on the kissing interactions as found in coz mRNA-RNAIII
complex and have compared their RNase III cleavage patterns.
The sequences of the kissing loops, i.e., loop III of co# mRNA
and loop 7 of RNAIII, were changed so that the stability of the
base pairs was not perturbed (Fig. 1A). Structure modeling of the
kissing interaction has been previously completed revealing a co-
axial stacking of the intramolecular and intermolecular helices
to form a long helical structure.* Based on this model, we have
superimposed a regular helix on the kissing complex to define
the appropriate length of the helix for comparative RNase 111
probing. Two regular helices (30 and 33 base pairs) and a stem-
loop structure of 30 base pairs (bp), mimicking the size of the
long helical structure promoted by the kissing interactions, were
chemically synthesized. Two last RNA constructs introducing
a bulged loop were made to interrupt regular helices (irregular
helices, Fig. 1C).

Changing the sequence of the loop-loop interaction has no
effect on RNase I1I cleavage. We first verified that the nucleotide
substitution in RNAIII and co2a mRNA mutants (Fig. 1A) did not
alter the RNA structure and/or binding. The secondary struc-
tures of wild type (WT) and mutant coz mRNAs were probed
using RNase T1 (specific for unpaired guanines) and RNase V1
(specific for helical regions). The cleavages were mapped using
5" end-labeled mRNA and sized on a denaturing polyacrylamide
gel (Fig. 2A). The data correlated well with the secondary struc-
ture of coa mRNA which was previously published* (Fig. 2A).
Indeed, the main RNase T1 cleavages are located in the apical
loops I and IIT and strong RNase V1 cuts occurred in helical
regions of coa mRNA (Fig. 2B). In the mutant mRNA, the major
changes occurred in loop III because the three guanines 94-96
have been substituted by cytosines. Binding of mutant RNAIII
induced changes in the region encompassing the ribosome bind-
ing site (RBS, nucleotides U10 to A48) of the mutant coa mRNA,
as it was shown for the WT RNAIII-mRNA complex. Mutant
RNAIII protected the guanines (G19-20, G22-23) of the SD
sequence against RNase T1, while new RNase V1 cleavages were
observed at positions 39—-41 of the mRNA (Fig. 2A). These data
show that the mutant RNAIII binds to the RBS of the mutant
coa mRNA in a manner similar to that of the WT RNAs. In
addition, the WT RNAIII binding induced strong protection of
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Figure 1. RNA substrates of S. aureus RNase Ill used in this study. (A) Comparison of the kissing interactions which are part of the RNAIll-coa mRNA?*
and RNAIII-rot mRNA? complexes. The mRNA sequences are in orange and RNAIIl in black. Base pair substitutions at the loop-loop interactions,
resulting from the pairings of mutant coa mRNA and mutant RNAIII, are shown in the insert. Arrows denote the RNase Ill cleavage sites. (B) RNase llI
hydrolysis performed on 5' end-labeled RNAIll free (lane 3) or in complex with either coa mRNA or rot mRNA (lane 4, 50 nM; lane 5: 100 nM). Lanes 1, 2:
Incubation controls of free RNAIIl or bound to the mRNA, respectively; lane T: RNase T1 ladder performed under denaturing conditions; lane L: alkaline
ladder. (C) Various RNA helices designed in the present study. The boxed sequences correspond to the base pairings found in the kissing interac-

tions of RNAIll-coa mRNA complex. The sequences of the two strands of the helices are in different colors: black and gray for the sense and antisense
(@asRNA) strands of regular helices, respectively; red and gray for the sense and antisense (asRNA) strands of irregular helices, respectively.
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Figure 2. For figure legend, see page 1465.
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Figure 2 (See previous page). Comparative enzymatic probing with the WT and mutant RNAIll-coa mRNA complexes. (A) Gel fractionation of enzymat-
ic cleavages of 5'-end-labeled wild-type (WT) and mutant coa mRNAs. Lanes 1, 2: Incubation controls of mRNA free or bound to RNAIII, respectively; lane
3: RNase hydrolysis on free WT or mutant coa mRNAs; lanes 4-6: RNase hydrolysis on WT or mutant coa mRNA in the presence of increasing concentra-
tions of WT or mutant RNAIII (lane 4, 50 nM; lane 5, 100 nM; lane 6, 300 nM), respectively; lanes T, L: RNase T1 under denaturing conditions and alkaline
ladders, respectively. T1, V1, lll: RNase T1, RNase V1 and RNase Il hydrolysis, respectively. (B) Enzymatic cleavages are reported on the schematic repre-
sentation of the secondary structures of WT and mutant coa mRNAs. Effect of RNAIIl binding: black and white circles are for strong and moderate pro-
tection, respectively; stars are for enhancement and new RNase Ill cuts. (C) RNase Il cleavage sites were mapped on in vitro transcribed mutant RNAIII
using primer extension with a 5' end-labeled oligonucleotide (see Material and Methods). Lanes 1, 2: Incubation controls of mutant RNAIIl free or bound
to mutant coa mRNA, respectively; lane 3: RNase hydrolysis on free mutant RNAIII; lanes 4-6: RNase hydrolysis on RNAIIl in the presence of increasing
concentrations of mutant coa mRNA (lane 4, 50 nM; lane 5, 100 nM; lane 6, 300 nM). The cleavage sites (arrows) are shown on the secondary structure
model of the loop-loop interactions involving the mutated hairpin loop 7 of RNAIII (black) and the mutated hairpin loop Ill of coa mRNA (orange).

