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Abstract

Pathogenic bacteria, such as Yersinia pseudotuberculosis encounter reactive oxygen
species (ROS) as one of the first lines of defense in the mammalian host. In return,
the bacteria react by mounting an oxidative stress response. Previous global RNA
structure probing studies provided evidence for temperature-modulated RNA
structures in the 5’-untranslated region (5’-UTR) of various oxidative stress response
transcripts, suggesting that opening of these RNA thermometer (RNAT) structures at
host-body temperature relieves translational repression. Here, we systematically
analyzed the transcriptional and translational regulation of ROS defense genes by
RNA-sequencing, qRT-PCR, translational reporter gene fusions, enzymatic RNA
structure probing and toeprinting assays. Transcription of four ROS defense genes
was upregulated at 37°C. The trxA gene is transcribed into two mRNA isoforms, of
which the short one contains a functional RNAT. Biochemical assays validated
temperature-responsive RNAT-like structures in the 5’-UTRs of sodB, sodC and katA.
However, they barely conferred translational repression in Y. pseudotuberculosis at
25°C suggesting partially open structures available to the ribosome in the living cell.
Upstream of katY we uncovered a novel, highly efficient RNAT that was primarily
responsible for massive induction of KatY at 37°C. By phenotypic characterization of
catalase mutants and through fluorometric real-time measurements of the redox-
sensitive roGFP2-Orp1 reporter in these strains, we revealed KatA as the primary
H,O, scavenger. Consistent with temperature regulation of katY, we observed an
improved protection of Y. pseudotuberculosis at 37°C. Our findings suggest a
multilayered regulation of the oxidative stress response in Yersinia and an important

role of RNAT-controlled katY expression at host body temperature.
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Author summary

The external conditions dramatically change when a bacterial pathogen enters a
mammalian host. Sensing the new situation and rapidly responding to it is of critical
importance for pathogens, like Yersinia pseudotuberculosis, since they often circulate
between their environmental reservoirs and a warm-blooded host. Many virulence-
related genes encode a temperature-sensitive mRNA element, a so-called RNA
thermometer (RNAT), in the 5’-end of their transcript. Melting of this structure at 37°C
allows ribosome binding and translation initiation. The host immune system typically
fights microbial pathogens by the production of reactive oxygen species (ROS). Here,
we find that several ROS defense genes in Yersinia are upregulated at host body
temperature to counteract the ROS attack. In particular, the massive RNAT-mediated
upregulation of the catalase KatY confers protection against H,O, at 37°C. Our study
reveals a close regulatory link between temperature sensing and the oxidative stress

response in a notorious food borne pathogen.

1 Introduction

All bacteria encounter oxidative stress caused by reactive oxygen species (ROS),
such as superoxide (O,7), hydrogen peroxide (H,O,) and hydroxyl radicals [1]. ROS
either accumulate endogenously by processes like aerobic metabolism and iron-sulfur
cluster oxidation [2] or by exogenous exposure through their environment.
Environmental H,O, concentrations can rise due to excretion of H,O, by lactic acid
bacteria or as a response of the host immune response [3]. These sources of
exogenous ROS are especially relevant for pathogenic bacteria, causing intestinal

infections during gut colonization [4]. One such bacterium is the food borne pathogen
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Yersinia pseudotuberculosis, which leads to gastrointestinal diseases, like acute

abdominal pain, mesenteric lymphadenitis or diarrhea [5].

To overcome oxidative stress induced challenges, bacteria have developed multiple
strategies to combat ROS. O, can be transformed by superoxide dismutases into O,
and H,0,, which can be further neutralized by catalases into H,O and O,. Furthermore,
H,O,is scavenged by alkyl hydroperoxide reductases [3]. ROS often oxidize a variety
of proteins containing cysteine residues. This results in non-native disulfide bond
formation, which often causes a loss of function. Antioxidants, such as thioredoxins
and glutathione-dependent glutaredoxins reduce these disulfide bonds in the

cytoplasm and restore protein function [6].

A temperature upshift is one of the first and most reliable cues for pathogens signaling
the entry into a warm-blooded host from a comparatively cool environment.
Accordingly, many pathogenic bacteria induce the expression of virulence genes at
37°C [7-9]. This also applies to Y. pseudotuberculosis and its close relative Yersinia
pestis. LcrF, the master regulator of virulence, is induced at 37°C by multiple means.
At ambient temperatures, transcription of /crF is repressed by the nucleoid-associated
protein YmoA. Upon a temperature upshift, YmoA is degraded by the ClpP and Lon
proteases, relieving transcriptional repression [10]. In addition, translation of the lcrF
mMRNA is blocked by an RNA thermometer (RNAT), which sequesters the ribosome
binding site (RBS) at low temperatures and thereby prevents access of the ribosome.
At 37°C this RNAT melts and releases the RBS, allowing LcrF synthesis [11]. LcrF
acts as a transcriptional activator for several virulence-associated genes located on
the virulence plasmid pYV, which code for the type Il secretion system (T3SS),

effector proteins translocated by the T3SS, or the adhesin YadA [12].
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90  Strikingly, these typical virulence genes are far from being the only ones affected by
91 temperatures changes. RNA sequencing revealed more than 300 differentially
92  transcribed genes between 25 and 37°C [13]. Among them are genes of the oxidative
93  stress response, namely the genes coding for the superoxide dismutases SodB and
94 SodC and the catalases KatA and KatY (Fig. 1). Apart from this transcriptional
95 regulation, global RNA structuromics approaches revealed the existence of RNATs
96 upstream of numerous genes suggesting a contribution to sensing and responding to
97 a warm-blooded host [14,15]. Several of the RNAT-regulated genes play a direct role
98 invirulence, such as the genes for the adhesion protein AilA [14], the virulence factor
99  OmpA [16], the T3SS components YscJ and YscT [17], the T3SS regulator YopN [18],

100 and the secreted bacterial toxin CnfY [19].

101  As in many other bacteria, the transcriptional regulator OxyR is the master regulator
102 of H,O, defense genes in Yersinia species [20,21]. The striking existence of putative
103 RNATSs upstream of several oxidative stress response genes, more specifically sodB,
104 sodC, katA, katY and trxA [14,15] (Fig. 1), however, suggested an additional
105 temperature-responsive regulation of ROS defense genes in Y. pseudotuberculosis.
106  In support of a role of catalases in the warm-blooded host, previous reports in Y. pestis
107 showed that KatY is a temperature-regulated protein [22,23]. The underlying
108  mechanism of preferential katY expression at 37°C remained elusive, but a predicted
109  secondary structure in the 5’-untranslated region (5’-UTR) was taken as evidence for

110  an RNAT-like mechanism [21].

111 In this study, we investigated transcriptional and translational control mechanisms of
112 various ROS defense genes in Y. pseudotuberculosis. We used a broad range of in

113 vitro and in vivo approaches to tease apart the different control levels. This work


https://doi.org/10.1101/2023.02.16.528792
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.16.528792; this version posted February 16, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

114  provides detailed insights into the regulation of five ROS detoxification genes. We paid
115  particular attention to the biological roles of the catalases KatA and KatY and identified
116  a novel RNAT upstream of katY. Physiologically, KatY confers improved protection

117 against H,O, at 37°C.
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119 Figure 1. ROS detoxification pathways in Y. pseudotuberculosis and potential temperature
120 regulation mechanisms. Superoxide and hydrogen peroxide are released by the immune response of
121 the host and enter the bacterial cell. The periplasmic superoxide dismutase SodC encounters
122 superoxide first and, together with its cytoplasmic equals SodA and SodB, transforms it into hydrogen
123 peroxide. This is further neutralised by the catalases KatA and KatY into water and oxygen. Proteins,
124 which have been oxidized by ROS, can be reduced by the thioredoxins TrxA and TrxC. TrxB is
125 responsible for returning the thioredoxins to their reduced state. The alkyl hydroperoxide reductase
126  AhpC is furthermore involved in the detoxification of hydrogen peroxide and its derivatives by converting
127  them to water and alcohols. It is the primary scavenger of endogenously generated hydrogen peroxides.
128 Increased transcription [13] or putative translation [14,15] at 37 compared to 25°C of ROS detoxification
129  genes is indicated.

130
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131 2 Material and Methods

132 2.1 Bacterial strains and plasmids

133  Bacterial strains used in this study are listed in table S2. Cells were grown in lysogeny
134 broth (LB; 1 % NaCl, 1 % Tryptone and 0.5 % yeast extract) at indicated temperatures.
135  Cultures were supplemented with 150 pug/ml ampicillin or 30 pg/ml chloramphenicol

136  when necessary.

137 2.2 Plasmid construction

138  All used plasmids and oligonucleotides are listed in tables S3 and S4, respectively.
139 Point mutations were generated by site-directed mutagenesis according to the

140  instruction manual of the QuikChange® mutagenesis kit (Agilent Technologies).

141 The RNAT-bgaB fusion plasmids (pBO4909 and pB0O4436) were constructed by
142  amplifying the 5’-UTR including 30 bp of the coding region with the respective primers
143 sodC_UTR_fw/sodC_UTR_rev and katY_UTR_fw/katY_UTR _rev, digested with Nhel
144  and EcoRI and ligated into pBAD2-bgaB-His. To introduce mutations into the RNAT-
145  bgaB plasmids their respective rep or derep primers were used with the RNAT-bgaB

146  plasmids as a template.

147  The run-off plasmid for in vitro transcription of the RNATs were generated by blunt-
148 end ligation of a PCR-amplified DNA fragment (respective primers
149 RNAT_ro_fw/RNAT ro_rev), containing the T7 promoter, the RNAT and 60 bp of the
150  coding region, into the EcoRV or Nael restriction site of pUC18. To introduce mutations
151 into the RNAT-runoff plasmids their respective rep or derep primers were used with

152  the RNAT-runoff plasmids as template.

153  For deletion of the katA and katY gene, two fragments flanking the target gene, with
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154  an overlap to each other, were constructed by PCR with primers katA/Y 5'flank_fw/rev
155 and katA/Y 3’flank_fw/rev and recombined by SOE-PCR [24]. This fragment was
156 cloned into the pDM4-suicide plasmid after restriction with Sall and Xbal and
157 transferred to Y. pseudotuberculosis by conjugation with E. coli S17-1 A-pir. After
158  selection on LB plates with 10 % sucrose, chloramphenicol-sensitive and sucrose-
159 resistant colonies were checked for deletion of the target gene using the
160 katA/Y_EP_fw/rev and katA/Y_IP_fw/rev primer pairs and verified by DNA sequencing

161  (pBOB868; AkatA and pBO7212; AkatY).

162  For complementation of the deletion strains, NEBuilder HiFi DNA Assembly was
163  utilized. The plasmids pBO6868 and pBO7212 were linearized by PCR amplification
164 using the primer pairs pDM4 katA/Y Del fw and pDM4 katA/Y Del rev,

165 respectively.

166 The 5-UTR with the coding region of katA or katY and a C-terminal His-Tag were
167 amplified using the primer pairs katA/Y-His_fw and katA/Y-His_rev. In a second
168  amplification, an overlap to the linearized pBO6868 and pBO7212 plasmids was
169 added using the primers katA/Y_pDM4 Del fw and katA/Y_pDM4_Del_rev. The
170  linearized plasmid and the complementation fragment with the overlap were mixed
171  and assembled, using the NEBuilder HiFi DNA Assembly according to manufacturer’s
172  instructions. After successful assembly, the plasmid was transferred into Y.
173  pseudotuberculosis by conjugation and after double homologous recombination,
174  colonies were checked for complementation of the target gene using the same primers
175  as for the deletion strains and verified by DNA sequencing (pBO6888; AkatA + katA-
176  His ; pBO7251; AkatY + katY-His). Additionally, the same procedure was used to
177  generate the complementation plasmid pBO7246. Linearization of the pBAD-His A

178  plasmid was achieved by use of the primers pBAD-His_fw/rev and the overlap for the
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179  katY-His fragment was amplified using primers katY_pBAD_fw and His_pBAD_rev.

