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ABSTRACT

Thermoregulation of virulence genes in bacterial
pathogens is essential for environment-to-host tran-
sition. However, the mechanisms governing cold
adaptation when outside the host remain poorly un-
derstood. Here, we found that the production of cold
shock proteins CspB and CspC from Staphylococ-
cus aureus is controlled by two paralogous RNA
thermoswitches. Through in silico prediction, en-
zymatic probing and site-directed mutagenesis, we
demonstrated that cspB and cspC 5'UTRs adopt al-
ternative RNA structures that shift from one another
upon temperature shifts. The open (O) conformation
that facilitates mRNA translation is favoured at ambi-
ent temperatures (22°C). Conversely, the alternative
locked (L) conformation, where the ribosome bind-
ing site (RBS) is sequestered in a double-stranded
RNA structure, is folded at host-related temperatures
(37°C). These structural rearrangements depend on
a long RNA hairpin found in the O conformation that
sequesters the anti-RBS sequence. Notably, the re-
maining S. aureus CSP, CspA, may interact with a
UUUGUUU motif located in the loop of this long hair-
pin and favour the folding of the L conformation.
This folding represses CspB and CspC production at
37°C. Simultaneous deletion of the cspB/cspC genes
or their RNA thermoswitches significantly decreases
S. aureus growth rate at ambient temperatures, high-
lighting the importance of CspB/CspC thermoregu-
lation when S. aureus transitions from the host to the
environment.

INTRODUCTION

The ability of pathogens to adapt to the ever-changing en-
vironmental conditions and survive outside the host under

different settings is crucial for their dissemination and trans-
mission. Their persistence on inanimate surfaces increases
the risk of new host colonization and outbreaks if no regu-
lar preventive measures are taken (1). Most pathogenic bac-
teria, such as Enterococcus spp., Staphylococcus aureus, Es-
cherichia coli or Streptococcus pyogenes, can survive on dry
surfaces for months (2-5).

In recent years, environmental contamination by S. au-
reus has been recognized as a potential threat to humans
(6). Approximately 20-30% of the human population are S.
aureus carriers, who are responsible for its spread and col-
onization of the surface of a wide variety of items. Some
of these include bathroom sinks, remote controls, toilet
seats, computers, towels and mobile phones. The ability of
S. aureus to survive for long periods of time in such di-
verse environments has been linked to reinfections and new
host colonizations (7,8). The adaptability and opportunis-
tic nature of this bacterium allow it to cause both hospital-
and community-acquired infections, which range from su-
perficial skin abscesses or catheter-associated infections to
more serious and life-threatening events such as surgical
infections, osteomyelitis, septicemia, endocarditis or pneu-
monia. Moreover, its capacity to resist almost all avail-
able antibiotics makes it one of the most clinically relevant
pathogens worldwide (9,10).

One of the main variables that bacteria need to face
when leaving the host is the shift in temperature. In gen-
eral, bacterial physiology is reprogrammed through the
activation of adaptive systems in response to new tem-
peratures, which may be sensed through conformational
changes of protein, DNA and RNA molecules (11-13).
Exposure to low temperatures leads to the induction of
members of the cold shock protein (CSP) family, which
modulate changes in cell size, wall thickness and metabolic
homeostasis (14-16). The cold shock adaptation process
has been largely investigated in the Gram-negative bacte-
rial model E. coli, which encodes nine CSPs (17-20). When
simultaneously lacking four out of these nine variants, E.
coli shows a growth defect at cold temperatures (19). In

*To whom correspondence should be addressed. Tel: +34 948 16 9752; Email: a.toledo.arana@csic.es

© The Author(s) 2021. Published by Oxford University Press on behalf of Nucleic Acids Research.

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


http://orcid.org/0000-0001-8148-6281

3410 Nucleic Acids Research, 2021, Vol. 49, No. 6

Gram-positive bacteria such as Listeria monocytogenes, csp
genes are significantly induced in cold-adapted cells and
bacterial growth is completely abolished in a csp4 mu-
tant at 4°C (21). A similar phenomenon has also been re-
ported for Bacillus subtilis, Lactococcus lactis and S. au-
reus, when lacking one or specific combinations of the csp
genes (22-26).

It is believed that post-transcriptional mechanisms drive
the cold shock response in bacteria (27-29). When E. coli
cells are exposed to cold, protein translation is severely de-
creased due to mRNA structural reorganizations that pre-
vent optimal ribosome progression; hence, bacterial growth
is arrested for about 6 h (20,30). Importantly, in contrast
to other proteins, CspA production is drastically increased
shortly after the temperature drops. This occurs due to
rearrangements in its highly structured 5UTR that re-
sult in a more favourably translated conformation. Once
CspA reaches a sufficient concentration inside the cell, it
destabilizes RNA structures that would otherwise impair
translation at low temperatures (20,28,30,31). The pres-
ence of alternative structures in the E. coli cspA SUTR
at 37°C and at cold temperatures (10 and 20°C) has been
demonstrated through enzymatic and chemical probing as
well as site-specific mutagenesis studies (20,28). This sup-
ports the idea of the csp4 mRNA acting as an RNA ther-
mosensor that adopts a less compact and more actively
translated conformation at ambient temperatures, as op-
posed to the classical RNA thermometers, which gener-
ally favour translation at higher host-related temperatures
(20,28,32). Interestingly, a recent report showed the pres-
ence of a similar RNA thermoswitch in the SUTR of
the L. monocytogenes cspA mRNA that controls the ex-
pression of CspA through temperature-dependent alterna-
tive RNA structures (33). In addition, the increased trans-
lation of other CSPs at low temperatures is known to
be modulated via their YUTRS; however, the molecular
mechanisms responsible for it remain poorly understood
(18,20,31,34,35).

The S. aureus genome encodes three CSP paralogues
(CspA, CspB and CspC) with a protein identity >70% be-
tween them (36). It has been shown that the cspB mRNA
levels are induced after cold shock (25,26), while the cspA
mRNA levels remain unaltered by shifts in the tempera-
ture (37). Nevertheless, as it is the case with most bacte-
ria, there is no knowledge of how CSP expression is coor-
dinated at the protein level and whether they are required
for S. aureus adaptation to environmental changes. In this
study, we demonstrate that the production of two out of
the three S. aureus CSPs is activated through a drop in
temperature. This occurs when the pathogen transitions
from host-related (37°C) to ambient temperatures (e.g. 22
and 28°C). The thermoregulation of CspB and CspC oc-
curs at the post-transcriptional level through the action
of two paralogous thermosensitive RNA elements located
at the SUTR of the espB and cspC mRNAs, respectively.
We also show that the temperature-dependent repression of
CspB and CspC requires the action of CspA. In addition,
we predict that similar RNA thermoswitches may be in-
volved in the control of CSP expression in several bacterial
species.

MATERIALS AND METHODS
Strains, plasmids, oligonucleotides and growth conditions

The bacterial strains, plasmids and oligonucleotides used in
this study are listed in Supplementary Tables S1-S3, respec-
tively. Staphylococcus aureus strains were grown in Mueller—
Hinton (MH) broth (Sigma-Aldrich), whereas E. coli was
grown in LB broth (Pronadisa). The B2 (casein hydrolysate,
10 g/I; yeast extract, 25 g/1; NaCl, 25 g/I; K;HPOy, 1 g/1;
glucose, 5 g/1; pH 7.5) and SuperBroth (tryptone, 30 g/l;
yeast extract, 20 g/1; MOPS, 10 g/1; pH 7) media were used
to prepare S. aureus and E. coli competent cells, respectively.
For selective growth, media were supplemented with the ap-
propriate antibiotics at the following concentrations: ery-
thromycin, 1.5 pg/ml or 10 wg/ml; ampicillin, 100 pg/ml.