G94-G96 in the apical loop III of WT coz mRNA toward RNase
T1 because of the kissing interaction.

We then compared the RNase III-dependent cleavages using
5'-end labeled WT or mutant mRNAs. The reactions were per-
formed on the free mRNAs as well as on the native WT and
mutant RNAIII-coz mRNA complexes using a purified His-
tagged RNase III from S. aureus (Fig. 2A). When the 5' end-
labeled mutant mRNA was incubated with mutant RNAIII,
four major cleavages occurred at positions 32, 34, 41 and 97 in
the mRNA as observed for the WT complex (Figs. 1A and 2A).
These cleavages were specific because the addition of Ca?* instead
of Mg?* in the buffer inactivated RNase III activity (result not
shown). Previous experiments have shown that the hairpin 7 of
RNAIII was responsible for the specific RNase III-cleavage at

position 97 of coa mRNA while the hairpin 13 of RNAIII pro-
moted major cleavages at positions 32, 34 and 41 in the RBS
of coa mRNA? (Fig. 1A). We have also monitored the RNase
III cleavage sites in RNAITII using primer extension (Fig. 2C).
The data show that binding of the mutant co# mRNA to mutant
RNAIII induced a major cleavage at G240 in the hairpin loop 7
of RNAIII (Fig. 2C).

In summary, mutations in the sequences of the complemen-
tary hairpin loops of RNAIII and coz mRNA involved in the
kissing interactions do not affect the structure of the mRNA-
RNAIII complex nor the recognition by RNase IIL.

S. aureus RNase III cleaves regular RNA-RNA helices
and RNA hairpins in a similar manner. We then analyzed the
RNase I11-dependent cleavages of regular RNA helices of 30 and
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RNase Il = = 4+++tt+t R L 5 P 3 RNase lll- + 4+
asRNA 4. d.d.d -4 - «l.d.d Sense s vt 1234 TL
123456789TL 123456789 TL ense c —¢
RNA A—U lI |
A19 casy -
G18
A19>
B
]
L
)
.
.
L
U=—A .
c —G asRNA .I
ELI T H
o
-
-

Sense RNA (33 pb)

Hairpin asRNA  _ | | el
5‘. ‘3' RNaselll - - + ++ ++
C=0 TL 1234567
A—U
U=—a
c—G
G =—C-60
U—Aa
U—Aa
A=—U
U—a
10-U=A
A—U

asRNA (33 pb) Regular helix

& . i Sens RNA (33 pb)
R g I}
1234567 TL

37

A—U
A=—U
c—c

25-A —U-40
A=—U

Figure 3. RNase Il cleavage assays with various RNA helices. (A) RNase Il assays with the 30 bp regular helix. Gel fractionation of RNase Ill cleavages of
5'end labeled sense RNA strand or antisense RNA (asRNA) strand. Duplex formation was done as described in Material and Methods. Lanes 1, 2: Incu-
bation controls of the 5' end labeled RNA free or in duplex, respectively; lane 3: RNase Ill (3 wM) hydrolysis on the 5' end labeled RNA alone; lanes 4-9:
RNase Ill assays performed on the RNA duplex in the presence of increasing concentrations of the complementary strand (lanes 4, 6, 8: 100 nM; lanes
5,7,9:250 nM) and with various concentrations of RNase Ill (lanes 4, 5: 0,5 wM; lanes 6, 7: 1 wM; lanes 8, 9: 3 wM); lanes T, L: RNase T1 under denatur-
ing conditions and alkaline ladders, respectively. Main RNase Ill cleavage sites are shown by arrows on one side of the autoradiography. The RNase Il
cleavages are reported on the RNA secondary structure of the 30 bp helix. Thick, thin and dashed arrows are for strong, moderate and weak cleav-
ages, respectively. The sense and antisense (asRNA) RNA strands are specified. (B) RNase Il assays on the 30 bp helix terminated by a tetraloop. Lane 1:
Incubation control of the 5' end labeled RNA free; lanes 2-4: RNase Il hydrolysis on the 5' end labeled RNA using increasing concentrations of RNase IlI
(lane 2:0.5 wM; lane 3: 1 wM ; lane 4: 3 wM); lanes T, L: RNase T1 under denaturing conditions and alkaline ladders, respectively. The RNase Ill cleavages
are reported on the RNA secondary structure, same legend as above. (C) RNase Il assays with the 33 bp regular helix. Lanes 1, 2: Incubation controls

of the 5' end labeled RNA free or in duplex, respectively; lane 3: RNase Ill (1 M) hydrolysis with the 5' end labeled RNA; lanes 4-7: RNase Il hydrolysis

