
Unravelling post-transcriptional PrmC-dependent
regulatory mechanisms in Pseudomonas aeruginosa.

Item Type Article

Authors Krueger, Jonas; Pohl, Sarah; Preusse, Matthias; Kordes, Adrian;
Rugen, Nils; Schniederjans, Monika; Pich, Andreas; Häussler,
Susanne

Citation Unravelling post-transcriptional PrmC-dependent regulatory
mechanisms in Pseudomonas aeruginosa. 2016, 18
(10):3583-3592 Environ. Microbiol.

DOI 10.1111/1462-2920.13435

Journal Environmental microbiology

Download date 23/05/2023 20:10:24

Item License http://creativecommons.org/licenses/by-nc-sa/4.0/

Link to Item http://hdl.handle.net/10033/620906

http://dx.doi.org/10.1111/1462-2920.13435
http://creativecommons.org/licenses/by-nc-sa/4.0/
http://hdl.handle.net/10033/620906


1 

 

Unravelling post-transcriptional PrmC-dependent regulatory mechanisms in 1 

Pseudomonas aeruginosa 2 

Jonas Krueger
1,3

, Sarah Pohl
1,2

, Matthias Preusse
1,2

, Adrian Kordes
1
, Nils Rugen

1
, Monika 3 

Schniederjans
1,2

, Andreas Pich
3#

, Susanne Häussler
1,2#

* 4 

Affiliations: 5 

1
Institute for Molecular Bacteriology, TWINCORE GmbH, Centre for Experimental and Clinical 6 

Infection Research, a joint venture of the Hannover Medical School and the Helmholtz Centre for 7 

Infection Research, Hannover, Germany. 8 

2
Department of Molecular Bacteriology, Helmholtz Center for Infection Research, Braunschweig, 9 

Germany. 10 

3
Research Core Unit Proteomics and Institute of Toxicology, Hannover Medical School, Hannover, 11 

Germany. 12 

#
Contributed equally 13 

*Corresponding author:  14 

Prof Dr. med. Susanne Häussler 15 

Institute for Molecular Bacteriology  16 

Twincore, Centre for Experimental and Clinical Infection Research, a joint venture of the Helmholtz 17 

Centre for Infection Research, Braunschweig and the Hannover Medical School 18 

Feodor-Lynen-str. 7, 30625 Hannover 19 

Tel: +49-531-6181-3000 20 

Fax: +49-531 6181-3099 21 

Email: susanne.haeussler@helmholtz-hzi.de 22 

 23 

Running Title:  24 

Post-transcriptional regulation in P. aeruginosa  25 



2 

 

Originality-Significance Statement 26 

By applying SILAC technology in combination with mRNA-sequencing we provide evidence that the 27 

regulatory control of translation termination via the methyltransferase PrmC influences target gene 28 

expression in the opportunistic pathogen Pseudomonas aeruginosa and has a major impact on the 29 

bacterial phenotype. The finding that a bias in stop codon usage determines the P. aeruginosa 30 

phenotype is unexpected and adds complexity even to well-studied regulatory circuits. Modulation 31 

of PrmC activity allows the bacterial cell to cross-regulate targets independently of transcriptional 32 

signals. It represents a post-transcriptional regulatory mechanism with an underestimated but major 33 

impact on the bacterial phenotype. 34 

Summary 35 

Transcriptional regulation has a central role in cellular adaptation processes and is well investigated. 36 

In contrast, the importance of the post-transcriptional regulation on these processes is less well 37 

defined. The technological advancements have been critical to precisely quantify protein and mRNA 38 

level changes and hold promise to provide more insights into how post-transcriptional regulation 39 

determines phenotypes. In Pseudomonas aeruginosa the methyltransferase PrmC methylates 40 

peptide chain release factors to facilitate translation termination. Loss of PrmC activity abolishes 41 

anaerobic growth and leads to reduced production of quorum sensing-associated virulence factors. 42 