RNA structure predictions

To address the alternative conformations of the 5UTRs,
RNA structure predictions were carried out using both the
last and the previous 2.3 mfold versions found at http:/
mfold.rna.albany.edu/?q=mfold/RNA-Folding-Form (38).
Different 5UTR lengths were used as queries and the
default parameters were applied. All structures predicted
by mfold were inspected and compared. Vienna format
files from prediction results of interest were downloaded
and used to draw the putative RNA structures using the
VARNA software (39). Note that during the revision of this
manuscript, the mfold web server was discontinued. If this
situation remains unresolved over time, researchers aim-
ing to predict alternative structures in their CSP of interest
and/or reproduce our results should use RNAstructure web
server (https://rna.urmc.rochester.edu/RNAstructureWeb/
Servers/Predict1/Predict].html) instead. We have obtained
similar results with both web servers.

Plasmid constructions

The plasmids used in this study (Supplementary Table S2)
were engineered as previously described (40). Briefly, the
PCR fragments were amplified from chromosomic or plas-
midic DNA with the DreamTaq DNA polymerase (Thermo
Scientific) using the appropriate oligonucleotides listed in
Supplementary Table S3. The PCR products were puri-
fied from agarose gels using the Macherey-Nagel Nucle-
oSpin Gel and PCR Clean-up Kit (Thermo Scientific). The
purified products were then ligated into the cloning vec-
tor pJET 1.2 (Thermo Scientific) and used to transform
the E. coli XL1-blue or IMO1B cells. DNA fragments were
excised using the corresponding FastDigest restriction en-
zymes (Thermo Scientific) and ligated into the final vector
with the Rapid DNA Ligation Kit (Thermo Scientific). All
constructs were verified by Sanger sequencing and electro-
porated into S. aureus competent cells (41).

The pMAD plasmids (pMAD _cspB**F, pMAD _csp C3¥F
PMAD_A24cspB, pMAD_A24cspC, pMAD_A24c¢spB3F,
PMAD_A24cspC*F) were used for chromosomal muta-
tions, either to insert the 3xFLAG tag or to delete the first 24
nucleotides from the cspB and cspC mRNAs, respectively.
Briefly, the flanking regions (AB and CD) from the target
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genes were amplified using specific oligos A/B and C/D
(Supplementary Table S3). The flanking regions were am-
plified by an overlapping PCR using primers A and D and
ligated into pJET. The resulting vectors were digested and
the fragments corresponding to the flanking regions were
inserted into a previously excised pMAD vector.

The pHRG plasmid expressed the gfp gene under the
control of the Phyper promoter (42), whose sequence
was adapted from the promoter that drives transcription
of carly genes in the SPOl B. subtilis bacteriophage to
include an EcoRI site upstream of the native transcrip-
tional start site (43). This plasmid was constructed by
PCR amplification using the pCN57 plasmid (44) as a
template and oligonucleotides phyper-RBSicaR-GFP and
GFPend-Ascl (Supplementary Table S3). The amplified
product was ligated into pJET. The resulting vector was
digested using Sphl and Ascl and the fragments of interest
were inserted into the pCN47 plasmid (44). Plasmids
pSUTR*B.gfp and pSUTR“’C-gfp were generated by
amplifying the 5UTR sequences from the pCspB>F
and pCspC*F plasmids (36) with oligonucleotide pairs
SUTR _CspB_FW_EcoRI/5UTR _CspB_RV_Spel and
S'UTR_CspC_FW _EcoRI/5UTR_CspC_RV_Spel  (Sup-
plementary Table S3), respectively. The amplified PCR
products were then digested using the EcoRI and Spel
enzymes and ligated into pHRG. Similarly, the plasmids
for mutating SUTRs were constructed by PCR amplifi-
cation from pSUTR*?B.gfp or pS'UTR*’C-gfp using the
corresponding 5UTR mutated forward oligonucleotides
(Supplementary Table S3) and SUTR_CspB_RV_Spel
or SUTR_CspC_RV_Spel (Supplementary Table S3).
The amplified fragments were then digested with
EcoRI/Spel and ligated into the pHRG plasmid.
The resulting vectors were named p5UTRPBA24-
gfp.  pSYUTR®PCA24-gfp,  p5S'UTR“PBUAU4TAA-
g/p. pS'UTR“P2C50G-gfp, pSUTR“PBUUS5AA-
gD, pS'UTR*PPUUS55AA+UU26AA-gfp,
pS’UTR‘V’CUU48A ¢fp and pS' UTR“PBU38C+U41C-gfp
(Supplementary Table S2).

Generation of csp mutants by homologous recombination

The csp mutant strains were obtained by marker-less
homologous recombination, using the pMAD plas-
mid system (45) as previously described (36). Briefly,
the cspBF, cspCF, espBF AcspA, espCF AcspA,
AcspBC, A24cspB, A24cspC, A24cespB3F A24espCPF and
A24¢spBC strains were generated by a two-step procedure
that inserts or replaces a gene of interest by a mutant allele
contained within the pMAD plasmids (Supplementary
Table S2) (46). The resulting mutant strains were confirmed
by PCR using the corresponding oligonucleotides E and F
(Supplementary Table S3). In addition, the PCR fragments
were verified by Sanger sequencing.

Bacterial cultures for total protein extraction and western
blotting

Staphylococcus aureus cultures were grown in Erlenmeyer
flasks containing MH broth supplemented with 10 pg/ml
erythromycin. Media were inoculated (1:250) with normal-
ized bacterial aliquots, which were previously grown at 37°C
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and 200 rpm overnight. Bacterial cultures were incubated at
different temperatures (22, 28 and 37°C) and 200 rpm until
cells reached an early exponential phase (ODgyonm = 0.4).
Cultures were harvested by centrifugation for 10 min at
4400 x g and 4°C. Bacterial pellets were stored at —80°C
until required. Pellets were thawed and washed with 700 .l
of 1 x phosphate-buffered saline (PBS). Next, bacteria were
placed in Lysing Matrix B tubes containing acid-washed
100 pm glass beads (Sigma) and lysed for 45 s and speed
6 using a FastPrep-24 instrument (MP Biomedicals). This
step was repeated once and the tubes were centrifuged for
10 min at 21 000 x g and 4°C. The supernatants contain-
ing the total protein extracts were transferred to Eppendorf
tubes. Total proteins were quantified using a Bradford pro-
tein assay (Bio-Rad) and samples were prepared at the de-
sired concentration in Laemmli buffer. Samples were stored
at —20°C until needed.

Western blot analyses were performed as previously de-
scribed (36). The chromosomally 3xFLAG-tagged CSPs
were developed with anti-FLAG antibodies (Sigma) and the
GFP samples with monoclonal anti-GFP antibodies 1:5000
(Living Colors, Clontech) and peroxidase-conjugated goat
anti-mouse immunoglobulin G and M antibodies 1:2500
(Pierce-Thermo Scientific). Membranes were developed in
a ChemiDoc Imaging System using the SuperSignal West
Pico Chemiluminescent Substrate Kit (Thermo Scientific).
Protein levels of three independent replicates were quan-
tified by measuring band intensity with Imagel (https:/
imagej.nih.gov/ij/).

RNA extraction and northern blotting

Bacteria were cultured as mentioned in the previous sec-
tion. Cultures were centrifuged for 3 min at 4400 x g and
4°C. Pellets were then frozen in liquid nitrogen and stored
at —80°C until needed. RNA extractions were performed as
previously described (47). An appropriate amount of RNA
was mixed with formaldehyde loading dye (Ambion), dena-
tured for 15 min at 65°C and run in 1.25% agarose gels with
Midori Green (Teknovas). Gels were checked for RNA in-
tegrity and appropriate loading under UV light exposure.
RNAs were then transferred to 0.2 wm pore size Nitran
N membranes (GE Healthcare Life Sciences) by capillarity
using the NorthernMax Transfer Buffer (Ambion), for 1.5
h at room temperature. The transferred RNAs were cross-
linked to the membranes by exposing them to UV light
with a UV Stralinker 1800 (Stratagene). Membranes were
then prehybridized using ULTRAHyb solution (Ambion)
for at least 30 min at 40°C in a rotating oven. After the
prehybridization step, the corresponding oligonucleotide
probes (anti_ 3xFLAG _probe or anti-GFP probe) (Supple-
mentary Table S3) were radioactively labelled with [y->*P]-
ATP (Perkin Elmer) following the manufacturer’s recom-
mendation. Probes were then purified with Illustra Mi-
croSpin G-50 columns (GE Healthcare) and incubated with
membranes at 40°C overnight. Membranes were washed
three times for 5 min with preheated 2x SCC, 0.1% SDS at
40°C followed by at least two washing steps of 0.1x SCC,
0.1% SDS at room temperature until the background sig-
nal was non-detectable. Membranes were developed by au-
toradiography for different time periods. The mRNA levels
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from three independent replicates were measured by den-
sitometry of northern blot autoradiographies using ImagelJ
(https://imagej.nih.gov/ij/).