(1 M) with the RNA duplex in the presence of increasing concentrations of the complementary strand (lane 4: 50 nM; lane 5: 100 nM; lane 6: 200 nM;
lane 7: 300 nM). The RNase lll cleavages are reported on the RNA secondary structure of the 33 bp helix using the same legend as above.
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33 bp with free ends or terminated by an apical loop (Fig. 3).
These helices contained the UGGGAU/AUCCCA pairings at an
equivalent position to that found in the kissing interaction of the
coa mRNA-RNAIII complex (Fig. 1A). The RNAs have been
chemically synthesized and purified on a denaturing polyacryl-
amide gel. Prior to RNase III probing, we verified by gel retar-
dation assays that the conditions of hybridization between the
two complementary RNAs led to efficient duplex formation at a
stoichiometry of 1:1 (result not shown). Either of the two RNA
fragments was then labeled at the 5" end and the RNase I1I cleav-
age reactions were performed after annealing of the two comple-
mentary RNAg, the labeled and the unlabeled strands (Fig. 3A
and 3C). The same RNase III reaction was performed on a 5'
end-labeled RNA hairpin structure (Fig. 3B).

Within the 30 bp RNA duplex, two strong RNase III-
dependent cleavages were mapped at G18 and A19 of the sense
RNA strand, and at C13 and C14 of the asRNA strand, leading
to two nucleotides 3'-overhang (Fig. 3A). Several additional weak
but typical RNase III cleavages were located at G13/U14/U15 on
the sense RNA strand and at A17/C18/U19 on the asRNA strand,
particularly at high RNase III concentrations (Fig. 3A). These
cleavages were specific of the duplex formation because they were
not observed in the RNA strands alone (Fig. 3A, lane 3). The
same cleavages were found in the hairpin structure, namely at
G18, A19, C47 and C48, revealing that the apical loop did not
alter the recognition of the RNA by the enzyme. Interestingly,
the RNase III cleavages located at A19/C13 in the RNA-RNA
duplex and at A19/C47 in the RNA hairpin corresponded to the
RNase III cleavages found in the loop-loop interaction. We also
analyzed the cleavage pattern on an RNA duplex containing 33
bp. Three main cleavages were obtained at positions U14, A18
and A22 of the sense RNA strand and at positions U13, C17
and C21 of the asRNA strand (Fig. 3C). The strongest cleavages
(A18/C17) are located in the middle of the helix while the other
cleavages (U14/C21, A22/U13) occurred 12 and 11 bp from the
3' end. Thus, the cleavage pattern of the 33 bp helix is somehow
different to that obtained for the 30 bp helix although the main
cleavages at A18/C17 take place in the other constructs (Fig. 3).

Taken together these data showed that the RNA helix struc-
ture, i.e., number of base pairs, rather than the sequence direct
the RNase III cleavages. In addition, an apical loop does not
affect the RNase III cleavage location in the regular helix. In
contrast to the loop-loop complex, the regular helices are cleaved
at several positions leading to 11 bp fragments.

A bulged loop restrained the number of RNase III cleavages
in the helix. In order to create an irregularity into the regular 30
bp helix, we have introduced a bulged loop 5' to the UGGGAU/
AUCCCA base pairings (Fig. 4). The RNAs were chemically
synthesized and purified on a denaturing polyacrylamide gel and
the conditions of hybridization between two complementary
RNA strands were optimized (results not shown). After 5" end
labeling, the RNase III cleavage reactions were performed on
the free RNAs and the pre-formed RNA duplexes (Fig. 4A and
4B). The data revealed that only one strong cleavage occurred at
C13 of the asRNA strand and at A23 of the sense RNA strand
when the RNA duplex was formed (Fig. 4A and 4C). Hence, the
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addition of the bulged loop restrained the number of RNase III
binding sites in comparison to the 30 bp regular helix (Fig. 4C).

The same experiment was performed with the 36 bp helix
interrupted by the same internal loop (Fig. 4B). Two major
RNase III cleavages were found at A29 and A30 of the sense
RNA strand and at U13 and A14 of the asRNA strand, giving a
two nucleotides 3'-overhang (Fig. 4C). Other weaker but typical
RNase III cleavages were also detected (Fig. 4B). The RNase II1
cleavage patterns obtained with the interrupted 29 bp and 36 bp
helices are very different. Thus, increasing the number of consec-
utive Watson-Crick (WC) base pairings created other preferred
RNase III binding sites centered in the helix.