Here, by applying SILAC technology in combination with mRNA-sequencing, we provide evidence that 43 

the P. aeruginosa phenotype can be attributed to a change in protein to mRNA ratios of selected 44 

protein groups. The UAG-dependent translation termination was more dependent on PrmC activity 45 

than the UAA- and UGA-dependent translation termination. Additionally, we found a bias towards 46 

UAG stop codons in global transcriptional regulators. The finding that this bias in stop codon usage 47 

determines the P. aeruginosa phenotype is unexpected and adds complexity to regulatory circuits. 48 

Via modulation of PrmC activity the bacterial cell can cross-regulate targets independently of 49 

transcriptional signals, a process with an underestimated impact on the bacterial phenotype. 50 
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Introduction 51 

The ability of bacteria to adapt to various environmental conditions is one reason for their 52 

evolutionary success. A prime example for effective adaptability is the Gram-negative bacterium 53 

Pseudomonas aeruginosa, which is a ubiquitous environmental bacterium and an opportunistic 54 

human pathogen. It plays a dominant role as the causative agent of often devastating hospital-55 

acquired infections. Furthermore, P. aeruginosa is frequently recovered from biofilm-associated 56 

chronic persistent infections (Bodey et al., 1983; Costerton et al., 1999; Foxman, 2010). Today, P. 57 

aeruginosa is the most prevalent pulmonary pathogen in cystic fibrosis (CF) patients (Folkesson et al., 58 

2012). P. aeruginosa persists in the lungs of these patients within biofilms, which provide protection 59 

against antimicrobial therapy and the host immune response. Chronic respiratory tract infections in 60 

CF are associated with ongoing inflammation and changes in the structure and function of the 61 

affected organ and thus largely determine morbidity and mortality. The increasing development of 62 

multi-drug resistant P. aeruginosa isolates aggravates the management of acute and chronic 63 

infections and further restricts therapy options (Breidenstein et al., 2011). 64 

P. aeruginosa is well-known for its remarkable adaptability to various and changing environmental 65 

conditions. Survival in altering habitats is largely reflected by changes in the transcriptional profile 66 

and a complex network of transcriptional regulators governs e.g. the switch of bacterial lifestyles 67 

from a unicellular planktonic to a multicellular biofilm state as well as the production of virulence 68 

factors (Jimenez et al., 2012). Although transcriptional regulation is a key step in the control of 69 

bacterial gene expression, post-transcriptional regulation seems to play a larger role than previously 70 

expected. Examples of post-transcriptional regulators are small regulatory RNAs (sRNAs) or the 71 

CsrA/RsmA system which both are involved in highly sophisticated regulatory circuits (Wassarman, 72 

2002; Ventre et al., 2006; Brencic and Lory, 2009; Romeo et al., 2013). Also the modification of the 73 

translation machinery can affect RNA processing and thus represents a post-transcriptional 74 

regulatory mechanism (Pustelny et al., 2013; Shi et al., 2015; Little et al., 2016). The 75 

methyltransferase PrmC methylates class one peptide chain release factors (PrfA, PrfB) on a 76 



4 

 

glutamine residue of the GGQ motif in various bacteria including Escherichia coli and P. aeruginosa 77 

(Heurgue-Hamard et al., 2002; Nakahigashi et al., 2002; Scarlett et al., 2003; Pustelny et al., 2013). 78 

These release factors are responsible for the termination of translation at the stop codons UGA, UAA 79 

and UAG (Mora et al., 2007). Deletion of PrmC results in inefficient translation termination and thus 80 

downstream sequences are translated which may also include frameshifts (Nakahigashi et al., 2002; 81 

Mora et al., 2007). However, rather than generally determining bacterial fitness and growth as a 82 

result of inefficient translation termination, loss of PrmC seems to affect specifically bacterial 83 

pathogenicity and environmental adaptability. For example a VagH (PrmC-orthologue) deficient 84 