180 2.3 Reporter gene activity assay

181 E. coli DH5a or Y. pseudotuberculosis YPIII cells carrying the various RNAT-bgaB
182  fusion plasmids were inoculated to an optical density at 600 nm (ODggo) of 0.1. After
183  growth to an ODggg Of 0.5 at 25°C, transcription was induced with 0.01 % in E. coli or
184 0.1 % in Y. pseudotuberculosis, L-arabinose. The culture was split and shifted to 25
185 and 37°C. After incubation for 30 min, 400 pl samples were subsequently taken for 3-
186 galactosidase assay, 2 ml samples for Western blotting and 4 ml samples for RNA

187 isolation. The B-galactosidase assay was carried out as described previously [25].

188 2.4 Western blot analysis

189  Cell pellets were resuspended according to their optical density (100 ul per ODggg of 1)
190 in 1 x SDS sample buffer (2 % SDS, 0.1 % bromophenol blue, 1 % 2-mercaptoethanol,
191 25 % glycerol, 50 mM Tris/HCI, pH 6.8). After centrifugation (10 min, 13000 rpm),
192 samples were boiled for 10 min at 95°C, and the supernatant was loaded and
193  separated by SDS gel electrophoresis in 5 % stacking and 12 % separating gels. By
194  tank blotting, the proteins were transferred onto a nitrocellulose membrane (Hybond-
195 C Extra, GE Healthcare) and an anti-His-HRP conjugate antibody (Bio-Rad) was used
196 in a 1:4000 dilution. Chemiluminescence signals were detected by incubating
197  membranes with Immobilon Forte Western HRP substrate (Millipore) with a ChemiDoc

198  MP Imaging System (Biorad).

199 2.5 Quantitative Western blot analysis

200 Samples were prepared as described above. The supernatant was separated by SDS
201  gel electrophoresis in TGX Stain-Free FastCast 12 % Acrylamide Gels (Biorad). After

202  separation, the Stain-Free visualization was enabled by activation of the gels for 45
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203  seconds with UV-light before the proteins were transferred by Trans-Blot Turbo
204  Transfer (Biorad) onto a nitrocellulose membrane (Trans-Blot Turbo RTA, Biorad). A
205 mouse anti-His antibody (Biorad) was used as a primary antibody in a 1:500 dilution.
206 A goat anti-mouse IgG StarBright Blue 700 fluorescent antibody (Biorad) was used as
207 a secondary antibody in a 1:2500 dilution. Fluorescence signals and Stain-Free
208 Imaging were detected in a ChemiDoc MP Imaging System (Biorad). The fluorescence
209 signals were quantified by normalization to the total protein amount detected by Stain-

210  Free visualization, after determining the linear range using Image Lab (Biorad).

211 2.6 RNA extraction and quantitative reverse transcription PCR (qRT-PCR)

212 Using the peqGOLD Trifast reagent according to the manufacturer’s protocol, total
213  RNA was extracted. RNA samples were treated with Turbo™ DNase (TURBO DNA-
214  free™ Kit, Invitrogen) to remove DNA contamination. Synthesis of cDNA was
215 performed using the iScript™ cDNA synthesis Kit (Bio-Rad) according to the
216  manufacturer’s protocol with 1 ug RNA per reaction. 2 ul of 1:10 diluted cDNA were
217  mixed with 250 nM of each primer, 5 pl of 2x iTaq Universal SYBR Green Supermix,
218 and 2.5 pl sterile water (Carl Roth). In a CFX Connect™ Real-Time System (Bio-Rad)
219  the amplification and detection of PCR products was measured. To calculate primer
220 efficiency and determine the linear range of amplification, standard curves were
221 employed. Relative transcript amounts were calculated using the primer efficiency
222  corrected method [26]. The non-thermoregulated reference genes gyrB and nuoB

223  were used for normalization.

224 2.7 In vitro transcription

225 RNA for structure probing and primer extension inhibition experiments were

226  synthesized in vitro by run-off transcription with T7 RNA polymerase (Thermo

10
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227  Scientific) from EcoRV- or Nael-linearized pUC18-RNAT + 60 nt plasmids (listed in

228 table S3) as previously described [14].

229 2.8 Enzymatic RNA structure probing

230 RNA structure probing of the 5’-UTR and 60 nt of the RNATs was performed with in
231  vitro transcribed RNA. 5-[32P]-labeled RNA (30000 cpm) was mixed with buffer and
232 tRNAs, preincubated for 5 min at various temperatures and treated with T1 (0.0017U)
233 (Invitrogen) or T2 (0.075U) (MoBiTec) RNases for 5 min. For digestion, 5x TN buffer
234 (100 mM Tris acetate, pH 7, 500 mM NaCl) was used. An alkaline hydrolysis ladder
235 and T1 ladder were prepared as described in [27]. All reactions were stopped by
236  addition of formamide loading dye and boiling at 95°C. Samples were separated on

237  an 8-12 % denaturing polyacrylamide gel.

238 2.9 Primer extension inhibition analysis (toeprinting)

239  Toeprinting analysis was performed with 30S ribosomal subunits, in vitro transcribed
240 RNA and tRNAMet (Sigma-Aldrich) according to [28]. The 5'-[32P]-labeled
241 oligonucleotide “gene”_ro_rv, complementary to the 3’end of the in vitro transcribed
242  RNA of interest, was used as a primer for cDNA synthesis. The radiolabeled primer
243  (0.16 pmol) was annealed to the RNAT-mRNA (0.08 pmol), incubated with
244 30S ribosomal subunits (12 pmol) or Tico buffer (60 mM HEPES/KOH, 10.5 mM
245  Mg(CH3COO0),, 690 mM NH,COO, 12 mM 2-mercaptoethanol, 10 mM spermidine,
246  0.25 mM spermine) in presence of tRNAMet (8 pmol) at 25°C, 37°C or 42°C for 10 min.
247  Synthesis of cDNA was performed for 10 min at 37°C after addition of 2 pl MMLV-Mix
248  (VD+Mg?* buffer, BSA, dNTPs and 800 U MMLV reverse transcriptase (Invitrogen).
249  The Reaction was stopped by addition of formamide loading dye and boiling at 95°C.

250  Samples were separated on an 8-12 % denaturing polyacrylamide gel. The Thermo

11
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251 Sequenase cycle sequencing Kit (Applied Biosystems) was used for sequencing
252  reactions with the pUC18-RNAT+ 60 bp plasmids as template and radiolabeled primer
253  “gene”_ro_rv.

254  2.10 Zone of inhibition assay

255  Overnight cultures of various Y. pseudotuberculosis strains, grown at 25 and 37°C
256  were diluted to an optical density at 600 nm (ODggg) of 0.1. A total of 100 ul was added
257  to 5 ml of softagar, briefly mixed and poured on 15 ml LB plates. A Whatman paper
258 disk was applied to the center of the plate and loaded with 3 ul of 5.5 M H,0O, After

259 incubation for 24 h at 25 and 37°C, the zone of inhibition was measured.

260  2.11 Growth under various H,0, concentrations

261  Cells of the early exponential phase grown at 25 and 37°C were diluted to an optical
262  density at 600 nm (ODgoo) of 0.05 and 100 pl were transferred into a clear 96-well
263 plate. 1 pl of various H,O, concentrations were added to the wells to the indicated

264  concentration. Growth was recorded over 20 h at 25 and 37°C.

265  2.12 Measurement of roGFP2-based probe oxidation state

266  Oxidation of roGFP2-Orp1 was measured as described in [29] and normalized
267 according to [30] for OxD calculation with slight variation in the experimental setup.
268  Briefly, Y. pseudotuberculosis cells of various strains harboring the roGFP2 plasmids
269  were inoculated to an optical density at 600 nm (ODggo) of 0.1 and grown at 25 and
270  37°C. After growth to an ODggg of 0.5, expression was induced with 100 uM IPTG and
271  incubated overnight at 25 or 37°C. Cells were washed twice in PBS and resuspended
272 in PBS to an ODgqyg of 0.2 before 100 ul were transfered into a black, clear-bottom 96-
273  well plate (Nunc, Thermo Scientific). Fluorescence intensities were recorded over 10

274  min in a microplate reader (Infinite M Plex, Tecan) at the excitation wavelengths 405

12
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275 and 488 nm and emission wavelength of 530 nm at room temperature. Afterwards, 1
276  ul of 100 mM AT-2 (2,2'-Dipyridyl disulfide), 1 M DTT (Dithiothreitol) or H,O, to the
277 indicated concentrations were added. Changes in fluorescence intensities were

278 measured for 2 h.

279  2.13 Catalase activity assay

280  For determining catalase activity, decomposition of H,O, was measured over time by
281  UV-light according to [31]. Early-exponential cells were harvested after growth at 25
282  or 37°C, resuspended in phosphate buffer (degassed 17 mM sodium phosphate
283  buffer, pH 8.3) and lysed by ultrasonication. Cell debris were removed by
284  centrifugation for 20 min at 21.000 g and 4°C. After Bradford determination, 50 pug of
285  supernatant proteins were mixed with phosphate buffer to a volume of 180 ul. The
286  absorption at 240 nm was monitored for 1 min at 25°C in a quartz cuvette before
287 adding 20 ul of 0.1 M hydrogen peroxide. As a blank, phosphate buffer mixed with
288 H,0, was used. After addition, the absorption of H,O, was continuously monitored,
289 until the reaction left the linear range. The velocity of H,O, decomposition was
290 calculated based on the linear range.

291

13
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292 3 Results

293 3.1 Elevated transcription of several oxidative stress response genes at 37°C

294 A previously conducted transcriptome study revealed that multiple oxidative stress
295  response genes are upregulated at 37°C compared to 25°C [13]. We compared these
296 findings with previously obtained RNA-seq data from our group (Table S1) and
297 validated the transcription of selected genes by qRT-PCR. Consistent with the
298  published results, some but not all genes involved in ROS detoxification showed an
299  upregulation at 37°C (Fig. 2). Apart from the transcripts encoding the superoxide
300 dismutases SodB and SodC and the catalase KatA, the katY mRNA stood out with an

301 about 30-fold induction in all three experiments.

302

3 RNA-Seq (Nuss et al. 2015)
=3 RNA-Seq
mm gRT-PCR

Hﬂl HI

relative mRNA amount
[log,fold change 37/25°C]

303 soldA so'dB soldC kaltA kaltY tr;(A tr)l(B tr)l<C ah:oC

304 Figure 2. Transcription of four ROS detoxification genes is elevated at 37°C. Relative transcript
305 levels (37/25°C) are shown. White and grey columns represent RNA-Seq data from [13] and this study,
306 respectively. Black columns represent qRT-PCR results of selected targets. RNA was isolated from
307  exponentially grown Y. pseudotuberculosis cells at 25 and 37°C. For qRT-PCR, the obtained data were
308 normalized to gyrB and nuoB as reference genes.