RNase III does not improve the repressor activity of RNAIII
on coa mRNA translation. Knowing that RNase III contrib-
uted to the efficiency of the RNAIII-dependent repression of coa
mRNA,* we monitored whether the enzyme is able to stabilize
the binding of RNAIII to co2 mRNA and/or to contribute to the
efficiency of translation repression. Recent biochemical analysis
performed on S. aureus RNase 111 showed that the two conserved
acidic residues, E135 and D63, are essential for catalysis, as their
substitution by alanine compromised cleavages without affecting
RNA binding.' These acidic residues are part of the catalytic site,
which together with two Mg?* ions perform the stepwise hydro-
lysis of the phosphodiester bonds.”” The catalytically inactive
E135A variant of RNase III carrying a histidine epitope tag at
its N-terminus was purified to homogeneity following expression
in E. coli.'®*" We first used gel retardation assays to monitor the
effect of E135A mutant enzyme on complex formation between
terminally labeled co2 mRNA and RNAIIL. The data showed
that the mutant E135A enzyme was able to bind the mRNA-
RNAIII complex but had no significant effect on the duplex sta-
bility (results not shown).

We then analyzed whether the binding of RNase III E135A
to the mRNA-RNATII complex contributes to the occlusion of
the ribosome recruitment to its loading site. Toeprinting assays
were performed to monitor the formation of the ternary complex
between the S. zureus 30S subunits, coa mRNA and the initia-
tor tRNAM=, A 5" end-labeled primer was first annealed to coa
mRNA, followed by the addition of increasing concentrations of
RNase IIT E135A in the presence of RNAIII, the 30S subunits
and the tRNA. The experiment revealed that RNAIII binding
alone was sufficient to prevent efficiently the ribosome binding.
However, we have observed the appearance of a reverse transcrip-
tase stop at position G+3 as the result of the interaction between
RNAIII and RNase IIT E135A (Fig. 5, lane 4). Because RNase
ITI E135A has lost its catalytic activity,'® these data suggest that
RNase III binding to the RNAIII-co# mRNA regulatory com-
plex arrest reverse transcriptase elongation.

Discussion

Studies in E. coli revealed that the RNase III enzyme cleaves
regular helices with little sequence specificity.??*3" These data
showed that several RNA substrates contained both positive and
negative determinants allowing RNase III to cleave at a precise
and specific position of a model RNA hairpin.>¥ Extensive
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mutations performed on this RNA hairpin demonstrated that
the RNA sequence extending 1011 base pairs from the cleav-
age site affected the RNase III activity.?** These studies revealed
two main regions in the RNA helix that mostly contributed to
the enzyme recognition, i.e., the proximal box comprising the
first 4 bp adjacent to the cleavage site and the distal box located
8 bp after the cut. Interestingly, the proximal box contains both
positive and negative determinants, which cooperate to define
the cleavage efficiency and specificity.’®*” The crystal structure of
Agquifex aeolicus RNase 111 in complex with different dsSRNAs*>*!
identified a large RNA-binding surface cleft called the catalytic
valley, which accommodates the dsSRNA. The contacts between
protein and RNA span almost 11 bp from the cleavage site, and
the hydrolysis of each strand requires the two subunits.?¢>*31:3?
Furthermore, the dsRNA and the protein undergo significant
conformational changes during catalysis mediated through two
Mg?* ions.” Each subunit of the protein contains four RNA bind-
ing motifs (RBM) where RBM1, RBM2 and RBM4 interact with
the proximal, middle and distal sites of the helix, respectively,
and RBM3 binds closely to the cleavage site (Fig. 6A). Emerging

from these studies, a model was proposed where the RNA sub-
strate is first selected by RBM1 and RBM2 and then transferred
to the catalytic site for scissile bond selection, mainly through
RBM3.26:23132 Al these important findings provided some rules
explaining how bacterial RNase III selects RNA substrates for
binding and cleavage.

Besides regular helices, the E. co/i enzyme was shown to bind
and cleave a variety of structures such as coaxially stacked short
helices®® or dsRNA interrupted by internal loops.'®** We show
here that S. aureus RNase 111 cleaves loop-loop interactions at a
specific site, which is not strictly dependent on the nature of the
WC base pairs (Figs. 1 and 6). The base pair substitutions intro-
duced at the kissing interactions formed between coz mRNA and
the quorum sensing regulatory RNAIII had no significant effect
on the cleavage reaction and specificity. Therefore, we propose
that the loop-loop interaction provides a unique local structure
to direct the RNase III cleavages at single positions of the kissing
interactions. This was visualized on a three-dimensional model
of the kissing interactions, which took into account the chemi-
cal probing data.** The model revealed a co-axial stacking of the
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Figure 4. RNase Ill cleavage assays with the 29 bp and 36 bp regular helices interrupted by an internal loop. (A) Gel fractionation of RNase Ill cleavages
of 5'-end-labeled sense RNA strand or asRNA strand (29 bp irregular helix). Duplex formation was done as described in Material and Methods. Lanes 1,
2: Incubation controls of the 5' end labeled RNA free or in duplex, respectively; lane 3: RNase Ill hydrolysis (1 M) on the 5' end labeled RNA; lanes 4-9:
RNase Il hydrolysis on the RNA duplex in the presence of increasing concentrations of the complementary strand (lanes 4, 6, 8: 100 nM; lanes 5, 7, 9:
250 nM) with various concentrations of RNase Il (lanes 4, 5: 0.5 wM; lanes 6, 7: 1 wM; lanes 8, 9: 3 wM); lanes T, L: RNase T1 under denaturing conditions
and alkaline ladders, respectively. (B) Gel fractionation of RNase Ill cleavages of 5'-end-labeled sense RNA strand or antisense RNA (asRNA) strand