Molecular beacon assay

The molecular beacon (MB) assay was performed as pre-
viously described (48) with the following modifications.
Briefly, the csp B and csp C ssDNA oligonucleotides (Supple-
mentary Table S3) labelled with the 6-FAM and quencher
Iowa Black FQ (IBkFQ) molecules at the 5" and 3’ ends,
respectively, were purchased from Integrated DNA Tech-
nologies. The e¢spA ssDNA oligonucleotide (40) was used as
a control. Two picomoles of ssDNA oligonucleotides were
mixed with 2.5 pl of 10x reaction buffer (100 mM Tris—
HCI, pH 7.5, 300 mM KCl, 200 mM NH4Cl, 15 mM DTT,
50 mM MgCl,) and Milli-Q water up to a final volume of 25
wl. The FAM fluorescence was then measured using the Bio-
Rad CFX96 Touch Real-Time PCR Detection System and
the following incubation periods: 13°C, 10 min; 18 cycles of
5 min each starting at 16°C and with a 3°C increase per cy-
cle; 5 min at 65°C; and 18 cycles of 5 min each with a 3°C
decrease per cycle. FAM emission was registered through-
out the incubation steps. Three independent replicates were
performed.

In vitro transcription

PCR fragments containing the T7 promoter were ampli-
fied using the oligonucleotides listed in Supplementary Ta-
ble S3. In vitro transcription was performed at 37°C using
the Megascript T7 transcription kit (Ambion) following the
manufacturer’s recommendation. RNAs were loaded into a
6% polyacrylamide gel and visualized with UV light after
Midori Green (Teknovas) staining. Bands of the appropri-
ate size were cut and the RNA was extracted using 0.5 M
ammonium acetate (pH 5.5) at 15°C for 2 h. Next, 1 vol-
ume of acid phenol (pH 4.5) was added and samples were
incubated at 15°C overnight. After centrifugation for 5 min
at 21 000 x g and 4°C, RNAs were purified using phenol—
chloroform and precipitated by adding 3 volumes of 96%
ethanol and 1/10 volume of 3 M sodium acetate (pH 5.5).
The mixture was incubated at —80°C for at least 1 h. Sam-
ples were then centrifuged for 30 min at 21 000 x g and 4°C.
Pellets were washed with 70% ethanol, air dried and resus-
pended in DEPC water (Ambion). The RNA integrity was
checked through agarose gel visualization and quantified by
the Nanodrop system (Agilent Technologies).

5’-end labelling of RNA

Before labelling, RNAs were dephosphorylated using the
FastAP enzyme (Thermo Scientific) at 37°C for 15 min. In-
activation of the enzyme was performed by heat shock at
75°C for 5 min followed by ethanol precipitation supple-
mented with 1 pl of GlycoBlue™ (Thermo Scientific) co-
precipitant. Pellets were resuspended in 20 pl of DEPC wa-
ter. Dephosphorylated nucleic acids were incubated with [y -
32P]-ATP (Perkin Elmer) and 0.4 U of PNK (Thermo Scien-
tific) for 1 h. Labelled RNAs for enzymatic probing were pu-
rified by electrophoresis on a 6% polyacrylamide denaturing

gel (8 M urea). The bands of interest were cut from the gel
and the RNAs eluted with 400 pl of elution buffer (500 mM
AcNH4, 1 mM EDTA and 0.1% SDS) at 4°C overnight.
RNAs were then precipitated as previously described and
resuspended in 80 pl DEPC water.

Enzymatic probing

The enzymatic probing experiments with RNase T1 and
S1 (Thermo Scientific) were performed to determine the in
vitro ¢spB and ¢spC 5S'UTR structures. Labelled RNAs were
first denatured (1 min at 90°C followed by 1 min in ice) and
then renatured at 22 or 37°C for 15 min. Two picomoles of
labelled RNA was incubated in T1 (RNA structure buffer)
or S1 buffer (Thermo Scientific) supplemented with 20 pg
yeast tRNA in the presence of different enzyme dilutions
(T1:1x1073,2x1072and 5 x 102 U/ul; S1: 5 x 1075, 2 x
10~ and 1 x 107 U/pl) for 5 min at 22 or 37°C. In parallel,
alkaline hydrolysis and T1 controls were performed to as-
sign the gel bands. Alkaline hydrolysis was accomplished by
mixing 2 pmol of labelled RNA with 20 ng of yeast tRNA
and 1 x alkaline hydrolysis buffer (Thermo Scientific). The
mix was then incubated at 95°C for 10 min. For the dena-
turing T1 reaction, 2 pmol of labelled RNA was preheated
with 20 g yeast tRNA and 1x RNA structure buffer for
3 min at 65°C. Samples were then incubated with 2.5 x
1072 U/pl of RNase T1 for 1 min 10 s. All reactions were
stopped by addition of 40 wl of the Stop Mix solution (0.6
M NaOAc, 4 mM EDTA, 0.1 mg/ml yeast tRNA and 1 pg
GlycoBlue) and precipitated with ethanol. The pellets were
washed twice with 70% ethanol, air dried and resuspended
in 12 pl of loading buffer II (Thermo Scientific). Samples
were loaded into a 12% polyacrylamide denaturing gel.

Bacterial growth in TSA plates

For the phenotypic growth experiments in trypticase soy
agar (TSA) plates, bacteria were grown in 5 ml of MH broth
at 37°C and 200 rpm overnight. The bacterial preinocula
were then normalized to an ODggonm Of 1. Serial dilutions
were plated on TSA plates and incubated at 37°C for 24 h
or at 22°C for 72 h.

Survival experiment in synthetic nasal medium

The synthetic nasal medium (SNM3) was prepared as pre-
viously described (49) and used for survival experiments of
different S. aureus strains. Bacteria were grown in 5 ml of
MH broth at 37°C and 200 rpm overnight. One millilitre of
the preinoculum was centrifuged, washed with 1x PBS and
resuspended in 1 ml of SNM3. Bacteria were then diluted
1:250 in 10 ml of SNM3 and grown at 32°C and 200 rpm
for 2 days. Next, bacteria were inoculated in fresh SNM3
and grown at 22°C in static conditions in a refrigerated In-
fors HT Ecotron incubator. Samples were taken at different
time points and serial dilutions were plated in TSA. Colony
forming units (CFUs) were counted from three independent
biological replicates.

Statistical analyses

Statistical significance was determined with the Mann-—
Whitney U test by using GraphPad Prism software. Results
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were considered significant if the P-value was <0.05, which
was indicated as an asterisk in the corresponding plots.

RESULTS

Ambient temperatures induce the production of S. aureus
CspB and CspC

In order to monitor the expression patterns of CSPs when S.
aureus grows at different temperatures, we chromosomally
tagged the c¢sp genes by fusing a 3xFLAG epitope to the C-
terminal end. We then incubated the tagged strains in MH
medium at 37°C, which is the host-related temperature, and
at 22 and 28°C, two different ambient temperatures that S.
aureus may face when outside the host. Once the bacterial
cultures reached the exponential phase (ODgyonm = 0.4), we
extracted their total RNAs and proteins to perform north-
ern and western blot experiments. The results showed that
the mRNA expression levels of all three csp genes were not
significantly affected by changes in the growth temperature
(Figure 1A). In agreement with this, when performing west-
ern blots, we observed that CspA*F levels remained invari-
able, regardless of the growth temperature (Figure 1B). In
contrast, CspB*F and CspC*F levels were significantly re-
duced at 37°C when compared to those produced at 22 and
28°C. Note that the highest CspB*F and CspC*¥ protein
yields were found at 22°C (Figure 1B). The lack of corre-
lation between the mRNA and protein levels of S. aureus
CspB and CspC when grown at different temperatures, in-
dicated the presence of putative post-transcriptional regu-
latory mechanisms controlling the production of both pro-
teins.