310 3.2 The 5’-UTRs of oxidative stress response genes contain putative RNATs

311 Various transcriptional and post-transcriptional mechanisms can account for the
312 upregulation of ROS defense genes under virulence conditions. Previous global

313  structure probing approaches suggested at least some contribution of translational
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314  control by temperature-modulated RNATs [14,15]. To validate and extend these
315 findings, we translationally fused candidate 5’-UTRs to bgaB encoding a heat-stable
316 and His-tagged beta-galactosidase and measured its activity and protein amount at
317 25 and 37°C (Fig. 3A). This reporter gene system uncouples the native transcription
318 from translation since transcription is controlled by the arabinose-inducible pBAD
319 promoter. The recently described yopN RNAT [18] served as positive control. The
320 sodA gene, which does not contain an obvious RNAT in its 5-UTR and is barely

321 temperature-regulated at the translational level [14] was chosen as negative control.

322  First, we investigated the putative RNATSs for their ability to control translation in E. coli
323  as a host (Fig. 3B). For the catalase genes katA and katY, we observed a pronounced
324 increase in beta-galactosidase activity and protein amount at 37°C. This was much
325 less evident for the sod genes, in particular sodA (negative control) and sodB, where
326 the enzyme activities increased about 2.5-fold. Since essentially all cellular processes
327 in E. coli are more efficient at 37°C than at 25°C, we typically do not consider induction
328 factors below three as significant. The trxA gene is an exceptional case. The gene is
329 transcribed from two alternative start sites, leading to a short (58 nucleotides) and a
330 long (98 nucleotides) 5’-UTR. As observed previously [14], only the 5’-UTR of the short
331 transcript contains a functional RNAT as shown by the beta-galactosidase activity and

332  protein increase in case of the short but not the long construct (Fig. 3B).

333  To determine the influence of these RNATSs in the native background, we introduced
334  the translational fusions into Y. pseudotuberculosis. Here, only the 5’-UTRs of katY
335 and the short trxA transcript conferred translational repression at 25°C and induction

336  at 37°C, most prominently again for katY with a more than 20-fold change (Fig. 3C).
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Figure 3. Translational control of Y. pseudotuberculosis ROS defense genes. (A) Schematic
representation of the reporter gene fusion. The RNAT was translationally fused to the bgaB gene.
Transcription was dependent on the pBAD promoter. As a control, the yopN RNAT was used. The
fusion plasmids were introduced into E. coli (B) or Y. pseudotuberculosis YPIII cells (C) and grown to
an ODgg of 0.5 at 25°C. Transcription from the pBAD promoter was induced by the addition of 0.01 %
or 0.1 % L-arabinose in E. coli and Y. pseudotuberculosis, respectively. The cultures were split and
incubated at 25 or 37°C. After 30 min, samples were taken for 3-galactosidase assays, Western blot
analysis and qRT-PCR. Experiments were carried out multiple times. Mean and corresponding standard
deviation of biological triplicates are shown. Western blot membranes were stained with Ponceau S as
a loading control. One representative Western blot is shown. (D) Levels of bgaB transcript determined
by qRT-PCR from cells used in (C) were normalized to gyrB and nuoB mRNA amounts. The mean of

three biological replicates and technical triplicates with their corresponding standard deviation are
shown.

To ascertain that the mRNA levels derived from the pBAD promoter were roughly

similar at 25 and 37°C, bgaB levels were determined by qRT-PCR using the same
16
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353  Yersinia samples as in Fig. 3C. Comparison between 25 and 37°C showed almost
354 equal mRNA levels for most constructs (Fig. 3D). Only the sodA and sodB fusions
355 showed a reduced bgaB transcript amount at 37°C. Overall, these results support the
356 hypothesis that the 5-UTRs of several Yersinia ROS defense genes regulate

357 translation initiation.

358 3.3 A stabilizing point mutation prevents RNAT regulation of the short trxA

359 transcript

360 The trxA transcript caught our attention as it occurs in two isoforms of different lengths
361 (Fig. 4A and B), of which only the short 5’-UTR acts as translational control element
362  (Fig. 3). It folds into a structure that partially occludes the ribosome binding site (Fig.
363 4A). The unpaired adenosine residues in the SD sequence and the start codon might
364 be responsible for the temperature responsiveness. Several reasons might account
365 for the high expression of the long trxA variant already at low temperature. In contrast
366 to the single mismatch in the SD sequence of the short isoform, the long one features
367 two mismatched residues resulting in a kinked structure (Fig. 4B). In addition, the start
368 codon in the long transcript is more accessible than in the short one. Altogether, these
369 differences likely explain why the long version is unable to repress ribosome binding

370  and translation initiation at low temperature.

371 To investigate the temperature-responsive RNA structure of the short frxA isoform in
372 more detail, we constructed a stabilized version (rep) by replacing the unpaired
373 adenine in the anti-SD sequence by an uracil resulting in a perfectly paired SD
374 sequence (Fig. 4A). In the bgaB reporter system, the stabilizing mutation abolished
375 expression both at low and at high temperatures in E. coliand in Y. pseudotuberculosis

376  (Fig. 4C).
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378  Figure 4. Only the 5-UTR of the short trxA transcript contains a thermoresponsive RNA
379  structure. PARS-derived secondary structure of the short (A) and long (B) frxA RNAT and its predicted
380  stabilized structure after mutation of the anti-SD sequence. The SD sequence is highlighted in yellow,
381 its corresponding start codon in blue and the mutation site in red. —, AU pair; =, GC pair; and o, GU
382 pair. (C) Translational control was measured by bgaB fusions under control of the pBAD promoter. The
383 yopN RNAT served as positive control. Experiments were carried out as described in Fig. 3.

385  To solidify the claim that the short frxA RNA structure melts between the SD sequence
386 and the start codon, we applied enzymatic RNA structure probing and treated in vitro
387 transcribed 5-end labeled RNA at different temperatures with RNases T1 (cuts
388 unpaired guanines) and T2 (preferentially cuts unpaired adenines but also other
389 unpaired nucleotides). In the wild-type (WT) RNA, we observed almost no cleavage

390 around the SD sequence and the start codon at 25°C but prominent cleavage at 37
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391 and 42°C consistent with thermally induced melting of these regions (Fig. 5A). In
392  accordance with the absence of any reporter gene activity (Fig. 4C), the same regions
393 in the rep variant were completely protected from ribonucleolytic attack indicating that
394  melting of the structure is prevented by locking the structure in a closed conformation

395  (Fig. 5A).

396  Finally, we tested the RNAs for their accessibility to ribosome binding by employing
397  primer extension inhibition (toeprinting) assays at different temperatures. The WT and
398 rep RNAs were reversely transcribed in the presence or absence of 30S ribosomal
399 subunits. The occurrence of prematurely terminated reverse transcripts (toeprints)
400 indicates successful binding of the 30S ribosome by acting as a roadblock for cDNA
401 synthesis. As expected, the WT {rxA transcript generated a toeprint signal in the
402  presence of 30S subunits with increasing temperatures whereas the rep version did
403 not (Fig. 5B). Cumulatively, the in vivo and in vitro experiments provide compelling
404 evidence that the short frxA isoform contains a functional RNAT that is solely
405 responsible for temperature regulation since transcription of trxA is similar at 25 and

406 37°Cin Y. pseudotuberculosis (Fig. 2).
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Figure 5. The short trxA RNAT melts at higher temperatures and facilitates ribosome binding.
(A) Enzymatic structure probing of the short frxA RNAT (WT) and its stabilized version (REP).
Radiolabelled RNA was treated with RNases T1 and T2 at 25, 37 and 42°C. AL, alkaline ladder; T1L,
RNase T1 cleavage ladder in sequencing buffer at 37°C; C, RNA treated with water instead of RNases
— cleavage control. The ribosome-binding site is highlighted by a red box. (B) Primer extension inhibition
of the short trxA RNAT (WT) and its stabilized version (REP) was conducted at 25, 37° and 42°C with
(+) and without (-) the addition of 30S ribosomal subunits. Ribosome binding leads to the accumulation
of a toeprint signal. ATGC lanes indicate sequencing reactions for orientation. Position of ATG and the
toeprint signal is highlighted by red boxes. Experiments were carried out at least twice.
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417 3.4 Stabilizing mutations in the 5’-UTRs of sodB, sodC and katA impair

418 regulation

419  Despite initial evidence for RNATSs in the sodB and sodC (but not sodA) transcripts by
420  global RNA structure profiling through parallel analysis of RNA structures (PARS) and
421  reporter gene assays in E. coli [14], the results presented in Fig. 3 raised doubts
422  whether they function as thermosensors in Y. pseudotuberculosis. We wanted to
423  understand this discrepancy and constructed repressed versions of the sodB and
424  sodC 5-UTRs by introducing stabilizing point mutations in the anti-SD region (Fig. 6A
425 and 6B). As an indication that the WT structure has a functional role, the mutated
426 versions prevented translation at both temperatures in E. coli and Y.

427  pseudotuberculosis (Fig. 6C).

428 Consistent with this assumption, in vitro transcribed RNA showed a temperature-
429  induced melting around the RBS whereas the same region in the mutated RNA was
430 protected from ribonuclease even at 42°C except for the bulged nucleotide G85 (Fig.
431  7A). Accordingly, toeprinting revealed ribosome binding to the WT sodB RNAT at 37
432  but not at 25°C, and no toeprint signal was observed for the stabilized version (Fig.
433  7B). Similar observations were made when the sodC 5-UTRs (WT and rep variant)
434  were subjected to structure probing (Fig. 7C) and toeprinting (Fig. 7D). Altogether,
435 these biochemical experiments support the idea that the sodB and sodC 5’-UTRs are
436 able to melt in response to increasing temperature to permit ribosome binding. In
437  Yersinia, however, this response seems to be dampened by yet unknown

438 mechanisms.
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440 Figure 6. The 5’-UTRs of the sodB and sodC transcripts contain a thermoresponsive structure.
441  PARS-derived secondary structure of the sodB RNAT (A) and the MFE structure of the sodC RNAT (B)
442  with their corresponding predicted stabilized structure after mutation of the anti-SD sequence. The SD
443  sequence is highlighted in yellow, the AUG codon in blue and the mutation site in red. —, AU pair; =, GC
444 pair; and o, GU pair. (C) Translational control was measured by bgaB fusions. The RNAT was
445 translationally fused to bgaB under control of the pBAD promoter. The yopN RNAT was used as positive
446  control. Experiments were carried out as described in Fig. 3.
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448 Figure 7. Structure probing and toeprinting support temperature-responsive melting and
449  ribosome binding to the sodB and sodC 5’-UTRs. Enzymatic structure probing of the sodB (A) and
450 sodC (C) RNATs and their stabilized version (REP). Radiolabelled RNA was treated with RNases T1
451  and T2 at 25, 37 and 42°C. AL, alkaline ladder; T1L, RNase T1 cleavage ladder in sequencing buffer
452  at 37°C; C, RNA treated with water instead of RNases — cleavage control. The ribosome-binding site is
453 highlighted by a red box. Primer extension inhibition of the sodB (B) and sodC (D) RNATs and their
454  stabilized version (REP) was conducted at 25, 37° and 42°C with (+) and without (-) the addition of 30S
455 ribosomal subunits. Ribosome binding leads to the accumulation of a toeprint signal. ATGC lanes
456 indicate sequencing reactions for orientation. Position of ATG and the toeprint signal is highlighted by
457  red boxes. Experiments were carried out at least twice.