(36 bp irregular helix). Lanes 1, 2: Incubation controls of 5' end labeled RNA free or in duplex, respectively; lane 3: RNase Il hydrolysis (1.5 M) on
free 5' end labeled RNA; lanes 4-7: RNase Ill hydrolysis (1.5 M) was performed on the RNA duplex in the presence of increasing concentrations of
one of the complementary strand (lane 4: 50 nM; lane 5: 100 nM; lane 6: 200 nM; lane 9: 300 nM); lane L: alkaline ladder. (C) The RNase Ill cleavages
are reported on the 29 and 36 bp helices interrupted by an internal loop. Thick, thin and dashed arrows are for strong, moderate and weak cleav-
ages, respectively. The sense and antisense strands are specified. The sequences corresponding to the kissing interactions as found in RNAIll-coa

www.landesbioscience.com

RNA Biology

1467

. Do not distribute

lI0Science

©2012 Landes B



intermolecular and intramolecular helices to form a long helical
structure harboring a slight bent (Fig. 6A). This RNA structure
model was then docked into the crystal structure of the dsRNA-
bound form of Aguifex RNase II1.%' It shows that the loop-loop
interaction almost perfectly fitted into the catalytic valley with
the two cleavage sites located on the same face close to the Mg
ion and the conserved acidic residues (Fig. 6B).

Using the catalytic-defective mutant RNase III E135A," we
showed that the mutant enzyme did not improve either the bind-
ing of S. aureus RNAIII to coa mRNA nor the capacity of RNAIII
to prevent the formation of the initiation complex (Fig. 5). These
in vitro data support the hypothesis that S. aureus RNase 111 is
required to irreversibly arrest the synthesis of coagulase by initi-
ating the degradation of the repressed mRNA.# The loop-loop
interaction provides an ideal RNase III binding site to initiate
the degradation of structured elements in the mRNA. S. aureus
RNAIII and RNase I1I were also shown to conjointly repress the
translation of 7o mRNA.?*% In this system, two stem-loop struc-
tures of the regulatory RNA base pair to two complementary
hairpin loops within the 5'UTR of ror mRNA. A single loop-
loop interaction is not sufficient for repression and both kissing
interactions contribute to regulation: one contact occludes the
RBS while the second one stabilizes the duplex.?? In addition,
rot mRNA was processed by RNase III in vivo when RNAIII
was produced.? The sequences of the two loop-loop interactions
between S. aureus RNAIII and 7ot mRNA are almost identical to
that found in RNAIII-co2 mRNA?>% (Fig. 1A). While the two
loops of 7ot mRNA were cleaved by RNase III similarly to coa
mRNA, only the loop of RNAIII which was bound to the SD
of rot mRNA was efficiently cleaved® (Fig. 1). What could be
the molecular explanation for the different behavior of RNase I11
on the two kissing interactions? The crystal structure of Aquifex
RNase III showed that the double-stranded RNA binding
domains (dsRBDs) are connected to the ribonuclease domains
by flexible linkers.* In the structure of the protein bound to an
RNA-RNA duplex, the RBM1 and RBM2 interact on the oppo-
site side of the RNA helix making contacts with the sugar-phos-
phate backbone of the minor groove.?”? The three-dimensional
model of the kissing interaction sequestering the SD sequence
of rot mRNA was built and docked on the crystal structure of
the dsRNA-bound form of Aquifex RNase III (Fig. 6C). The
model shows that the large connecting loop crossing the deep
major groove of the kissing interactions makes a steric clash with
RBML1 of one monomer (Fig. 6C). Interestingly, it was proposed
that RBMI, which binds 1 bp from the scissile bond, should
contribute to the organization of the catalytic site structure.?”’
Therefore, we suggest that the large connecting loop acts as a
steric anti-determinant for catalysis by altering the positioning
of RBM1 and RBM2. Because several small asRNAs and their
target RNAs initiate fast binding by defined loop-loop contacts,

1.3 One character-

they create potential substrates for RNase 11
istic example is E. coli OxyS sRNA, which represses translation of
fhlA mRNA through base-pairings between two non-contiguous
regions involving loop-loop interactions.” The sequence of one of

the kissing interactions (AGGGUU/AACCCU), which seques-
tered the SD sequence of f//A, is very similar to the base pairings