Thermoregulation of CspB and CspC is conducted through
their 5UTRs

The existence of post-transcriptional mechanisms that con-
trol S. aureus CSPs was supported by previous results
from our group that showed that CSPs are differen-
tially produced when expressed from the same heterolo-
gous promoter (36). Interestingly, our previous transcrip-
tomic maps showed that the cspB and ¢spC mRNAs car-
ried long SUTRs of 112 and 113 nucleotides, respec-
tively (36,50). Since the SUTRs of CSPs in other bacte-
rial models have been reported to undergo thermoregula-
tion (20,23,24,28,33), we tested whether this was the case for
the cspB and ¢spC S'UTRs in S. aureus. Therefore, we fused
both 5UTRs plus the first five codons of the ¢spB and ¢spC
mRNAs to the ATG-less gfp gene of the pHRG plasmid,
generating the translational reporter plasmids p5'UTR“75-
gfp and pS'UTR“?C-gfp, respectively. Note that both re-
porter gene fusions were under the control of the constitu-
tive promoter Phyper (42), whose sequence was adapted to
include an EcoR1I site upstream of the native transcriptional
start site. We used these plasmids to transform the S. au-
reus wild-type (WT) strain and monitored both the chimeric
mRNA levels and GFP protein production. Northen blots
results shown in Figure 2A indicated that the chimeric
S'UTR“PB_gfp and ' UTR“?C-gfp mRNA levels did not sig-
nificantly change, regardless of the tested temperature (Fig-
ure 2A). In contrast, western blots evidenced higher GFP
levels at 22 and 28°C when compared to 37°C (Figure 2B).
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Figure 2. Thermoregulation of the CspB and CspC production is restricted
to the ¢spB and cspC 5'UTRs, respectively. (A) Northern blots showing
the 5UTR-gfp chimeric mRNA levels expressed from the correspond-
ing translational reporter strains. Bacteria were grown in MH broth sup-
plemented with the appropriate antibiotic and incubated at 22, 28 and
37°C until exponential phase was reached. Midori Green-stained ribo-
somal RNAs are included as loading controls. (B) Western blots show-
ing the GFP protein levels from the strains expressing the cspB and ¢spC
5S"UTR-GFP reporter fusions. Membranes were developed using mono-
clonal anti-GFP, peroxidase-conjugated goat anti-mouse antibodies and a
bioluminescent kit. Coomassie stain gel portions are included as loading
controls. Bar plots represent the mean and standard deviation of mRNA
and protein levels from three independent biological replicates, which were
determined by densitometry of mRNA and protein bands using ImageJ
(https://imagej.nih.gov/ij/). Asterisks represent statistical significance (P <
0.05, Mann-Whitney U test); ns, not significant. Representative images
from the triplicates are shown.

These results confirmed that translation of both CspB and
CspC proteins was affected by the environmental tempera-
ture and that their thermoregulation was dependent on their
5UTRs.

The ¢spB and ¢spC 5’UTRs adopt mutually exclusive alter-
native RNA structures

Recently, it was shown that the cspA SUTRs of E. coli
and L. monocytogenes contain thermoresponsive secondary
structure elements, which act as thermosensors that pro-
mote CspA expression at low temperatures (20,33). Using
the mfold web server (38), we predicted that the cspB and
espC S'UTRs (the first 130 nucleotides) in S. aureus can
fold into two major alternative conformations. Despite mi-
nor differences, the ¢spB and c¢spC 5SUTRs displayed ex-

tremely similar alternative conformations (Figure 3). One
of such conformations included a long and imperfect hair-
pin that comprised nucleotides ~3-76 while leaving the ri-
bosome binding site (RBS) exposed. We defined this fold-
ing as the ‘open’ (O) conformation. In contrast, the alter-
native predicted configuration formed a double-stranded
structure through base pairing of nucleotides ~25-54 with
nucleotides ~100-129 (nucleotide stretch that includes the
RBS region). This nucleotide interaction prevented the uti-
lization of the RBS by the translation machinery. For this
reason, we named this secondary structure ‘locked’ (L) con-
formation (Figure 3). Both alternative conformations were
orthologous to the one recently described for the cspA
S'UTR of L. monocytogenes, despite the lack of sequence
similarity between both species (33).

Considering that the SUTRs of ¢spB and ¢cspC seemed
affected by temperature (Figure 2B), we reasoned that such
effect might be explained by shifts between the two alterna-
tive conformations (O and L) upon temperature changes,
as previously described (20,33). Hypothetically, the O con-
formation would be favoured at lower temperatures, pro-
moting CspB and CspC translation, while the L confor-
mation would be more dominant during S. aureus growth
at 37°C. To validate this idea, we performed in vitro enzy-
matic structural probing of the ¢spB and ¢spC 5UTRs at
22 and 37°C using RNases T1 and S1, which cleave un-
paired G and A > U > C, respectively (Supplementary Fig-
ures S1 and S2). The enzymatic cleavage patterns of the
¢spC 5UTR illustrated the differences between both struc-
tures more clearly than those of the cspB SUTR. The ¢spC
5'UTR showed an increased sensitivity to RNase S1 and
T1 reactivities between nucleotides 7-11, 19-24, 65 and 72
at 37°C while only few RNase cleavages (~42-43) could be
observed at 22°C, indicating that the region comprising the
first ~60-70 nucleotides adopted a double-stranded con-
figuration at such temperature (Supplementary Figure S2).
Regarding the c¢spB 5UTR probing, RNAse S1 cleavage
patterns were similar to those found in csp C, suggesting that
both 5UTRs might be analogously reorganized in function
of temperature changes (Supplementary Figure S1). Note
that although several of the RNase T1 processing correlated
with the expected structure at the corresponding tempera-
ture, there were some minor cleavages that suggested that
both structures might coexist at some point in vitro. The ex-
istence of two alternative structures in each of the c¢spB and
¢spC SUTRs indicated that they could also work as ther-
mosensitive RNA elements to control protein expression.

The hairpin of the O conformation acts as a thermoresponsive
element

The long hairpin found in the O conformation appeared
to be critical for the reorganization of the ¢spB and cspC
S"UTR structures. Since it sequestered the anti-RBS region,
this would imply that the hairpin would need to unfold it-
self to release the anti-RBS and block CspB/CspC trans-
lation (Figure 3). Seeing that such mechanism would ap-
parently respond to temperature changes, it seemed possi-
ble for the hairpin itself to behave as a thermoresponsive
element. To explore this further, we used a molecular bea-
con (MB) system, as previously described (40,48). The MB


https://imagej.nih.gov/ij/

Nucleic Acids Research, 2021, Vol. 49, No. 6 3415

A cspB5UTR ANt-RBS RBS Start

ACGUAAUAAAAGCUCGUGAAUUAAAUUGUAGUGUAUUUGUUUAGAAUAUCCUCUUUUUUAGUUAUGAAUUUGUUACAAAUAUUAAGUGCAARAGCACA UUUCUAUAUGAAUAACGGUACAGUA

>

O conformation L conformation

B ¢spC5UTR Anti-RBS RBS Start

AAGUAAUAAAGAGCGUGAAGAAAAAUGUGAGUUAUUUAUAUAGARUAUUCUCCUUUUCAUUUAUGAAUUUGUUACAARAUAUUUAGUGCARAAGCACGACEGAGGUAUUCAA UAACGGUACAGU