459  Likewise, we wanted to understand the observed difference in the behaviour of the
460 katA 5-UTR in E. coli and Y. pseudotuberculosis (Fig. 3). Due to the nature of the
461  RNA structure with the SD sequence in a terminal loop (Fig. 8A), we did not change
462  the anti-SD sequence but stabilized the adjacent hairpin structure by changing the
463  unpaired adenosine and cytosine at position 109 and 110 into a cytosine and guanine,

464  respectively. In the reporter gene assay, we observed the expected effect of
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465 translational repression in E. coli and Y. pseudotuberculosis (Fig. 8B). By RNA
466  structure probing, we could further show that the 5-UTR of katA melts at higher
467  temperatures, not only between the SD sequence and the start codon, but also further
468  downstream. According to the PARS profiles at different temperatures, the nucleotides
469  130-136 should primarily be in a single-stranded conformation prone to RNase
470  cleavage at 25°C [14]. As these residues were partially protected from T1 and T2
471  attack at low temperature, they are probably engaged in a more complex overall
472  structure. As expected, the rep variant showed almost no cleavage around the entire
473  RBS suggesting substantial stabilization due to the formation of an improved hairpin
474  structure (Fig. 8C). Consistent with the probing results, a toeprint signal was found at
475  37°C with the WT katA RNA, but not with the REP version (Fig. 8D). Instead, other
476  premature termination products of reverse transcription were found, which often occur
477  near stable structures in stabilized RNATs [11]. Like sodB and sodC, the katA 5-UTR
478  appears to be capable of thermally controlling access to the SD sequence, but the
479  dynamic nature of these RNA structures seems to play a minimal role in the Yersinia

480 cell under the tested conditions.

481
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Figure 8. The 5’-UTR of the katA transcript contains a thermoresponsive structure. (A) PARS-
derived secondary structure of the katA RNAT with its predicted stabilized structure after mutation of a
loop in the RBS to create a hairpin structure. The potential SD sequence is highlighted in yellow, its
corresponding AUG in blue and the mutation site in red. —, AU pair; =, GC pair; and o, GU pair. (B)
Translational control was measured by bgaB fusions. The RNAT was translationally fused to bgaB
under control of the pBAD promoter. As a control the yopN RNAT was used. Experiments were carried
out as described in Fig. 3. (C) Enzymatic structure probing of the katA RNAT (WT) and its stabilized
version (REP). Radiolabelled RNA was treated with RNases T1 and T2 at 25, 37 and 42°C. AL, alkaline
ladder; T1L, RNase T1 cleavage ladder in sequencing buffer at 37°C; C, RNA treated with water instead
of RNases — cleavage control. The ribosome-binding site is highlighted by a red box. (D) Primer
extension inhibition of the katA RNAT (WT) and its stabilized version (REP) was conducted at 25, 37°C,
with (+) and without (=) the addition of 30S ribosomal subunits. Ribosome binding leads to the
accumulation of a toeprint signal. ATGC lanes indicate sequencing reactions for orientation. Position of
ATG and the toeprint signal is highlighted by red boxes. Experiments were carried out at least twice.
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498 3.5 The katY 5’-UTR harbors an RNAT that is functional in Y.

499 pseudotuberculosis

500 The most prominent temperature response of all ROS defense mRNAs was observed
501 inthe case of katY (Fig. 3). The 5’-UTR of katY had escaped our attention as an RNAT
502 candidate in previous RNA structuromic approaches because most of the sequence
503 relevant for masking the RBS is not located in the 5’-UTR but within the coding
504 sequence (Fig. 9A). To characterize this new RNAT candidate, we generated
505  structural mutants. A stabilized version (U31C) was constructed by exchanging a weak
506 UG pair in the SD/anti-SD region by a stronger CG pair. This variant completely
507 repressed translation at 37°C (Fig. 9B). Introduction of an additional mutation (UA31-
508 32CU; Fig. 9A) initially aimed at stabilizing the structure even further, was predicted to
509 result in a structural re-arrangement that slightly derepressed RNAT activity (Fig. 9B).
510 To exclude that these regulatory effects were due to changes in the mRNA levels, we
511 compared the bgaB levels from the Y. pseudotuberculosis samples used in Fig. 9B by
512 gRT-PCR and detected no significant differences between 25 and 37°C (Fig. 9C). In
513  further support of a translational control mechanism, we observed increased sensitivity
514 to RNase cleavage around the SD sequence and the start codon at higher
515  temperatures in structure probing experiments (Fig. 9D) and increased binding of the
516 ribosome at higher temperatures in toeprinting assays (Fig. 9E). All these results

517 demonstrate that the katY 5’-UTR harbors a bona fide RNAT.
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Figure 9. The katY 5’-UTR is a functional RNAT in vitro and in Y. pseudotuberculosis. PARS-
derived secondary structure of the katY (A) RNAT with its predicted stabilized (REP) and destabilized
structure (DEREP) after mutation of the anti-SD sequence. The potential SD sequence is highlighted in
yellow, its corresponding AUG in blue and the mutation site in red. —, AU pair; =, GC pair; and o, GU
pair. (B) Translational control was measured by bgaB fusions. The RNAT was translationally fused to
bgaB under control of the pBAD promoter. As a control the yopN RNAT was used. Experiments were
carried out as described in Fig 3. (C) Levels of bgaB transcript determined by qRT-PCR from Y.
pseudotuberculosis cells used in (B) were normalized to gyrB and nuoB mRNA amounts. The mean of
three biological replicates and technical triplicates with their corresponding standard deviation are
shown. (D) Enzymatic structure probing of the katY RNAT (WT). Radiolabelled RNA was treated with
RNases T1 and T2 at 25, 37 and 42°C. AL, alkaline ladder; T1L, RNase T1 cleavage ladder in
sequencing buffer at 37°C; C, RNA treated with water instead of RNases — cleavage control. The
ribosome-binding site is highlighted by a red box. (E) Primer extension inhibition of the katY RNAT (WT)
was conducted at 25, 37°C, with (+) and without (=) the addition of 30S ribosomal subunits. Ribosome
binding leads to the accumulation of a toeprint signal. ATGC lanes indicate sequencing reactions for
orientation. Position of ATG and the toeprint signal is highlighted by red boxes. Experiments were
carried out at least twice.
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536 3.6 Temperature affects the susceptibility of Y. pseudotuberculosis against

537 H.0,

538  The upregulation of katA expression at 37°C on the transcriptional level (Fig. 2) and —
539  more prominently — katY expression on both the transcriptional and translational level
540 (Fig. 2, 3C and 9B), lead us to believe that Yersinia cells might be better protected
541 against ROS when grown at 37°C instead of 25°C. To test this hypothesis and to
542  dissect the contribution of individual players to ROS detoxification, we generated

543  markerless catalase deletion mutants and tested their susceptibility to H,O.

544  First, we conducted a zone of inhibition assay with Yersinia cells pre-grown at 25 or
545 37°C and spread onto agar plates. The bacteria were then subjected to a diffusion
546  gradient of H,O, from a paper disk, and the plates were incubated at 25 or 37°C.
547  Congruent with our hypothesis of a better protection at elevated temperatures, we
548 observed a significantly reduced zone of inhibition for the wildtype (WT) strain, if it was
549  grown at 37 compared to 25°C (Fig. 10A). The zone of inhibition at both temperatures
550 became larger when the katA gene was removed (AkatA), indicating a general
551  protective effect against H,O, as expected for a catalase gene. Deletion of the katY
552 gene (AkatY) did not increase the zone of inhibition at 25°C compared to the WT.
553  Strikingly, the zone of inhibition remained unchanged at 37°C suggesting that the
554  temperature-induced protection in the WT and AkatA strains is mediated by KatY.
555  Deletion of both catalase genes (AAkatAY) resulted in a combined phenotype of the

556  single mutants with an increase in the zone of inhibition and no reduction at 37°C.
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Figure 10. Temperature-dependent influence of katA and katY on the oxidative stress response
in Y. pseudotuberculosis. (A) Disk diffusion assay for H,O, was conducted by applying 3 pl of 5.5 M
H,O, onto paper disks on soft agar containing a bacterial suspension. After 24 h of growth at the
indicated temperature the zone of inhibition was measured. The experiment was carried out multiple
times and each time in biological triplicates and two technical replicates. Cyan ring = zone of inhibition
measured for the wildtype at 25°C. Black ring = zone of inhibition measured for the wildtype at 37°C.
Asterisks indicate statistically significant differences by oneway ANOVA (n = 3; * p < 0.05; ** p < 0.01;
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565 *** p < 0.001) (B) Cells were pre-grown at 25°C or 37°C and diluted to an ODgqq of 0.05 in a 96 well
566  plate. H,O, was added to the indicated final concentrations. Growth was monitored by measuring the
567 ODggo during incubation at 25°C or 37°C. The highest concentration, which allowed growth is
568 highlighted. + = no H,O, control, - = medium control. The mean and the standard deviation of biological
569 triplicates are plotted. Experiments were carried out multiple times. (C) Decomposition of H,O, was
570 measured in real-time by reading the absorption of H,O, at 240 nm over time at 25°C. Cells were grown
571 at 25°C or 37°C until an ODgg of 0.5 was reached. Cells were lysed by ultrasonication. Lysate with a
572 protein concentration of 50 ug/ml, determined by Bradford assay, was used and treated with 0.01 M
573 H>O.. The velocity of H,O, decomposition was calculated based on the linear range at the beginning of
574  the curve. The mean and standard deviation are shown. Experiments were carried out at least twice in
575  biological triplicates.

577  Next, we tested if these observations hold true in liquid culture by conducting growth
578  experiments under various H,O, concentrations and observed similar results, showing
579  reduced susceptibility against H,O, at 37°C and a prominent KatY effect (Fig. 10B and
580 Fig. S1). Finally, we examined whether protection is due to catalase activity and
581 performed an activity assay testing the ability of cell lysates generated from cells
582 grown at 25 or 37°C to decompose H,0O,. This assay measures the absorbance of
583  H,0O,directly by UV-light [31]. Hence, catalase activity correlates with the reduction of
584  absorbance. Consistent with the phenotypes described above, we observed a higher
585 catalase activity if Yersinia WT cells were grown at 37°C compared to 25°C (Fig. 10C).
586  The AkatA mutant, which can only produce KatY, shows essentially no activity at 25°C
587  butweak activity at 37°C. The catalase activity of the AkatY mutant at 25°C was similar
588 to the WT activity suggesting KatA to be the only catalase present at 25°C. The
589 increase at 37°C was slightly lower than in the WT. Adding up the activities of both
590 catalases measured at 37°C in the single mutants resulted in a value similar to the WT
591  activity. As expected, the double mutant AAkatAY did not exhibit any catalase activity

592 atall.

593  Complementing the deletion strains by reintroducing the catalase genes into their

594  native genomic context by homologous recombination restored the corresponding
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595 phenotypes (Fig. S2A, S3) and catalase activities (Fig. S2B). The reintegrated
596 catalase genes encoded a C-terminal His-tag, which allowed us to quantify the KatA
597 and KatY protein amounts at 25 and 37°C. KatA was present at almost equal amounts
598 at both temperatures in all complemented backgrounds (Fig. 11). KatY, however, was
599 barely detectable at 25°C and strongly increased at 37°C, which supports the
600 hypothesis that KatY is the primary temperature-regulated catalase in Y.
601  pseudotuberculosis. At least one shorter KatY product was detected in all
602 immunoblots. It presumably represents a truncated KatY derivative as it has been

603  described in Y. pestis [22].