1468 RNA Biology

A

RNase lll E135A - - + + + - - el

RNAII - + - + - - ++ + +

308 - - --++++++
12345678910 UGCA

[T S——

. -
-
-
-
-
- - 8y 3
- ———— -.
-
o s —+16
.
4
-
-
B +3 +16

5' -—~UUUUGGAGGAAUUAAAAAUURUGAAAAAGCAAAUAAU--3 ' mRNA
PILELL COL 0l il
3'——AAAACC-CCUCAAUAAUUAAUACUUUUUU--5' RNAIII

Figure 5. Effect of the catalytically-inactive RNase Il EI35A mutant on
ribosome binding with coa mRNA. (A) Toeprinting assays. Formation

of the ternary complex between coa mRNA (15 nM), S. aureus 30S ribo-
somal subunits (250 nM) and initiator tRNA (1 uM) was monitored in the
absence (lane 5, 6) and in the presence of wild-type RNAIII (lanes 7-10:
100 nM). Various concentrations of RNase Il E135A mutant are also add-
ed (lane 8: 0.5 wM; lane 9: 1 wM; lane 10: 3 wM). The toeprint at position
+16 is indicated. Incubation controls with free RNA are shown in lane
1,in the presence of RNAIIl in lanes 2 and 4 and with RNase Ill E135A in
lanes 3 and 4. Lanes U, G, C, A correspond to dideoxy-sequencing reac-
tions performed with coa mRNA. (B) RNAIIl binds to the ribosome bind-
ing site of coa mRNA. Arrows denote the reverse transcriptase pauses:
the pause at position +3 was induced by the simultaneous binding of
RNAIIl and RNase Il E135A to coa mRNA while the pause at position +16

corresponded to the 30S-tRNA-mRNA complex formation (toeprint).

found in coa-RNAIII and r0-RNAIII complexes suggesting that
OxyS-fhlA mRNA complex might represent another novel target
for E. coli RNase 111 cleavage.

To analyze the influence of the UGGGAU/AUCCCA interac-
tion on RNase III recognition and cleavage, this module has been
introduced into regular helices of different sizes, in helices inter-
rupted by bulged loops, and in a stem-loop structure (Fig. 1).
As described above, the homodimeric RNase III enzyme covers
22 bp of RNA-RNA duplex leading to cleavage staggered by two
base pairs after 11 bp on each strand. Statistically, the enzyme can
bind at several positions but will cleave only if the helical length
requirements are satisfied. With this ruler, all cleavages obtained
on the different helices and hairpins can be readily explained. For
instance, two major and several weak RNase III cleavage sites on
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Figure 6. Three-dimensional models of various RNA-RNA duplexes and interaction with RNase llI. (A) Models represented the regular 30 bp helix

(in gray), the 29 bp helix interrupted by a bulged loop (in red) and the kissing interactions as found in RNAIII (yellow)-coa mRNA (orange). The llI-D
representations were drawn with PYMOL program. The schematic views of the RNA duplexes (30 bp regular helix, 29 bp interrupted helix) with the
positioning of the RNA binding domains (RBM) of RNase lll are based on the crystal structure of Aquifex aeolicus RNase Il bound to dsRNA:**3! the
boxed nucleotides represent the proximal (p), middle (m) and distal (d) boxes from the major cleavage sites that are recognized by RBM1 to RBM4 of
RNase Ill. The RBMs for each RNase Il subunit are represented by different colors. (B,C) Docking of the kissing complexes of coa mRNA-RNAIII (B) and
of rot mRNA-RNAIII (C) on the crystal structure of Aquifex aeolicus RNase lll containing Mg?* (from ref. 29; pdb coordinates 2NUG). The two subunits
of RNase Ill are colored in magenta and green. The hairpin loop of RNAIIl is colored in yellow and the mRNA in orange. The cleavage sites are in blue.
The site that is not cleaved by RNase Ill in rot-RNAIll kissing interaction is in red. A steric clash is visualized between the connecting loop of the kissing
interactions and one of the double stranded RNA binding domain (dsRBD) domain of RNase Ill. Schematic views represented the kissing interactions
as it is found in (B) coa mRNA-RNAIIl and (C) rot-RNAIIl duplexes. Same legend as in Figure 6A. Nucleotides of the hairpin H7 of RNAIIl are colored in

each strand were found in the 30 bp long RNA duplex, leading
to RNA fragments of 10-11 bp. However, the major cleavages
were obtained within the G-C rich sequence motif indicating
that the stacking of nucleotides might locally favor the binding
of RNase III. Closing the 30 bp helix with a tetraloop did not
modify the reactivity of the enzyme and the cleavage positions
were identical to the parental helix. This indicated that the pres-
ence of an apical loop did not determine the cleavage site selec-
tion as it was shown for the homologous yeast enzyme where the
cut is determined by the distance from a tetraloop motif.*® In

www.landesbioscience.com
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contrast, the introduction of an asymmetrical internal loop in
the middle of the 30 bp helix did not create a new cleavage site
but restrained the number of S. aureus RNase III cuts (Fig. 4).
Structure modeling suggested that the bulged loop behaves as a
negative signature and prevents the RNase III recognition of the
upper helix due to steric hindrance. The addition of 3 bp to the
30 pb regular helix or 6 bp to the interrupted helix drastically
changed the RNase III cleavage patterns (Figs. 3 and 4). In both
cases, typical and strong RNase III cleavages occurred on both
strands located at the middle of the helix. Recent studies based
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on co-immunoprecipitation assays and deep sequencing identi-
fied novel RNA substrates of S. aureus RNase II1.'° Several of the
RNAs are characterized by hairpin loops that are cleaved on both
sides of 22-25 bp long helices at unique positions leading to RNA
fragments of 9 to 12 bp with 2 nt 3-overhang (Fig. S1). We did
not observe any particular sequence motifs although the stems are
A-U/U-A rich and carry several non-canonical base pairs.