N

100 130

Nt position

Figure 3. Putative alternative structures adopted by the ¢spB and ¢spC 5'UTRs. RNA structures were predicted using the mfold web server tool (38) and
visualized and drawn with the VARNA software (39). Colours represent nucleotide positions within the RNA. Blue and red arrows below the 5UTR
sequences indicate the interacting nucleotide regions in the O and L conformations, respectively. The RBS sequence, the start codon and the anti-RBS
region appear as grey shaded areas.
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as thermoresponsive RNA elements. (A) Schematic representation of the
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min and then the temperature was increased 3°C every 5 min. After 5 min
of incubation at 65°C, the temperature was gradually decreased follow-
ing the inverse pattern. Fluorescence was registered for the duration of the
experiment. Means and standard deviations from three independent repli-
cates are shown.

consisted of ~75-mer ssDNA oligonucleotides that were de-
signed to mimic the long hairpin found in the O conforma-
tion of the cspB and ¢spC SUTRs. Additionally, the 5" and
3" ends of the oligonucleotides carried the carboxyfluores-
cein fluorescent dye (FAM) and the IBKFQ quencher, re-
spectively (Figure 4A). If the MB folded at low tempera-
tures as expected, both molecules would fall in close prox-
imity to each other, preventing fluorescence emission (48).
We began by incubating the cspB and ¢spC MBs at 16°C for
5 min and then increased the temperature in intervals of 3°C
every 5 min until 65°C were reached. After 5 min of incuba-
tion at 65°C, we gradually decreased the temperature using
the same intervals. We monitored the fluorescence emission

during the entire process and included the MB that mim-
icked the cspA 5"UTR hairpin as a control (40), since it was
not dependent on temperature changes (Figure 1B). The re-
sults showed that fluorescence emission could not be regis-
tered at 16°C for the ¢spB and ¢spC MBs, indicating that at
this temperature they were folded as expected. When reach-
ing temperatures above ~31°C, FAM fluorescence was reg-
istered, with a maximum peak at ~43°C (Figure 4B). Cor-
respondingly, as the temperature decreased, so did the flu-
orescence emission and once below 30°C no signal was de-
tected, indicating that the hairpin structures had been re-
stored (Figure 4B). All in all, these results showed that the
cspB and ¢spC hairpins of the O conformation unfolded at
host-related temperatures, which range from 30-33°C (hu-
man nose temperature) to 37-41°C (human infection tem-
perature) (10,51). In contrast, the cspB and cspC M Bs were
completely folded (no fluorescence emission was detected)
when exposed to ambient temperatures (below 30°C). Re-
garding the cspA MB control, it melted and emitted fluo-
rescence when incubated above 43°C, which does not cor-
relate with optimal growth conditions for S. aureus. Alto-
gether, these data strongly suggested that the O conforma-
tion folds in a temperature-dependent manner, compatible
with a model in which the RBSs of ¢spB and ¢spC are se-
questered at host temperatures while remaining free at am-
bient (lower) temperatures.

Mutations in the ¢spB and cspC 5’ UTRs confirm thermosen-
sitive 5’UTR structural reorganizations in vivo

To further validate the predicted alternative S UTR struc-
tures in vivo, we constructed the p5SUTR?B-gfp- and
pS'UTRPC-gfp-derived plasmids that included several mu-
tations in the ¢spB and ¢spC 5'UTRs (Supplementary Fig-
ure S3). On the one hand, we generated the S UTR "2 A24-
gfp and S UTR“P€ A24-gfp plasmids, which carried a dele-
tion of the first 24 nucleotides from both 5UTRs (Supple-
mentary Figure S3). Such nucleotides would be essential to
form the long thermoresponsive hairpin of the O confor-
mation (Figure 3). At the same time, this deletion would not
hinder the L conformation but rather favour it (Figure 3 and
Supplementary Figure S3). In agreement with this, western
blot analyses revealed that the GFP expression was dras-
tically reduced in strains expressing the 5 UTR“?8A24-gfp
and SUTR“?CA24-gfp mRNAs (Figure 5). We next per-
formed site-directed mutagenesis in the cspB SUTR of the
pS'UTR B gfp plasmid, by replacing nucleotides 47-UAU-
49 with AA. Since nucleotides 47-UAU-49 would base pair
with nucleotides 33-GUA-35 to form the hairpin structure
in the O conformation, such substitution would cause a
destabilization and, hence, favour the alternative L confor-
mation (Figure 3 and Supplementary Figure S3). As antic-
ipated, western blot results showed lower GFP levels for
the strain carrying the mutated plasmids regardless of the
temperature (Figure 5). On the other hand, we substituted
50-C for a G and 55-UU-56 for AA in the espB SUTR of
pS'UTRP2_gfp and 48-UU-49 by an A in the cspC SUTR
of pS'UTR“PC-gfp (Supplementary Figure S3). These mu-
tations would favour the O conformation over the L confor-
mation (Figure 3 and Supplementary Figure S3). Western
blot results showed that these ¢spB and cspC 5UTR substi-
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significance (P < 0.05, Mann—Whitney U test); ns, not significant. Representative images from the triplicates are shown.

tutions led to similar GFP production levels (at all the tested
temperatures) to the ones found in the WT pS'UTR“8-gfp
and p5'UTR“?C_gfp versions at 22°C (Figure 5). This indi-
cated that such nucleotide substitutions made the SUTRs
unresponsive to temperature changes while highlighting the
relevance of alternative ¢spB and cspC 5'UTR structures in
vivo for blocking or facilitating translation in response to
temperature shifts.

CspA represses the expression of CspB and CspC in S. aureus

Previous results showed that the E. coli c¢spA and csp B ther-
mosensors required the action of CSPs to modulate their
5'UTR structures (20). Zhang et al. reported that the struc-
tural rearrangements did not occur in a AcspABEG strain,
which lacked the ¢sp ORFs while retaining their 5SUTRs.
In fact, these authors showed that CspA regulated its own
production by binding its own mRNA and preventing the
formation of a double-stranded c¢spA SUTR structure (20).
To test whether CspB or CspC participated in the struc-

tural reorganizations of their own 5YUTR thermosensors
and, therefore, autoregulated their production, we electro-
porated the translational reporter plasmids pS'UTR“*2-gfp
and pS'UTR“PC-gfp into the S. aureus AcspB and AcspC
strains, respectively. Western blot results showed a similar
behaviour in terms of GFP expression between the WT and
mutant strains for all the tested temperatures (Supplemen-
tary Figure S4). This indicated that the production of both
proteins was not autoregulated, at least in the tested condi-
tions. Previous CspA co-immunoprecipitation studies from
our group showed that CspA was able to bind the cspB and
¢spC mRNAS in vivo. Deletion of cspA increased CspC pro-
duction, indicating that the regulation of CSPs is intercon-
nected in S. aureus (40). To corroborate these results and
analyse whether CspA also modulated CspB expression, we
deleted the cspA gene from the strains expressing the chro-
mosomally tagged CspB¥>F and CspC*¥ proteins and per-
formed western blots. Figure 6A shows that deletion of the
cspA gene increased the CspB>F and CspCH*F protein levels
at 37°C, confirming its role in the regulation process (Fig-
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ure 6A). We then analysed whether CspA might participate
in the thermoregulation of CspB and CspC through their
S'UTR regions. To test this, we electroporated the transla-
tional reporter plasmids pS’'UTR“?8-gfp and pS'UTR“P¢-
gfp in the cspA mutant and performed western blot exper-
iments. The GFP levels in the AcspA mutant were higher
than those in the WT strain when grown at 37°C, confirming
that CspA repressed CspB and CspC through their UTRs.
When strains were grown at 22 and 28°C, no significant
GFP differences were found (Figure 6B). Altogether, these
results confirmed that CspA repressed CspB and CspC pro-

duction probably by interacting with the ¢spB and cspC
SUTRs.