AkatA+A AkatY+Y AAkatAY +A AAkatAY +Y AAkatAY + AY

25°C37°C 25°C37°C 25°C37°C 25°C37°C 25°C37°C

KatY-His
~81.4 kDa

KatA-His
~55.7 kDa
2

~53 kDa

604

605 Figure 11. KatY is the major temperature-regulated catalase in Y. pseudotuberculosis. The
606  deletion strains were complemented by homologous recombination with C-terminal His-tagged KatA
607 and KatY proteins. Cells were grown to an ODgg of 0.5 at 25 and 37°C. Samples were loaded on TGX-
608 Stain-Free gels and the protein amount was quantitatively analysed by fluorescence detection.
609 Normalization to the total protein amount was achieved by Stain-Free visualization. The overlay of the
610 fluorescent detection with the Stain-Free visualisation of the total protein amount of one representative
611 Western blot is shown. Fold differences represent the mean of three biological replicates.

612

613 In an independent line of complementation experiments, we produced the KatY-His
614  protein from a plasmid under control of the arabinose inducible pBAD promoter. Here
615 also, KatY levels were upregulated at 37°C, no matter how strongly transcription was

616 enforced by different arabinose concentrations (Fig. S4). In perfect agreement with the
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617 results from the bgaB fusions, this finding supports the assumption that katY

618 expression is to a large extent translationally controlled by an RNAT.

619 3.7 Temperature regulated katY expression affects H,O, detoxification and

620 intracellular redox state

621  To further elucidate the interplay between KatA and KatY in temperature-regulated
622  ROS protection, we employed the genetically encoded redox-sensitive probe roGFP2-
623  Orp1, an H,0O,-sensitive variant of roGFP2. The roGFP2 protein carries redox-
624  sensitive cysteines and is a reliable sensor for the intracellular redox-state [32].
625 roGFP2 has many advantages compared to redox-sensitive fluorescent dyes. For
626 example reversibility, the ability to be genetically targeted into specific cell
627 compartments, and most importantly its quantitative nature due to a ratiometric
628 approach, which compensates for differences of roGFP2 concentration [29]. Here, we
629 used roGFP2-Orp1, which is fused to the oxidant receptor peroxidase Orp1 from
630 yeast, enabling specific and sensitive real-time measurement of intracellular H,O,
631 through the efficient proximity-based peroxidase redox relay [29,33]. H,O, causes
632  oxidation of the Orp1 thiol groups leading to the formation of disulfide bonds (Fig. 12A).
633  Oxidized Orp1 promotes oxidation of the thiol groups of roGFP2 due to its close
634  proximity leading to the formation of disulfide bonds at the roGFP2 protein. This
635 formation induces a small conformational change in the protein resulting in a shift in
636 the excitation spectrum. Under reduced conditions (untreated or DTT; dithiothreitol
637 treated), roGFP2 exhibits an excitation peak at around 480 nm. Upon thiol oxidation
638 (e.g., by AT-2; 2,2'-Dipyridyl disulfide treatment), the intensity of this peak is reduced
639 and another excitation peak at around 400-405 nm appears (Fig. 12B). By calculating

640 the ratio between these peaks and normalizing it to the mean ratios of fully oxidized
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644  Figure 12. KatY is responsible for the temperature dependent H,0, detoxification at the
645 intracellular level. Cells expressing the redox-sensitive roGFP2-Orp1 probes at 25°C or 37°C were
646  washed with PBS and diluted to an ODgy of 0.2 and 100 pl were transferred to a black 96 well plate.
647  The fluorescence intensity at 405 nm and 488 nm was recorded over 150 min at room temperature.
648 After measuring for 10 minutes, AT-2, DTT and H,O, were added. The normalized ratio of 405/488 nm
649 is plotted. A ratio of 1 indicates full oxidation and a ratio of 0 indicates full reduction of the probe. The
650 dotted line indicates the timepoint at which all H,O, treated wildtype cells are returned to their untreated
651 state. The mean and the standard deviation of biological triplicates are plotted. Experiments were
652  carried out multiple times.

654 Y. pseudotuberculosis cells harboring the roGFP2-Orp1 fusion plasmid were grown at
655 25 0r 37°C. Upon reaching the early exponential phase, expression of the redox probe
656  was induced by addition of IPTG before cultures were grown at 25 or 37°C overnight.
657  Sufficient production and functionality of roGFP2-Orp1 was checked by measuring the
658  excitation spectrum after addition of AT-2 and DTT. DTT, as a reductant, will fully
659 reduce roGFP2-Orp1, while the oxidant AT-2 fully oxidizes roGFP2-Orp1 giving a
660 readout of maximum probe reduction and oxidation before conducting the
661 experiments. Fresh bacterial cells were then treated with AT-2, DTT or different H,O,
662  concentrations and directly measured for changes in their redox state at room
663 temperature. The redox probe rapidly and fully oxidized after H,O, application in the
664  WT cells grown at 25°C. Over time, the signals returned to the untreated level,
665 reaching it after 44 min at the highest concentration of H,O, (Fig. 12C). In contrast, in
666 the WT grown at 37°C, the probe already returned to the untreated level at 23.5 min.
667  Furthermore, lower H,O, concentrations were not sufficient to fully oxidize the probe
668 in cells grown at 37°C, suggesting an increased protection of the intracellular space
669 and a faster removal of H,O, when compared to 25°C. Consistent with the phenotypic
670  characterization described above, the AkatA mutant showed higher susceptibility
671 against H,O,. The AkatA cells grown at 25°C were no longer able to reduce roGFP2-
672  Orp1 after addition of 10 mM H,O,. At 37°C, better protection against H,O, was
673  observed. Here, low H,O, concentrations did not lead to full oxidation of roGFP2-Orp1,
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674 and eventually the probe is re-reduced to the untreated level with all H,O,
675 concentrations. The AkatY strain showed a response similar to the WT at 25°C, but
676 interestingly unlike the WT, no increase in the cells capability to detoxify H,O, was
677 observed in this mutant. Since the double deletion strain AAkatAY lacks both
678 catalases, it shows the lowest capacity to detoxify H,O, and to re-reduce the probe.
679 Based on our observations that the AkatA strain improves its H,O, resistance at 37°C
680 and the AkatY strain, while resilient as the WT at 25°C, is not increasing its
681 detoxification capacity at 37°C. We conclude that the increased protection against

682 H,0O,at 37°C originates from the temperature induced KatY protein.

683
684

685 4 Discussion

686 Enteric pathogens, like Y. pseudotuberculosis, need to quickly sense and adapt to
687  their changing environment upon infection. A sudden temperature upshift is among
688 the most stable cues indicating entry into a warm-blooded host. There are many ways
689 how bacteria can sense and respond to temperature changes. One of them is the
690  upregulation of transcription by temperature-dependent changes in the DNA topology,
691 increasing the binding affinity of RNA polymerase to the promoter [34]. Increased
692  transcription can be triggered by temperature dependent DNA-binding proteins such
693 as the Histone-like nucleoid structuring protein H-NS [35]. In Y. pseudotuberculosis,
694 H-NS forms a complex with the small YmoA protein and silences expression of lcrF
695 coding for the virulence master regulator outside the host [36,37]. Another efficient
696 way to directly modulate gene expression in response to increasing temperatures are

697 RNATs. Here, the mRNA is already present in the cell and ready to be translated
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698 [38,39]. Over the last decades, multiple RNATs have been described in various

699 bacterial pathogens [11,40—44].

700 In this study, we followed up on previous reports showing that transcription and
701 translation of several Yersinia ROS detoxification genes are induced at host body
702  temperature [13—-15]. Since the generation of reactive oxygen and nitrogen species
703  constitutes the first line of host defense against microbial pathogens [45], a direct
704  correlation between a temperature of 37°C and ROS defense gene expression in
705  Yersinia is highly plausible. Here we aimed at understanding the underlying

706  mechanistic details of this correlation for several classes of ROS detoxification genes.

707  Antioxidants, like thioredoxins are important to maintain a reduced intracellular state
708  of proteins and remove the formed disulfide bonds, after ROS exposure [6]. In their
709  reduced form, they can catalyze the reduction of protein disulfides and get oxidized
710  themselves in the process. Subsequent reduction is facilitated by the thioredoxin
711  reductase TrxB, with help of reducing equivalents from NADPH (Fig. 1) [46,47]. While
712 there is no evidence for temperature regulated transcription of the trxA gene, we found
713  clear evidence for translational control of the shorter of two trxA transcripts. The PARS
714 calculated RNA structures [14] show a typical RNAT-like hairpin structure with internal
715  bulges and loops in the short 5’-UTR (Fig. 4A). Stabilizing the SD/anti-SD interaction
716 by exchange of just one residue impaired translational control, a clear indication that
717  melting of the WT structure facilitates translation initiation, which was supported by in
718  vitro experiments. The 5’-UTR of the long frxA adopts an entirely different structure
719  thatis unable to repress translation at 25°C presumably accounting for sufficient TrxA
720 levels outside of the host. The reverse is true for the Pseudomonas aeruginosa

721 quorum sensing gene pgsA gene. Here, the longer of two alternative transcripts
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722  contains an extended 5‘-end capable of folding into an RNA structure that blocks
723 translation initiation [48]. We assume that the two different trxA start sites contribute
724 to balancing TrxA levels according to the environmental situation. Previous
725  transcriptome studies showed that the short trxA transcript is higher expressed than
726  the longer trxA transcript (Fig. S6) [13]. Therefore, a high level of TrxA is guaranteed

727  at 37°C due to the RNAT functionality of the 5’-UTR of the short trxA transcript.

728  Superoxide dismutases (SODs) are another important defense system when bacteria
729  face ROS challenges. Y. pseudotuberculosis encodes three types of SODs, an iron-
730  containing SodB [49], a manganese-containing SodA [49,50] and a copper-containing
731  SodC, which plays a role in Yersinia virulence in the Galleria model [51]. We expected
732 SodB and SodC to be induced at 37°C due to moderately increased mRNA amounts
733 and potential RNATSs in their 5-UTRs (Fig. 2, 3 and 6). Consistent with the previous
734 PARS analysis [14], a global in vitro RNA structure probing approach, our biochemical
735 data supported the existence of these RNATs (Fig. 7). Reporter gene fusions,
736  however, showed some temperature regulation in E. coli but essentially no repression
737 at 25°C in Y. pseudotuberculosis. Here, it is conceivable that additional post-
738  transcriptional mechanisms come into play to coordinate appropriate sod gene
739  expression. One known example in E. coli is the interaction of the small regulatory
740  RNA (sRNA) RyhB, a key player in iron homeostasis [52]. RyhB negatively affects
741  sodB expression by binding to the RBS of sodB, thereby blocking translation and
742  facilitating cleavage by RNase E and RNase Il [53,54]. RyhB expression is controlled
743 by the ferric uptake repressor protein Fur [55], which negatively regulates RyhB
744  expression in the presence of iron. Since iron elicits oxidative stress due to the Fenton
745  reaction [56], an sRNA such as RyhB might perhaps help reduce the availability of

746  iron-sulfur cluster proteins, like SodB, inside the microbial pathogen at 37°C. In Y.

37


https://doi.org/10.1101/2023.02.16.528792
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.16.528792; this version posted February 16, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

747  pestis and Y. pseudotuberculosis the involvement of iron availability was investigated.
748  When grown in human plasma, which represents iron-limiting conditions and
749  compared to growth in LB media, an upregulation of sodA and a downregulation of
750  sodB was observed [49,57]. Another report adds to the relevance of metal ions in the
751  protection against ROS induced damage. Y. pseudotuberculosis uses an
752 unconventional way to combat ROS by importing zinc as antioxidant by secretion of a

753  zinc-binding protein via the type VI secretion system (T6SS) [58,59].