RNA loop-loop interactions are adapted structural motifs that
contribute to specific molecular recognition not only because of
WC complementarity between the paired regions but also because
the fold topology imposes additional constraints.*? This study
shows that loop-loop interactions connected by short unpaired
regions formed by the binding of a regulatory RNA to its target
mRNAs represent a unique topology that creates a single binding
site for S. aureus RNase I1I. With a small number of intermolecu-
lar base pairs, it is possible to reconstitute an RNase III binding
site by forming coaxially stacked short helices. Thus, the topol-
ogy of sRNA-mRNA complex is an important aspect of RNase
III recognition and cleavage. Depending on the mRNA bind-
ing site, loop-loop interactions are also expected to enhance the
decay rate of mRNA independently of translation repression, or
to induce specific mRNA maturation leading to stabilization. In
addition, we showed that the sequence of the helix, the number
of consecutive WC including non-canonical base pairs, and the
presence of bulged nucleotides contribute in a positive or negative
manner to induce or prevent RNase III cleavages, respectively.
We anticipate that careful analysis of the whole set of RNA sub-
strates of S. aureus RNase III should unravel unexpected RNA
topologies recognized by the enzyme that might play important
roles in RNA decay, processing or gene regulation.

Methods and Materials

RNA preparation. RNAIIL, fragments of coa mRNA (including
the whole 5'UTR and 126 nt of the coding sequence), and rot
mRNA (including the whole 5’UTR and 100 nt of the coding
sequence) were transcribed in vitro using home-made T7 RNA
polymerase.”” Mutations have been introduced in the hairpin
loop 7 of RNAIIT (AUCCCA245 changed by GGGAUA245)
and in the coding region of coa mRNA (UGGGAU98 changed
by UAUCCC98) using the Quickchange XL Site-directed
mutagenesis protocol (Stratagene). The oligonucleotides used
for the mutagenesis of coa mRNA were AGC AGT TGC ATC
TAG CTT ATT TAC ATA TCC CAA CAA AGC AGA TGC
GTA GT and its antisense, and for RNAIII, CTA AAG TAT
GAG TTA TTA AGC CGG GAT AAC TTA ATA ACC ATG
TAA AAT T and its antisense; nucleotides in italic represented
the mutation sites. The transcribed RNAs were purified by 8%
polyacrylamide-8 M urea gel electrophoresis. After elution in
0.5 M ammonium acetate/] mM EDTA buffer, the RNAs were
precipitated twice with ethanol. Before use, the pellets were dis-
solved in sterile bi-distillated water and the concentration was
measured accurately. The various RNA fragments were chemi-
cally synthesized by Integrated DNA Technologies (Belgium).
The RNAs were purified on HPLC and their quality was verified
on a 15% polyacrylamide-8 M urea gel electrophoresis.
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The 5' end-labeling of dephosphorylated transcribed RNA
or of the chemically synthesized RNA was performed with T4
polynucleotide kinase and [y-**PJATP. Before use, RNAs were
renatured by incubation at 90°C for 2 min in water, 1 min on ice,
followed by an incubation step at 20°C for 15 min in TMN buf-
fer (20 mM TRIS-acetate pH 7.5, 10 mM magnesium-acetate,
150 mM Na-acetate).

Complex formation between sense RNA and asRNA strands
was formed under denaturing and native conditions. The 5' end-
labeled or unlabeled RNA (3 10®* M) was mixed with a 5-fold
excess of unlabeled complementary RNA and duplexes were
formed by incubation of the two RNAs at 90°C for 2 min fol-
lowed by slow cooling to 37°C in TMN buffer. Duplex forma-
tion was monitored on gel retardation assays using 8% PAGE
under non-denaturing conditions.

RNase III purification. Wild-type and mutant RNase III
E135A were cloned in vectors pQE30 derivatives and the plasmids
were transformed into E. coli strain M15[pREP4]. Overexpression
and purification of the two enzymes carrying 6 histidines at their
N-terminus were done as described previously.'® After cell growth
and grinding, the soluble fraction of the protein was precipitated
by gentle addition of 4.58 g of ammonium sulfate (2 M final con-
centration) for 1 h on ice, and centrifuged (30 min, 10,000 rpm,
4°C). The pellet was dissolved in 10 ml of 25 mM TRIS-HCI
(pH 8.0), 0.1 mM EDTA, and was incubated with the Ni**-
beads (Qiagen) for 1 h at 4°C. After successive washing steps, the
enzymes were eluted using 500 mM of imidazole in 25 mM of
TRIS-HCI (pH 8), 1 MNH,CI, 1 mM DTT. The fractions con-
taining the protein were then directly loaded on a polyl-polyC
chromatography (Pharmacia) pre-equilibrated with 25 mM of
TRIS-HCI (pH 8), 1 M NH,Cl, 1 mM DTT and the elution
is done in the same buffer containing 2 M NH,Cl. The purified
WT and RNase III E135A were then dialyzed at 4°C against 30
mM TRIS-HCI pH 8.0, 500 mM KCl, 0.1 mM DTT, 0.1 mM
EDTA, 50% bidistillated glycerol. Mass spectrometry analysis
was performed on the purified enzyme.