CspA represses CspB and CspC by favouring the L confor-
mation at 37°C

To gain further insight into how CspA regulates CspB and
CspC, we considered two hypotheses: (1) CspA would di-
rectly bind the RBS and block translation, or (2) CspA
would interact with the 5UTR and favour the L confor-
mation, repressing cspB and cspC mRNA translation. To
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test these hypotheses, we electroporated the csp4 mutant
with the translational reporter plasmids carrying all the
above-mentioned 5UTR mutations (Supplementary Figure
S3). We then compared the GFP levels in the AcspA re-
porter strains grown at 37°C with those of their WT coun-
terparts by western blot (Figure 7). We found no signifi-
cant differences between the GFP expression levels in the
WT and AcspA strains carrying the SUTR mutants that
favour the O conformation (C50G and UUS5AA in cspB
S'UTR and UU48A in ¢spC 5UTR) (Figure 7A and B).
This suggested that CspA could not inhibit CspB/C expres-
sion when the RBS became more accessible. Moreover, no
differences were found when comparing the GFP levels of
the WT and AcspA strains carrying the reporter plasmids
that favoured the L conformation (pS'UTR“?BA24-gfp and
pSUTR“?C€A24-gfp) (Supplementary Figure S3 and Fig-
ure 7A and B). This indicated that CspA was dispensable
for repression when forcing the L conformation by deleting
the first 24 nucleotides. We only found a slight but signifi-
cant increase in the GFP expression from the AcspA strain
carrying the csp B UAU47AA mutation (Figure 7A), which
promoted the L conformation by simultancously destabi-
lizing the hairpin of the O conformation (Figure 3 and
Supplementary Figure S3). This may indicate that desta-
bilizing the O conformation favours the CspA repression
effect. However, it may also be possible for CspA to be
sensitive to SUTR mutations that cause changes in the
nucleotide-pairing affinity. It has been proposed before that
CSPs bind RNA weakly and in a non-specific way. How-
ever, in some occasions, certain RNA motifs could con-
tribute to CSP functionality (40,52-54). For example, we
showed that the autoregulation of CspA in S. aureus re-
quires a U-rich motif located in the cspA SUTR (40). No-
tably, the cspB 5SUTR carries several U-rich motifs (Figure
3), two of which (36-UUUGUUU-42 and 54-UUUUUU-
59) are involved in the folding of the O conformation. Ad-
ditionally, motif 36-UUUGUUU-42 participates in the nu-
cleotide pairing of the L conformation (Figure 3). It could
be possible for CspA to target these regions at 37°C to pre-
vent the folding of the O conformation. Note that valida-
tions in vivo turned out to be extremely difficult because the
S'UTR mutants in these potential CspA binding sites could
not be constructed without affecting the folding of both al-
ternative conformations. When comparing both U-rich re-
gions, the second motif (54-UUUUUU-59) presented more
unpaired bases in either of the two conformations than the
first one. Therefore, we chose this region to examine the role
of U-rich motifs in the regulation of cspB by CspA (Fig-
ure 3). To analyse whether the increased reporter expres-
sion observed in the UUS5AA mutant (Figure 7A) was due
to changes in the folding affinities and/or due to the in-
ability of CspA to bind a mutated 54-UUUUUU-59 tar-
get motif, we generated an additional mutation (UU26AA;
nucleotides 26-UU-27 substituted by AA) in the UUS5AA
mutant that reconstituted the hairpin bubble (Figures 3 and
7C). As a control, we also constructed the UU26AA mu-
tant in the cspB SUTR (Figure 7C). Western blot experi-
ments showed that CspA repressed the GFP reporter trans-
lation in the double UUS5AA/UU26AA mutant (Figure
7D). This suggested that motif 54-UUUUUU-59 was dis-
pensable for CspA to exert its repression. Next, we focused
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on the other U-rich motif (36-UUUGUUU-42) and gen-
erated an additional mutant (36-UUCGUCU-42) (Figure
7E). Note that these nucleotide changes were intended to
avoid any significant variations in both conformations (O
and L) (Figures 3 and 7E). Western blot results revealed that
when we introduced the plasmid harbouring this mutation
in the WT strain, the GFP levels increased and reached sim-
ilar levels to the ones present in the AcspA strain (Figure
7D). This result suggested that CspA repressed CspB pro-
duction by interacting with the c¢sp B mRNA through the 36-
UUUGUUU-42 motif. Altogether our data lead to a func-
tional model in which CspA binds the loop of the distal stem
of the O conformation and favours the L conformation that
represses CspB translation at 37°C.

Thermoregulation of CSPs is required for S. aureus adapta-
tion to ambient temperatures

Besides its pathogenicity, the ability to colonize differ-
ent niches as well as to spread rapidly by direct contact
and/or through contaminated surfaces make S. aureus a
life-threatening pathogen (10). The higher CspB and CspC
protein expression at ambient temperatures suggested that
these proteins could contribute to S. aureus adaptation
when it leaves the host. To further investigate this, we plated
serial dilutions of overnight cultures of the WT and iso-
genic AcspB and AcspC mutant strains in TSA plates and
incubated them at 22 and 37°C. As shown in Figure 8A, we
found no growth differences between the WT and c¢sp mu-
tants at the tested temperatures. Since both CSPs were in-
duced at ambient temperatures (Figure 1B), it seemed possi-
ble for these proteins to play redundant roles, as previously
described in E. coli and B. subtilis (19,24,55,56). To address
this issue, we generated a double mutant strain (AcspBC)
and analysed its growth at different temperatures. Interest-
ingly, we observed a significant growth deficiency at 22°C
when compared with the WT strain (Figure 8A). This re-
sult suggested a biological redundancy between CspB and
CspC as the double deletion attenuated the ability of S. au-
reus to grow at low temperatures.

In order to evaluate the biological relevance of the ther-
moregulation mechanism controlling CspB and CspC ex-
pression, we constructed chromosomal mutants that mod-
ified the structural organization of the SUTR to prevent
¢spB and ¢spC mRNA translation. Out of the different mu-
tations shown in Supplementary Figure S3, we chose to
delete the first 24 nucleotides from both ¢sp B and ¢spC mR-
NAs since these mutations produced the strongest GFP re-
pression in our previous constructs (Figure 5). First, to con-
trol that these mutations produced the same effect in the
chromosome as seen for the reporter plasmids, the corre-
sponding 24 nt were deleted from the tagged cspB**f and
cspCPF strains. We performed western blot analyses and
confirmed that the chromosomal A24B**F and A24C3F
mutant strains were not able to produce CspB*F and
CspC>*F (Figure 8B). Analogously, we studied cspB and
¢spC mRNA levels through northern blots (Supplemen-
tary Figure S5A). The A24 deletion produced no signifi-
cant variations on the cspBA24>*F mRNA levels when com-
pared to the WT mRNA. On the contrary, the cspCA24>*F
mRNA levels were significantly lower than those of the
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processed as described in Figure 2. Coomassie gel portions are included as loading controls. Bar plots represent the mean and standard deviation of the
GFP levels from three independent biological replicates, which were determined by densitometry of protein bands using ImageJ (https://imagej.nih.gov/ij/).
Asterisks represent statistical significance (P < 0.05, Mann—Whitney U test); ns, not significant. Representative images from the triplicates are shown. (C and
E). Schematic representations of the mutations introduced in the cspB 5UTR. The substituted nucleotides are shaded in black.
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Figure 8. Simultaneous mutations in CspB and CspC RNA thermoswitches affect S. aureus growth at ambient temperatures. (A and C) Growth assay
at 37 and 22°C of the different csp mutants. Bacteria were grown at 37°C and 200 rpm overnight and diluted to an ODgoonm of 1. Ten-fold dilutions
were plated in TSA plates and incubated at 37 and 22°C for 24 and 72 h. A representative image from three independent biological replicates is shown.
(B) Western blot showing the expression of the 3xFLAG-tagged CspB and CspC proteins from the A24B and A24C mutants, which were grown at the
indicated temperatures. Protein extraction and western blots were performed as previously described in Figure 1. Coomassie gel portions are included as
loading controls. Bar plots show the mean and standard deviation of protein levels from three independent biological replicates, which were determined
by densitometry of protein bands using ImageJ (https://imagej.nih.gov/ij/). Asterisks represent statistical significance (P < 0.05, Mann—Whitney U test);
ns, not significant. Representative images from the triplicates are shown. (D) Assay mimicking the conditions that S. aureus might face when away from
the host. A preinoculum was grown in TSB at 37°C and 200 rpm overnight. Bacteria were then washed, diluted 1:250 and regrown at 32°C and 200 rpm
for 2 days in SNM3, resembling the nasal state. To imitate fomite contamination, bacteria were transferred to fresh SNM3 and incubated at 22°C. CFUs
were counted 0, 1 and 2 days after incubation at 22°C. The plot represents the results from at least three independent replicates.