754 Apart from currently unexplored sRNAs in the Yersinia oxidative stress response, even
755  slightly different intracellular milieus in E. coli and Y. pseudotuberculosis or the fairly
756  dilute conditions in the test tube might explain the observed differences between
757  different experimental setups. It is well known that inorganic and organic cations or
758  molecular crowding effects in the dense cellular environment can have profound

759  effects on the folding and dynamic behavior of RNA structures [60—62].

760  Finally, and most importantly, we examined the temperature regulation of Yersinia
761 catalases and discovered a massive upshift of KatY at 37°C primarily due to
762  translational control by a novel RNAT. Catalases protect organisms against H,O,
763  toxicity by catalyzing its conversion into water and oxygen. KatA (also called KatE)
764  and KatY (also called KatG) are distinct H,O, scavenging systems. In Y. pestis, KatA
765 is a monofunctional catalase functioning as primary scavenger for high levels of H,O,
766  whereas the bifunctional catalase/peroxidase KatY protein only shows marginal
767  catalase activity [21]. KatY of Y. pseudotuberculosis is almost identical to its close
768  relative in Y. pestis (99.86%). The Y. pestis KatY protein exists in multiple forms, most
769  prominently an a-KatY form with a molecular mass of 78.8 kDa after processing of its

770  leader signal sequence and a shorter 3-KatY form with a molecular mass of 53.6 kDa
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771  resulting from a secondary translational start signal [22,23]. An equivalent secondary
772  translation start site and similar translation products were observed in Y.
773  pseudotuberculosis (Fig. 11) supporting the close relationship between these two

774  species.

775  Given this kinship, our discovery of a very efficient RNAT might explain the previously
776  observed induction of KatY at 37°C in Y. pestis [22,23], in particular since the RNAT
777  sequence is entirely conserved between both species (Fig. S5). In contrast to a
778  postulated ROSE (Repression Of heat Shock gene Expression)-like RNAT upstream
779  of katY [21], we found a structurally unique regulatory element that reaches almost 25
780  nucleotides into the coding region and is one of the best acting translational silencers
781 in Y. pseudotuberculosis identified to date. Concerning the substantial transcriptional
782  upregulation of katY (Fig. 2), it is interesting that potential LcrF binding sites have been
783  postulated upstream of katY in Y. pestis [22,23]. LcrF is the master virulence regulator
784 in Y. pestis and Y. pseudotuberculosis and itself is subject to stringent temperature
785  control [11,40]. Having KatY production under tight dual temperature control is
786  reminiscent of the situation of the T3SS genes yopN, yscT and yscJ, which are under
787  transcriptional control by LcrF and contain their own RNATSs as translational control

788  elements [17,18].

789  The massive induction of KatY at host body temperature as well as its potential
790  association with the membrane or localization in the periplasm [63,64] might suggest
791  a critical role in virulence. At least in Y. pestis, however, this is not the case because
792  a katY mutant was fully virulent to mice [21] suggesting a certain redundancy in the

793  ROS protection systems. In enterohemorrhagic E. coli in contrast it was shown that
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794  the secretion of a novel catalase KatN by the T6SS facilitates survival of the pathogen

795  inside macrophages and a deletion of katN attenuated virulence [65].

796  Quite obviously, temperature is by far not the only and presumably not the dominant
797  cue inducing the oxidative stress response in bacteria. The paradigmatic system in E.
798  coliis the H,O,-activated transcription factor OxyR [66,67]. Just recently, the influence
799  of H,O, on the expression of ROS detoxification genes in Y. pseudotuberculosis was
800 investigated [20]. A total of 364 genes were differentially regulated upon H,O,
801 treatment, OxyR was found to be the master transcriptional regulator mediating
802  cellular responses to H,O,. Among the upregulated genes were the expected ones
803 responsible for ROS detoxification, like trxB, trxC, katA, katY and ahpC. The sodB
804 gene coding for the iron-containing SOD enzyme was downregulated on the
805 transcriptional level while the other SODs remained unaffected. The authors also
806 investigated the role of KatA/KatE and KatY/KatG in H,O, protection and detoxification
807 at 26°C. Consistent with our findings (Fig. 10), KatA was found to be the primary
808 catalase in Y. pseudotuberculosis while KatY, together with AhpR played a strong
809  scavenging activity toward low concentrations of H,O, [20]. Our investigation at two
810  different temperatures added a new role of KatY in ROS protection at 37°C. Massive
811 induction of this catalase at mammalian body temperature might prime the pathogen

812  for the anticipated ROS exposure in the host.
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Fig S1. Deletion of katA and katY affect susceptibility against H,0,. Cells were pre-grown
at 25°C or 37°C and diluted to an ODgyy of 0.05 in a 96 well plate. H,O, was added to the
indicated final concentrations. Growth was monitored by reading the ODgg during incubation
at 25°C or 37°C. The highest concentration, which allowed growth is highlighted. + = no H,0,
control, - = medium control. The mean and the standard deviation of biological triplicates are

plotted.
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Fig S2. Temperature-dependent influence of kat4 and katY on the oxidative stress
response is restored by complementation in Y. pseudotuberculosis. (A) Disk diffusion assay
for H,O, was conducted by applying 3 ul of 5.5 M H,0, onto paper disks on soft agar
containing a bacterial suspension. After 24 h of growth at the indicated temperature the zone
of inhibition was measured. Results from one representative experiment are shown. The
experiment was carried out multiple times and each time in biological triplicates and two
technical replicates. Cyan ring = zone of inhibition measured for the wildtype at 25°C. Black
ring = zone of inhibition measured for the wildtype at 37°C. (B) Decomposition of H,O, was
measured in real-time by reading the absorption of H,O, at 240 nm over time at 25°C. Cells
were grown at 25°C or 37°C until an ODgy of 0.5 was reached. Cells were lysed by
ultrasonication. Lysate with a protein concentration of 50 pg/ml, determined by Bradford
assay, was used and treated with 0.01 M H,0,. The velocity of H,O, decomposition was
calculated based on the linear range at the beginning of the curve. Experiments were carried
out at least twice in biological triplicates.
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Fig S3. Temperature-dependent influence of kat4 and katY on the oxidative stress
response during growth is restored by complementation in Y. pseudotuberculosis. Cells
were pre-grown at 25°C or 37°C and diluted to an ODg of 0.05 in a 96 well plate. H,O, was
added to the indicated final concentrations. Growth was monitored by measuring the ODgq
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during incubation at 25°C or 37°C. The highest concentration, which allowed growth is
highlighted. + = no H,O, control, - = medium control. The mean and the standard deviation of
biological triplicates are plotted. Experiments were carried out multiple times.

25°C 37°C
0.05 01 0.2 0.05 01 0.2 Arabinose in %

— T YD - KatY-HiS
82.9 kDa

130kDa| w=

100kDa P
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55kDa .

Figure S4. The katY RNAT controls translation in a plasmid-based complementation. The
katY deletion strain was complemented with a plasmid containing arabinose-inducible KatY
with a C-terminal His tag. Cells were grown to an ODgg of 0.5 at 25 and 37°C. Subsequently,
transcription was induced by the addition of L-arabinose. After 30 min of incubation, samples
were taken for Western blot analysis. Western blot membranes were stained with Ponceau S as
a loading control. One representative Western blot is shown.

SD
Y. pestis KIM10 TAATCATGTTAAAAAATAGTTGCCTTTTAGTTAAAGGGGACTTATATATGTTAAAAAAAATCTTACCCGTACTAATA
Y. pseudotuberculosis YPIII GCCTTTTAGTTAAAGGGGACTTATATATGTTAAAAAAAATCTTACCCGTACTAATA

kkkkkkhkhkkkhhhkhhhhhhhhhkhkhhrhkhhhhhkhhhhkhhhhhkhhkkkhhhhkkkhhkk

Figure S5. Sequence alignment of the upstream region of katY between Y. pestis and Y.
pseudotuberculosis. Sequence comparision of the RNA thermometer sequence of katY of Y.
pseudotuberculosis against the upstream region of katY of Y. pestis. The putative SD region
and the start codon (blue) are indicated.
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Figure S6. The short trxA4 transcript is the more abundant isoform. RNA-seq results of the
trxA transcript at 25 and 37°C and identification of two transcriptional start sites by [1]. s =
start site of the short transcript, 1 = start site of the long transcript.
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Table S1: RNA-seq results 37/25°C

locus

YPK_RS00160

YPK_RS09375
YPK_RS14285

YPK_RS16370
YPK_RS17025

YPK_RS17310
YPK_RS20330
YPK_RS20895

old locus

YPK_0035

YPK_1863
YPK_2855

YPK_3267
YPK_3388

YPK_3445
YPK_4035
YPK_4139

strand

accession
ID

start

38131

2070933
3147393

3571791

3717303

3778490
4451596
4571109

NC_010465.1

stop

38754

2071511
3148832

3572393
3719516

3779095
4451922
4571357

gene

sodA

sodB
katA

ahpC
katY

sodC
trxA
grxC

gene discription

superoxide
dismutase [Mn]
superoxide
dismutase [Fe]
catalase

alkyl hydroperoxide
reductase
catalase/peroxidase
HPI

superoxide
dismutase
thioredoxin TrxA

glutaredoxin 3

mean read counts

YPII_E25 YPIII_E37

1678.2

326.1
43.7

1484.6

71.8

1385.1
2189.9
1330.3

1344.0

667.8
347.8

1811.2

2149.6

4452.0
1849.7
732.1

log2 Fold
change

-0.32

1.03
2.99

0.29

4.90

1.63
-0.24
-0.86

p_
value

0.000

0.000
0.000

0.002

0.000

0.000
0.010
0.000

padjust
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0.001

0.000
0.000

0.005

0.000

0.000
0.020
0.000
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Table S2: Bacterial strains

Strain Relevant characteristics Reference

Yersinia pseudotuberculosis

YPIIL pIB1, wild type [2]
YPII AkatA pIB1 AkatA This study
YPII AkatY pIB1 AkatY This study
YPII AAkatAY pIB1 AAkatAY This study
YPIII AkatA + katA-His pIB1 AkatA; reintroduction of His-tagged KatA by This study

homologous recombination

YPIII AkatY + katY-His pIB1 AkatY; reintroduction of His-tagged KatY by This study
homologous recombination

YPIII AAkatAY + katA-His pIB1 AAkatAY; reintroduction of His-tagged KatA by This study
homologous recombination

YPIII AAkatAY + katY-His pIB1 AAkatAY; reintroduction of His-tagged KatY by This study
homologous recombination

YPII AAkatAY + katA-His and pIB1 AAkatAY + katA-His; reintroduction of His- This study
katY-His tagged KatY by homologous recombination

Escherichia coli

DH5a supE44, AlacU169 (y80lacZAM15), hsdR17, recAl, [3]
gyrA96, thil, relAl

S17-1 Apir RP4-2 Tc::Mu-Km::Tn7 (Apir) [4]
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Table S3: Plasmid list

Plasmid Relevant characteristics Reference
pUCI18 Cloning vector; Ap* [5]
pDM4 sacBR, oriT, oriR6K, Cm” [6]

pCC _roGFP2- Redox sensitive probe, roGFP2-orpl; ptac [7]
orpl

pBAD2-bgaB-His bgaB reporter gene vector, Ap', araC, Pgap promoter, His-Tag at the [8]