RNase III cleavage assays. The RNase 111 cleavage assay was
done cither on 5' end-labeled (50000 cpm) or unlabeled RNA
(1-2 pmol). Reaction was performed with purified RNase III
(0.5-2 uM), 1 pg of yeast total tRNA in 10 mM TRIS-HCI, pH
8, 10 mM MgCl,, 100 mM KCI, DTT 1 mn for 5 min at 37°C.

Primer extension was used to assign the RNase III cleavages
on unlabeled RNA. The cleaved RNA was hybridized with a
5'-labeled oligonucleotide complementary to the hairpin loop of
H7 of RNAIII (0.4 pmol; ATT ATC TGT AAT GAT AAT TAA
GAA) as follows: 90°C for 1 min, 1 min on ice and then incu-
bated at 20°C for 15 min in 50 mM TRIS-HCI pH 7.5, 20 mM
MgCl,, 50 mM KCI. Reverse transcription was performed with
0.3 mM dNTPs and 0.1 U/pl RT (AMV) at 37°C for 30 min.
After destruction of the RNA template, samples were run on 8%
polyacrylamide-7 M urea gels. Sequencing reactions were done
in parallel on the RNA transcripts. When 5' end-labeled RNA
was used, the cleavages were assigned using RNase T1 hydrolysis
performed under denaturing conditions and an alkaline ladder.

Enzymatic structure probing. The secondary structure of 5'
end-labeled WT or mutant coa mRNA free (1-2 pmol) or bound
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to WT or mutant RNAIII (50-250 nM) was probed by RNase
T1 and RNase V1. Complex formation was performed on pre-
viously renatured RNAs at 37°C for 15 min in 10 pl of buffer
containing 10 mM TRIS-HCI, pH 8, 10 mM MgClz, 100 mM
KCl, 1 mM DTT. Enzymatic hydrolysis were performed at 37°C
for 5 min in the presence of 1 pg carrier tRNA with RNase T'1
(0.0025 U) or RNase VI (0.1 U). Reactions were stopped by
phenol/chloroform extraction followed by ethanol precipitation.
Incubation controls were done in parallel to detect nicks in the
RNA and the cleavages were assigned using RNase T1 hydrolysis
under denaturing conditions and an alkaline ladder.

Toeprinting assays. The formation of a simplified trans-
lational initiation complex with cos mRNA was done using
published procedure.®” Coz mRNA was annealed to the 5' end-
labeled oligonucleotide (complementary to nucleotides 99 to
117) in 20 mM TRIS-acetate pH 7.5, 60 mM NH,Cl, 3 mM
B-mercaptoethanol, heated at 90°C for 1 min and cooled on ice
for 1 min. Mg-acetate was added at 10 mM final concentration
and incubation was continued at 20°C for 20 min. Initiation
complex formation was performed at 37°C for 15 min in 10 mM
TRIS-acetate pH 7.4, 60 mM NH,CI, 10 mM Mg-acetate, 6
mM B-mercaptoethanol in the presence of co2 mRNA annealed
to the labeled primer, 0.1-0.5 wM 30S subunits and 1 wM ini-
tiator tRNA™<, Primer extension reactions were subsequently
performed by adding 2—4 units of AMV reverse transcriptase at
37°C for 15 min. Reactions were stopped by phenol extraction
followed by ethanol precipitation, and samples were loaded on
8% polyacrylamide-8 M urea slab gels.

Molecular modeling. Modeling of the kissing interactions of
the coa mRNA (residues U73 to A114) with the hairpin loop 7 of
RNAIII (residues A223 to U256), of the hairpin loop containing
the SD sequence of 7ot mRNA (residues G205 to C240) bound
to the hairpin loop 14 of RNAIII (residues G484 to C512), of a

30 bp regular helix, and of a 30 bp helix interrupted by a bulged
loop were performed as previously described. > After the interac-
tive assembly step, several cycles of geometrical least-square refine-
ments were performed until a satisfactory solution was reached.
The III-D models of the kissing interactions were docked on the
crystal structure of Aguifex aeolicus RNase 111 containing Mg?*.
The pdb coordinates (2NUG) corresponded to the active form of
the protein complexed to a cleaved dsRNA.?’ The pictures were
prepared using the PYMOL program (DeLano WL, The PyMOL
Molecular Graphics System 2002; www.pymol.org).
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