espC*F WT mRNA. A similar behaviour was observed for and led us to engage into phenotypic analysis. Therefore, the
the WT and A24 c¢spB and cspC 5'UTRs-gfp translational same mutations were performed in the WT strain to create
reporter fusion mRNAs (Supplementary Figure S5B). On the single mutants A24B and A24C and the double mutant
the one hand, this result suggested that the decreased cspC A24B-A24C. Overnight cultures of these strains were di-
mRNA expression observed in the A24 deletion was not luted and plated on TSA plates. As observed for the single
caused by a putative cspC promoter activity disruption. cspBand cspC gene mutations, the A24B and A24C 5UTR
Note that the reporter fusions were expressed from a con- deletions did not affect S. aureus growth at ambient temper-
stitutive heterologous promoter. On the other hand, the atures. In contrast, the double A24B-A24C mutant strain
results indicated that the A24 deletion produced differ-  presented a growth defect comparable to the AcspBC mu-
ent outputs for the cspB and cspC mRNA levels. Whether tant when incubated at 22°C (Figure 8C). This result con-
this was a consequence of forcing the L conformation or firmed that the cspBand cspC 5'UTR thermoregulation was
because of a change in the mRNA stability without any required for CspB and CspC production and, therefore, crit-

functional meaning remains unanswered. Interestingly, this ~ ical for S. aureus efficient growth at ambient temperatures.
leaves room for speculation on how the subtle differences Considering that one of the major reservoirs of S. au-
between such apparently similar orthologous regulatory reus in the human body is the nose and that S. aureus is of-
5'UTRs may lead to different outcomes and, perhaps, ex- ten disseminated through human nasal secretions that con-
plain the need for both genes to coexist in the same genome. taminate diverse fomites (9), we recreated such scenario by

Regardless, the A24 deletions produced the expected de- ~ growing the WT, A24B-A24C and AcspBC strains in Er-
crease in the production of both CspB and CspC proteins ~ lenmeyer flasks containing SNM3 for 2 days at 32°C and
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220 rpm. SNM 3 reproduces the composition of nasal secre-
tions (49), 32°C is the temperature found in the nose (51)
and agitation (220 rpm) favours aeration. After this incu-
bation period, no growth differences were observed among
the strains. Then, the bacterial cultures were normalized to
an ODgyonm of 0.05 using fresh SNM3 and transferred to
new sterile flasks. The WT and mutant strains were incu-
bated for 48 h at 22°C without shaking to mimic the transi-
tion between the nasal and the fomite state through mucus
secretion. The number of viable S. aureus cells was then esti-
mated by counting the CFUs per millilitre on TSA plates at
different time points. As shown in Figure 8D, whereas the
WT strain replicated in SNM3 at 22°C, the A24B-A24C
and AcspBC mutant strains showed a significant growth de-
fect after 48 h of incubation. Altogether, these data demon-
strated that CspB and CspC thermoregulation is required
for S. aureus adaptation and survival at ambient conditions,
a scenario that this pathogen may face when it leaves its nat-
ural host.

The existence of alternative S’UTR csp structures may apply
to other bacteria

In order to analyse whether the above mentioned ther-
moswitch mechanism might be conserved among other bac-
terial species, we performed blastn analyses using the first
127 nucleotides of the cspB mRNA as a query in the Mi-
crobes NCBI website (https://blast.ncbi.nlm.nih.gov/Blast.
cgi). The results showed that >50 c¢sp genes from 43 dif-
ferent Staphylococcus species carried an orthologous c¢spB
5'UTR. The sequences were highly conserved, with an iden-
tity >74% (Supplementary Table S4). The number of CSPs
among the analysed staphylococcal species was variable,
ranging from 1 to 3 (36). In most of the Staphylococcus
genomes containing three csp genes, two of them harboured
5S'UTRs similar to S. aureus cspB/C SUTRs. However,
among the genomes with two c¢sp genes, only one of them
carried a putative thermoswitch (Supplementary Table S4).
In the case of Staphylococcus pettenkoferi and Staphylococ-
cus kloosii, whose genomes contained just one c¢sp gene, the
5'UTR sequence was significantly different from the S. au-
reus ¢spB SUTR. This might be explained by the fact that
their CSP showed a high degree of identity with S. aureus
CspA protein (36).

Multiple sequence alignments also revealed that the nu-
cleotides required for adopting the alternative conforma-
tions were highly conserved among staphylococcal species
(Supplementary Figures S6 and S7). Although the ¢spB/C
5'UTR sequence conservation was not preserved beyond
the Staphylococcus genus, the fact that orthologous ther-
moswitch mechanisms had been previously found in E. coli
and L. monocytogenes (20,28,33) indicated that the ther-
moregulation of CSPs based on mutually exclusive alterna-
tive SUTR conformations could be a common regulatory
mechanism in bacteria. Since bacterial genomes often en-
code several CSP paralogues with a high protein identity, it
might be difficult to predict which CSPs are involved in cold
adaptation without further experimentation. Although the
¢sp SUTRs might not share a high sequence identity with
the RNA thermoswitches described so far, the existance of
alternative structures could be an indicator of such func-

tion. To validate this idea, we looked for putative alterna-
tive conformations in the 5UTRs of all the csp genes from
representative bacteria such as Enterococcus faecalis, B. sub-
tilis, Clostridium perfringens, Salmonella enterica sv Ty-
phimurium and Pseudomonas aeruginosa (Supplementary
Table S5). Since the already identified thermoswitches were
located within 5UTRs with lengths ranging from 110 to 160
nt, query sequences including at least 120 nt upstream of the
start codon of each CSP were selected to predict putative
secondary structures using the mfold web server (38). Ac-
cording to preliminary predictions, query sequences were
enlarged or shortened to look for alternative folding op-
tions. Thus, we identified several putative ¢sp 5SUTRSs that
displayed alternative structures resembling the ones previ-
ously described (Supplementary Table S5 and Figure 9).
For example, we predicted putative RNA thermoswitches
in two out of the six csp genes from E. faecalis, S. enterica
sv Typhimurium and P. aeruginosa, whereas one was pre-
dicted in C. perfringens and B. subtilis (Supplementary Ta-
ble S5). On the one hand, these results indicated that the al-
ternative conformations of csp SUTRs may be a conserved
regulatory feature in bacteria despite lacking significant se-
quence similarity. On the other hand, structural predictions
could help identifying CSPs whose expression may be post-
transcriptionally controlled by alternative RNA conforma-
tions.

DISCUSSION

RNA-mediated thermoregulation is an essential process
that promotes changes in gene expression and facilitates
the adaptability of pathogenic bacteria when they transition
from the host to the environment and vice versa. Several
RNA thermosensors have been found to induce the expres-
sion of main regulators required for the activation of viru-
lent genes in bacteria while infecting humans. Throughout
this process, the zipper-like structures located at the SUTR
of genes required for survival inside the host sense an in-
crease in the temperature and unfold, which in turn releases
the otherwise blocked RBSs. In this manner, they become
accessible to the ribosomes for translation initiation (57—
63). Conversely, a few RNA thermosensors have been iden-
tified as capable of activating gene expression upon drops
in the temperature (20,28,33). In comparison with regular
zipper-like RNA thermosensors, activation of translation
at lower temperatures involves much more complex RNA
structural reorganizations.