C-terminal end of BgaB

pBAD-His A Expression vector, Ap, araC, Pgap promoter, N-terminal His-Tag Invitrogen,
Carlsbad, CA

pB06202 pBAD2-bgaB-His, short 5’-UTR of yopN (pYP0065) plus 30 bp of the [9]
coding region, (-37 to +30 bp from yopN ATG)

pB04423 pBAD2-bgaB-His; 5’-UTR of sod4 (YPK _0035) plus 30 bp of sod4 [8]
coding region (-55 to +30 bp from sod4 ATG)

pB0O4406 pBAD2-bgaB-His; 5’-UTR of sodB (YPK 1863) plus 30 bp of sodB [8]
coding region (-89 to +30 bp from sodB ATG)

pB0O4902 pBAD2-bgaB-His; 5’-UTR of sodB (YPK 1863) plus 30 bp of sodB This study
coding region (-89 to +30 bp from sodB ATG), mutant Rep AA70-
71CT,C73T
pB0O4914 pUCI18; YPK 1863 (sodB) 5’-UTR plus coding region (-89 to +60 bp This study

from sodB ATG); runoff plasmid for structure probing and primer
extension inhibition

pBO4917 pUCI18; YPK 1863 (sodB) 5’-UTR plus coding region (-89 to +60 bp This study
from sodB ATG), mutant Rep AA70-71CT,C73T; runoff plasmid for
structure probing and primer extension inhibition

pB0O4909 pBAD2-bgaB-His; 5’-UTR of sodC (YPK 3445) plus 30 bp of sodC This study
coding region (-63 to +30 bp from sodC ATG)

pBO6861 pBAD2-bgaB-His; 5’-UTR of sodC (YPK 3445) plus 30 bp of sodC This study
coding region (-63 to +30 bp from sodC ATG) mutant Rep TG83-84CC

pBO4916 pUCI18; YPK 3445 (sodC) 5°-UTR plus coding region (-63 to +60 bp This study
from sodC ATG); runoff plasmid for structure probing and primer
extension inhibition
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pBO6864 pUCI18; YPK 3445 (sodC) 5’-UTR plus coding region (-63 to +60 bp This study
from sodC ATG), mutant Rep TG83-84CC; runoff plasmid for structure
probing and primer extension inhibition

pBO4416 pBAD2-bgaB-His; 5’-UTR of kat4 (YPK 2855) plus 30 bp of kat4 [8]
coding region (-121 to +30 bp from katA ATG)

pB0O4905 pBAD2-bgaB-His; 5’-UTR of kat4 (YPK 2855) plus 30 bp of kat4 This study
coding region (-121 to +30 bp from katA ATG) Mutant Rep AC109-
110CG
pBO4915 pUCI18; YPK 2855 (katA) 5’-UTR plus coding region (-121 to +60 bp This study

from kat4 ATG); runoff plasmid for structure probing and primer
extension inhibition

pBO4918 pUCI18; YPK 2855 (katA) 5’-UTR plus coding region (-121 to +60 bp This study
from kat4 ATG), mutant Rep AC109-110CG; runoff plasmid for
structure probing and primer extension inhibition

pB0O4436 pBAD2-bgaB-His; 5’-UTR of katY (YPK 3388) plus 30 bp of katY This study
coding region (-26 to +30 bp from katY ATG)

pBO6887 pBAD2-bgaB-His; 5’-UTR of katY (YPK 3388) plus 30 bp of katY This study
coding region (-26 to +30 bp from katY ATG) mutant Rep T31C

pBO6886 pBAD2-bgaB-His; 5’-UTR of katY (YPK 3388) plus 30 bp of katY This study
coding region (-26 to +30 bp from katY ATG) mutant Derep TA31-32CT

pBO7248 pUC18; YPK 3388 (katY) 5’-UTR plus coding region (-26 to +30 bp This study
from katA ATG); runoff plasmid for structure probing

pBO7238 pUC18; YPK 3388 (katY) 5’-UTR plus coding region (-26 to +60 bp This study
from kat4 ATG); runoff plasmid for primer extension inhibition

pBO3179 pBAD2-bgaB-His; short 5’-UTR of #7x4 (YPK _4035) plus 30 bp of #rx4 [8]
coding region (-58 to +30 bp from #7x4 ATG)

pBO6859 pBAD2-bgaB-His; short 5’-UTR of #7x4 (YPK 4035) plus 30 bp of #rx4 This study
coding region (-58 to +30 bp from #7x4 ATG) Mutant Rep A24T

pBO3178 pBAD2-bgaB-His; long 5’-UTR of #rx4 (YPK 4035) plus 30 bp of #x4 [8]
coding region (-98 to +30 bp from trx4 ATG)

pBO6862 pBAD2-bgaB-His; long 5’-UTR of t#rx4 (YPK 4035) plus 30 bp of trx4 This study
coding region (-98 to +30 bp from trx4 ATG) Mutant Rep A79C

pBO6857 pUCI1S8; short YPK 4035 (trx4) 5°-UTR plus coding region (-58 to +60 This study
bp from trxA ATQG); runoff plasmid for structure probing and primer
extension inhibition
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pBO6858 pUCI18; short YPK 4035 (trx4) 5°-UTR plus coding region (-58 to +60 This study
bp from trxA ATG), mutant Rep A24T; runoff plasmid for structure
probing and primer extension inhibition

pBO6863 pUC18; long YPK 4035 (trxA) 5°’-UTR plus coding region (-98 to +60 This study
bp from #rxA ATG); runoff plasmid for structure probing and primer
extension inhibition

pBO7246 pBAD-His A Expression vector, 5’-UTR and katY (YPK 3388) with a This study
His-tag at the C-terminal end

pBO6868 pDM4, katA deletion fragment for generation of AkatA by bacterial This study
conjugation

pBO7212 pDM4, katY deletion fragment for generation of AkatY by bacterial This study
conjugation

pBO6888 pDM4, katA-His complementation fragment for restoration of kat4 with This study

a C-terminal His-tag by bacterial conjugation

pBO7251 pDM4, katY-His complementation fragment for restoration of katY with a | This study
C-terminal His-tag by bacterial conjugation

Table S4: Oligonucleotide list

Name Purpose Plasmid Sequence (5°->3¢)

forward primer to amplify YPK 1863

(sodB) 5°’-UTR with a T7 promoter AGAAATTAATACGACTCACT
s0dB_10_fw | for the construction of the runoff pBO4914 | ATAGGGTTTTAACCGCTCTT
plasmid CACCC

reverse primer to amplify YPK 1863
(sodB) 5°’-UTR + 60 bp from ATG;
sodB 10 rov reverse primer with Nael site for. the pBO4914 GCCGGCAGAGATGTGGGGT
_T0_ construction of the runoff plasmid for TCCAG

structure probing and primer
extension inhibition

mutagenesis forward primer to BO4902
sodB_rep fw introduce the mutation AA70-71CT, p GAGCAAACACCCTGAGCCTC

C73T into YPK_1863 (sodB) 5--UTR | PBO¥17 | TCCGAAAGGAGAGAGCT

mutagenesis reverse primer to BO4902
sodB rep rev introduce the mutation AA70-71CT, p AGCTCTCTCCTTTCGGAGAG

C73T into YPK_1863 (sodB) 5-UTR | PBO¥17 | GCTCAGGGTGTTTGCTC
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forward primer to amplify the 5°-

UTR of YPK_ 3445 (s0dC) plus 30 bp TTGCTAGCGTCAAAAGTTTC
SodC_UTR_fW | ¢ (0dC coding region (-63 to +30 bp | PBO490? CTATTGACAA
from sodC ATG)

reverse primer to amplify the 5’-UTR

of YPK_3445 (s0dC) plus 30 bp of TTGAATTCAACAGGTAGCAA
sodC_UTR rev | 0 4C coding region (-63 to +30 bp | PBO490? TAATGTAATT
from sodC

forward primer to amplify YPK 3445

(sodC) 5°-UTR with a T7 promoter AGAAATTAATACGACTCACT
sodC_ro_fw for the construction of the runoff pBO4916 | ATAGGGGTCAAAAGTTTCCT
plasmid ATTGACAA

reverse primer to amplify YPK 3445
(sodC) 5°-UTR + 60 bp from ATG;
reverse primer with Nael site for the B0O4916 | GCCGGCAGCGGCCAGTGTTG
s0dC_ro_rev construction of the runoff plasmid for p cG

structure probing and primer
extension inhibition

mutagenesis forward primer to
sodC _rep fw introduce the mutation TG83-84CC
into YPK 3445 (sodC) 5°-UTR

pBO6861 | TGAAATTAATTACATTATCC
pBO6864 CTACCTGTTATTCTTTAC

mutagenesis reverse primer to
sodC rep rev introduce the mutation TG83-84CC
into YPK 3445 (sodC) 5‘-UTR

pBO6861 | GTAAAGAATAACAGGTAGG
pBO6864 GATAATGTAATTAATTTCA

forward primer to amplify YPK 2855

(katA) 5°’-UTR with a T7 promoter AGAAATTAATACGACTCACT
katA_ro_fw for the construction of the runoff PBO4ILS | ATAGGGGAGATCAAAGAAT
plasmid AACACCGT

reverse primer to amplify YPK 2855
(kat4) 5°-UTR + 60 bp from ATG;
KatA 1o rev reverse primer with Nael site for. the pBO4915 GCCGGCATTATTATTATCGA
_T0_ construction of the runoff plasmid for CAACGGG

structure probing and primer
extension inhibition

mutagenesis forward primer to

KatA rep fw introduce the mutation AC109- pBO4905 | CAATCAATTCAACAGCCATC
P 110CG into YPK_2855 (katA) 5°- pBO4918 GTGGAGAACATGATGAG
UTR

mutagenesis reverse primer to

KatA. rep_rev introdgce the mutation AC1 09-‘ pBO4905 | CTCATCATGTTCTCCACGAT
UTR
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forward primer to amplify the

_fw

NEB Hifi Assembly

‘. upstream region (683 bp) of TTTGTCGACTTGATCGGATA
katA_5*-flank_fw YPK 2855 (katA) for deletion of pBO686S GCTTAGCCC
katA
reverse primer to amplify the
upstream region (683 bp) of
katA_5¢-flank rev | YPK 2855 (katd) with an overlap to | pB0O6868 | TTCAAAGGGGCTGATCGGGT
the downstream region (403 bp) of CATGTTCTCCAGTATGGCTG
katA for deletion of katA
forward primer to amplify the
downstream region (403 bp) of CAGCCATACTGGAGAACAT
katA_3’flank fw | YPK 2855 (katd) with an overlap to | pBO6868 | GACCCGATCAGCCCCTTTGA
the upstream region (683 bp) for
] A
deletion of katA
reverse primer to amplify the
; upstream region (403 bp) of TTTTCTAGATCACTGAGGGA
katA_3"flank_rev YPK 2855 (katA) for deletion of pBO686S GAGTGGTTA
katA
forward primer to check for
katA_EP fw deletion/complementation of - AATACGTTCCAACGCACCCC
YPK 2855 (katA)
reverse primer to check for
katA EP rev deletion/complementation of - TTATCGGCTAGTCGAAGAGC
YPK 2855 (katA)
forward primer to check for
katA IP fw deletion/complementation of - ACGTGATCCACTGAAGTTCC
YPK 2855 (katA)
reverse primer to check for
katA IP rev deletion/complementation of - CTTACCGTCATATGCACGG
YPK 2855 (katA)
forward primer to amplify the 5°-
KatA-His fw UTR of YPK_2855 (katd) plus katd |- pcece | TTTCCATGGGAGATCAAAGA
- with a His-tag for complementation ATAACACCGTG
of AkatA
reverse primer to amplify the 5’-UTR
KatAHis rey | OF YPK 2855 (katd) plus katd witha | oo oo TTTTTAGTGGTGATGGTGAT
- His-tag for complementation of p GATGATTCAGGCCAAGTGCT
AkatA TTTTTCA
forward primer to linearize the
pDM4_katA_Del pDM4-katA-deletion plasmid for pBO6888 | CATGTTCTCCAGTATGGCTG
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pDM4 katA Del

reverse primer to linearize the pDM4-

oy katA-deletion plasmid for NEB Hifi pBO6888 ACCCGATCAGCCCCTTTG
- Assembly
forward primer to amplify the 5°-
UTR of YPK 2855 (katA) plus katA
katA_p ]?,‘1;/[4—1361 with a His-tag and an overlap to the pBO6888 TTCAAAGGGGCTGATCGGGT
- pDM4-katA-deletion plasmid for TTAGTGGTGATGGTGATG
complementation of AkatA
reverse primer to amplify the 5’-UTR
katA pDM4 Del Of‘YPK72855 (katA) plus katA with a CAGCCATACTGGAGAACAT
ey His-tag and an qverlap to Fhe pDM4- | pBO6888 | GATGAGCAAGAAGAAAGGA
- katA-deletion plasmid for TTAAC
complementation of AkatA
forward primer to amplify the 5°-
UTR of YPK 3388 (katY) plus 30 bp TTGCTAGCGCCTTTTAGTTA
katY_UTR_fw of katY coding region (-26 to +30 bp pBO4436 AAGGGGAC
from katY ATG)
reverse primer to amplify the 5’-UTR
KkatY UTR rev of YPK_3388 (kar¥) plus 30 bp of | 51436 | TTGAATTCTATTAGTACGGG
- = katY coding region (-26 to +30 bp TAAGATTTTTTT
from katY ATG
forward primer to amplify YPK 3388
(katY) 5°-UTR with a T7 promoter pBO7238 AGAAATTAATACGACTCACT
katY_ro_fw for the construction of the runoff pB07248 | ATAGGGGCTAGCGCCTTTTA
plasmids GTTAAAGG
reverse primer to amplify YPK 3388
(katY) 5’-UTR + 30 bp from ATG;
katY ro 30nt revy | reverse primer with EcoRV site for pBO7248 | AAGATATCTATTAGTACGGG
- the construction qf the mnoff plasmid TAAGATTTTTT
for structure probing and primer
extension inhibition
reverse primer to amplify YPK 3388
KatY ro rev (katY) 5’-UTR + 60 bp from ATG;
- = reverse primer with EcoRYV site for pBO7238 | AAGATATCCGTAGGTGTATT
the construction of the runoff plasmid ATGTACAATGGC
for structure probing and primer
extension inhibition
mutagenesis forward primer to
katY rep fw introduce the mutation T31C into pBO6887 AAGGGGACTTATATATGTCA
YPK 3388 (katY) 5°-UTR AAAAAAATCTTACCCGT
mutagenesis reverse primer to
katY rep rev introduce the mutation T31C into pBO6887 ACGGGTAAGATTTTTTTTGA
CATATATAAGTCCCCTT

YPK_3388 (katY) 5--UTR
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mutagenesis forward primer to

Assembly

katY_derep_fw introduce the mutation TA31-32CT pBO6886 AAGGGGACTTATATATGTCT
into YPK_ 3388 (katY) 5°-UTR AAAAAAATCTTACCCGTA
mutagenesis reverse primer to
katY derep rev introduce the mutation TA31-32CT pBO6886 TACGGGTAAGATTTTTTTAG
into YPK_3388 (katY) 5°-UTR ACATATATAAGTCCCCTT
forward primer to amplify the
katY 5°-flank fw upstream region (468 bp) of pBO7212 TTTGTCGACTACGCCTTGTC
YPK_3388 (katY) for deletion of katY CAATGTCAG
reverse primer to amplify the
upstream region (468 bp) of
katY 5‘-flank rev | YPK 3388 (katY) with an overlapto | pBO7212 ATCCTCCCCTCTATTTAGAT
the downstream region (603 bp) of ATAAGTCCCCTTTAAC
katY for deletion of katY
forward primer to amplify the
downstream region (603 bp) of
katY 3’flank fw | YPK 3388 (katY) with an overlapto | pBO7212 GTTAAAGGGGACTTATATCT
the upstream region (468 bp) for AAATAGAGGGGAGGAT
deletion of katY
reverse primer to amplify the
katY 3’flank rev upstream region (603 bp) of pBO7212 TTTTCTAGATTCCTGAAATA
YPK_3388 (katY) for deletion of katY TACCCGTCGC
forward primer to check for
katY EP fw deletion/complementation of - CGGTAAGACAGGATTTCAGT
YPK_ 3388 (katY) AGGG
reverse primer to check for
katY EP rev deletion/complementation of - GACTAGGCTTCGGTACTATT
YPK 3388 (katY) GGTG
forward primer to check for
katY IP fw deletion/complementation of - CCTTACAGGCAATATCGCGC
YPK 3388 (katY)
reverse primer to check for
katY IP rev deletion/complementation of - GGGTTGATTTACGTAAACCC
YPK_ 3388 (katY) T
forward primer to linearize the
pBAD-His_fw pBAD-His A plasmid for NEB Hifi | pB07246 | GGTACCATATGGGAATTCGA
Assembly AG
reverse primer to linearize the pBAD-
pBAD-His_rev His A plasmid for NEB Hifi pBO7246 GGTATGGAGéAACAGTAGA
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forward primer to amplify the 5°-

KatY-His fw UTR of YPK_3388 (katY) plus k.atY pBO7246 TTTCCATGGGCCTTTTAGTT
- with a His-tag for complementation pBO7251 AAAGGGGACTT
of AkatY
reverse primer to amplify the 5’-UTR
KatY-His rey | Of YPK 3388 (katY) plus katY witha | pBO7246 TTTTTAGTGGTGATGGTGAT
- His-tag for complementation of pBO7251 GATGGTTATTTTTTATATCA
AkatY AAGCGATCA
forward primer to amplify the 5’-
UTR of YPK 3388 (katY) plus katY
katY pBAD fw with a His-tag and an overlap to the pB0O7246 CTCTACTGTTTCTCCATACC
pBAD-His plasmid for GCCTTTTAGTTAAAGGGGAC
complementation of AkatY
reverse primer to amplify the 5’-UTR
. OfYPK_3388 (katY) plus katY with a TCGAATTCCCATATGGTACC
His pBAD_rev | His-tag and an overlap to the pBAD- | pBO7246 | TTAGTGGTGATGGTGATGAT
His plasmid for complementation of G
AkatY
forward primer to linearize the
pDM4_1§;fY_Del pDM4- katY -deletion plasmid for pBO7251 ATATAAGTCCCCTTTAACTA
= NEB Hifi Assembly AAAGGC
reverse primer to linearize the pDM4-
pDM“—lr‘:tY—Del katA-deletion plasmid for NEB Hifi | pB0O7251 | CTAAATAGAGGGGAGGATT
eV Assembly TATC
forward primer to amplify the 5°-
UTR of YPK 3388 (katY) plus katY
katY_p I?M4_Del with a His-tag and an overlap to the pBO7251 AAATCCTCCCCTCTATTTAG
W pDM4- katY -deletion plasmid for TTAGTGGTGATGGTGATG
complementation of AkatY
reverse primer to amplify the 5’-UTR
katy pDM4 Del | OF YPK_3388 (kar?) plus karY with a TAGTTAAAGGGGACTTATAT
ey His-tag and an overlap to the pDM4- | pBO7251 | ATGTTAAAAAAAATCTTACC
- katY-deletion plasmid for cG
complementation of AkatY
forward primer to amplify YPK 4035
(trxA) short 5°-UTR with a T7 AGAAATTAATACGACTCACT
trxAshort_ro_fw | hromoter for the construction of the pBO68S7 | ATAGGGGAGATCAAAGAAT
runoff plasmid AACACCGT
reverse primer to amplify YPK 4035
(trxA) short 5’-UTR + 60 bp from
ATG; reverse primer with EcoRV GCCGGCATTATTATTATCGA
trxAshort _ro_rev | site for the construction of the runoff pBO68ST CAACGGG

plasmid for structure probing and
primer extension inhibition
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mutagenesis forward primer to BO6858 CTACTGTTGGTTAATGCTAC
trxAshort rep fw introduce the mutation A24T into pB 06859 TCCAACGAGGTAGACACAA
YPK 4035 (#rx4) 5-UTR p TC
mutagenesis reverse primer to BO6858 GATTGTGTCTACCTCGTTGG
trxAshort_rep rev introduce the mutation A24T into pB 06859 AGTAGCATTAACCAACAGTA
YPK_4035 (¢rxd) 5*-UTR P G
mutagenesis forward primer to GCTACACCAACGAGGTAGA
trxAlong_rep fw introduce the mutation A24T into pB06862 | CCCAATCCTTTGGAGTAGAA
YPK 4035 (#rx4) 5-UTR CA
mutagenesis reverse primer to TGTTCTACTCCAAAGGATTG
trxAlong_rep rev introduce the mutation A24T into pB0O6862 | GGTCTACCTCGTTGGTGTAG
YPK 4035 (trxA) 5°-UTR C
RT sodB fw forward primer for detection of i CTGCCGAAACGCTGGAATAC
=070 YPK_1863 (sodB) by qRT-PCR CATTATGG
RT sodB rev reverse primer for detection of i GATCTCTTCCAGTGATTTGC
- - YPK 1863 (sodB) by qRT-PCR CTGC
RT sodC fw forward primer for detection of i GGGATTGGTGGTTAATGCAG
- - YPK 3445 (sodC) by qRT-PCR ATGG
RT sodC rev reverse primer for detection of i CACCGCCAGCATGGATCATT
- - YPK 3445 (sodC) by qRT-PCR AAC
RT katA f forward primer for detection of i GACACCGACTATTTCTCTCA
- - YPK 2855 (katA) by qRT-PCR ACCACG
RT KatA rev reverse primer for detection of i GCTTCAGGAACTTGCGATAA
- - YPK 2855 (katAd) by qRT-PCR CTCACC
RT KatY fw forward primer for detection of i GGGCGAATAAACTGGAACT
- - YPK 3388 (katY) by qRT-PCR GACC
RT KatY rev reverse primer for detection of i CGTATTCGTCAACACACCAG
- - YPK 3388 (katY) by qRT-PCR CCTTAG
RT beaB fw forward primer for detection of bgaB i GACTGCAACTACTCCAGCTT
—0gab_ by QRT-PCR GGTTTG
RT beaB rev reverse primer for detection of bgaB i CTACTGCCAAACGAGAGAA
—08ab_ by qRT-PCR TGACACC
forward primer for detection of
RT nuoB fw YPK_1561 (n0B) by qQRT-PCR - GATCCTCTCGAGCAACATG
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reverse primer for detection of
RT nuoB rev YPK_1561 (nuoB) by qRT-PCR TAAAGCAGGTTCCGGCCA
forward primer for detection of
RT gyrB fw YPK_0004 (gy7B) by qQRT-PCR TCGCCGTGAAGGTAAAGTTC
reverse primer for detection of
RT gyrB rev YPK_0004 (297B) by QRT-PCR CGTAATGGAAGTGGTCTTCT
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