In this study, we demonstrated that S. aureus adapts to
low temperatures by modulating CspB and CspC expres-
sion. The CspB and CspC thermoregulation occurred at the
post-transcriptional level through the action of two ther-
mosensitive RNA elements located at the SUTR of the
¢spB and ¢spC mRNAs, respectively (Figure 3). These ther-
mosensors induced CspB and CspC translation at ambi-
ent temperatures while repressing it at host-related temper-
atures (Figure 2). By using conditions that mimicked the S.
aureus nasal and fomite contamination, we demonstrated
the importance of RNA-mediated thermoregulation for the
survival of such bacterium in the environment. Chromoso-
mal deletions of the first 24 nucleotides of the c¢spB and
cspC mRNAs (A24BC strains) eliminated the transitions
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between the two alternative RNA conformations by forc-
ing the folding of the SUTR into the L variant. This im-
paired S. aureus growth at 22°C (Figure 8), a similar growth
defect to the one observed for the double cspB and cspC
mutant.

Upon further inspection, we found the thermosensitive
structural shifts to be orthologous to the ones recently de-
scribed for E. coli and L. monocytogenes cspA mRNAs
(20,33). These type of RNA structural rearrangements,
which repress translation at higher temperatures while ac-
tivating it at lower temperatures, are also present in the
S'UTR of the bacteriophage cIII gene (64). Recently, reg-
ulatory 5’UTRs that activate the expression of the holin-
like protein CidA at low temperatures have been described
for S. aureus (65). Hussein et al. propose that the cidA
gene is transcribed by two alternative promoters, generating
two different 5SUTRs of 36 and 82 nt, respectively. Trans-
lational reporter fusions revealed that both 5UTRs post-
transcriptionally activated CidA translation at low temper-

atures, the longer cid4 5"UTR being the one responsible for
the highest CidA protein expression. Other than the closed
conformation identified by Hussein ez al. (65), we could also
predict by mfold a putative alternative conformation in the
longer cidA 5S'UTR that would make the RBS available to
the ribosome at low temperatures (Supplementary Figure
S8). This open conformation would involve a long hairpin
comprising nucleotides 5-66 of the cid4 SUTR that would
sequester the anti-RBS motif (Supplementary Figure S8),
resembling the mechanism found for CspB and CspC. It
would be interesting to investigate which are the signals re-
sponsible for the activation of each of the cidA4 alternative
promoters.

Altogether, these examples indicated that the thermoreg-
ulatory mechanism based on RNA conformational switches
could be widely extended. In agreement with this idea, we
were able to predict orthologous cspB thermosensors in all
Staphylococcus species, with the exception of S. pettenkoferi
and S. kloosii, whose genomes only encoded CspA. Note
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that CspA expression was not affected by temperature shifts
in S. aureus.

Considering that multiple csp genes are present in the
core genome of most bacteria, one would expect this type
of RNA thermoswitch to be distributed beyond sequence
conservation. In fact, we found that orthologous alternative
structures could also be predicted in the 5UTRs of ¢sp mR-
NAs from several representative bacteria, including E. fae-
calis, B. subtilis, C. perfringens, S. enterica sv Typhimurium
and P. aeruginosa (Figure 9). Moreover, examples like the
cIIl and cidA thermosensors indicated that these regula-
tory elements may not be restricted to the csp gene family
(64,65).

Although the cspB and c¢spC SUTR structures sig-
nificantly differ from the regular RNA thermosensors
(11,32,63), the hairpin of the O conformation seems to work
like the already known zipper-like structures. However, the
outcome of this mechanism is rather different as instead
of freeing the RBS when melting, it is the anti-RBS region
that is released. Therefore, in addition to masking RBSs or
anti-RBSs, it could be speculated that bacterial genomes
may encode alternative thermosensitive hairpins that may
also sequester other binding sites for ribonucleases, RNA-
binding proteins and/or non-coding RNAs, making such
motifs available or unavailable depending on the environ-
mental temperature.

In agreement with previous results from E. coli and B.
subtilis studies, we showed that besides from shifts in the
temperature, S. aureus cspB and ¢spC genes can also be
negatively regulated by a c¢sp paralogue (20,24,55). In E.
coli, CspA downregulates the expression of CspB, CspE
and CspG proteins (55). Additionally, in B. subtilis the lack
of one member of the CSP family produces the upregula-
tion of the others, suggesting that CSPs control is inter-
connected (24). Previous RNA immunoprecipitation exper-
iments from our group showed that the ¢spB and ¢spC mR-
NAs were targeted by CspA in S. aureus (40). Here, we pro-
pose CspA as an essential player that favours the L con-
formation over the O conformation at 37°C (Figure 7). Al-
though CspA regulates its own expression in S. aureus by
preventing the folding of a long hairpin in the cspA4 SUTR
(40), such hairpin is unsensitive to physiological tempera-
tures (Figure 1). Since CspA levels remain unaltered upon
temperature changes, it is difficult to explain how CspA
can repress CspB/C translation on its own (Figure 1). We
reasoned that if it takes part in regulating both of its par-
alogues, it should work in conjunction with temperature-
dependent elements. CspA seems to interact with one of
the U-rich motifs located at the 5 UTRs. Specifically, muta-
tions in the esp B 36-UUUGUUU-42 motif abolished CspA
repression (Figure 7). Interestingly, this motif is located at
the top of the hairpin that is unfolded when temperature in-
creases (Figure 4). This interaction would prevent the fold-
ing of the long hairpin in the O conformation at 37°C and
allow the anti-RBS to base pair with the RBS in the L
conformation. In agreement with this, our in vivo experi-
ments showed how deleting the cspA gene increased CspB
and CspC expression at 37°C (Figure 6). On the contrary,
when testing the effect of the presence/absence of CspA
on the expression of CspB and CspC at 22°C no signifi-
cant differences were found. In other words, there was not

a temperature-dependent repression of CspB and CspC ex-
pression in the absence of CspA. This could be explained by
the fact that the RNA secondary structures are more rigid
at lower temperatures (20). The affinity between the RNA
regions forming the hairpin of the O conformation at 22°C
is probably higher than their affinity for CspA. Therefore,
it would seem that CspA cannot disrupt the folding of such
hairpin at ambient temperatures. We further confirmed this
by performing site-directed mutations in the SUTRs that
altered the affinities of the different RNA regions between
them (Figure 5). In most cases, thermoregulation was elim-
inated and, although it cannot be excluded that some of
these mutations could also modify the accessibility of CspA
to their binding site, we suggest the thermoregulatory mech-
anism to be based on the different affinities of the distinct el-
ements involved. These affinities would be naturally altered
by temperature shifts.

It remains to be elucidated whether CspB and CspC
are functionally redundant in a mechanistic way. Previ-
ously, functional redundancy was found among E. coli,
Salmonella and B. subtilis CSPs (19,24,55,56). However, we
recently showed that the phenotypes of a ¢spA mutant could
not be restored by the expression of the CspB or CspC pro-
teins despite their high protein identity, suggesting a certain
functional specificity for S. aureus CSPs. The CspA speci-
ficity related to SigB-associated phenotypes was concen-
trated in proline 58 of the CspA protein (36). Interestingly,
amino acids occupying the same position (58) in the CspB
and CspC were different (note that all S. aureus CSPs are 66
amino acids long). It is possible that, despite their similari-
ties, S. aureus CSPs have different preferences when it comes
to sequence affinities, as previously described for E. coli and
Salmonella CSPs (53,56). Determination of the RNA targe-
tomes would help elucidating how CspB and CspC partici-
pate on regulating gene expression when S. aureus grows at
low temperatures.

In summary, our study unveils the thermoregulatory
mechanism that controls the expression of CspB and CspC
upon temperature shifts. The biological relevance of this
thermoregulation is highlighted by the fact that it is re-
quired for S. aureus optimal growth and survival in ambient
conditions. Moreover, we propose the CSP regulation based
on RNA alternative conformations to be widely spread in
bacteria.
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