Yersinia pseudotuberculosis mutant was demonstrated to exhibit an avirulent phenotype similar to a 85 

type 3 secretion system (T3SS) negative mutant, and thus it was suggested that absence of VagH 86 

affects expression of the T3SS (Garbom et al., 2007). In addition, prmC gene expression was shown to 87 

be increased in Porphyromonas gingivalis and E. coli under in vivo conditions (Park et al., 2004; John 88 

et al., 2005), indicating a potential regulatory function of PrmC that drives pathogenicity. In P. 89 

aeruginosa, PrmC deficiency resulted in a quorum sensing (QS)-independent reduction of virulence 90 

factor synthesis, e.g. pyocyanine, rhamnolipids and a lower production of secreted toxins (Pustelny 91 

et al., 2013). However, how PrmC selectively affects pathogenicity in P. aeruginosa remained 92 

unknown.  93 

In order to address this question, we used stable isotope labeling by amino acids in cell culture 94 

(SILAC) in combination with shotgun proteomics and data dependent mass spectrometry (MS) 95 

analysis to determine the impact of PrmC on global P. aeruginosa protein biosynthesis. SILAC is a 96 

metabolic labeling strategy and well-established for quantitative proteome analysis in eukaryotic 97 

cells (Ong et al., 2002), whereas its application for the analysis of bacterial systems has remained 98 

very limited (Soufi et al., 2010; Ping et al., 2013; Jung et al., 2014; Boysen et al., 2015; Chua et al., 99 

2016). In this study we adapted the SILAC technique to quantify even small magnitude effects in the 100 

P. aeruginosa proteome and characterized global effects of PrmC deficiency. This comparative 101 

proteome analysis was furthermore combined with RNA-seq data in order to precisely decipher 102 
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transcriptional and post-transcriptional PrmC-dependent changes and thus provide a detailed view 103 

on the mode of action of PrmC.  104 

Results 105 

Previous studies revealed a strikingly attenuated phenotype of the PrmC deficient P. aeruginosa 106 

PA14 mutant in the Galleria mellonella infection model (Pustelny et al., 2013). This might be 107 

explained by a reduced production of many QS-dependent virulence factors despite normal levels of 108 

the QS signaling molecules and/or the inability of the mutant to grow under anaerobic conditions 109 

(Pustelny et al., 2013). In order to gain more insights into the molecular mechanisms underlying the 110 

attenuation of the PrmC deficient P. aeruginosa PA14 mutant, we adapted the metabolic labeling 111 

strategy SILAC in combination with shotgun proteomics in the P. aeruginosa PA14 strain. 112 

Adaption of SILAC based protein quantification in P. aeruginosa 113 

Sufficient and efficient labeling of peptides by stable isotopic labeled amino acids is an absolute 114 

prerequisite for global protein quantification using SILAC. Auxotrophy for the amino acids lysine and 115 

arginine ensures high incorporation rates of exogenously added stable isotopic labeled equivalents in 116 

eukaryotes (Ong et al., 2002; Dreisbach et al., 2008). Therefore, the first P. aeruginosa SILAC 117 

experiments in this study were performed in a PA14 lysAargB double mutant, which is auxotroph 118 

for both amino acids. However, when 
13

C6
15

N2-L-lysine (lys8) and 
13

C6
15

N4-L-arginine (arg10) were 119 

exogenously added, the identification rate of proteins decreased in this auxotrophic mutant over 120 

time (Figure S1). Since a successful application of lys8 protein labeling has previously been described 121 

for prototroph yeast and E. coli (Frohlich et al., 2013), we next fed the PA14 wild-type strain with lys8 122 

only. However, again no stable identification rates could be obtained (Figure S1). To avoid lysine 123 

degradation and reincorporation of heavy stable isotopes into amino acids other than lysine, the 124 

PA14 tnldcC transposon mutant from the Harvard PA14 mutant library was selected (Liberati et al., 125 

2006), which lacks a functional LdcC protein involved in degradation of lysine (Chou et al., 2010). The 126 

number of identified proteins remained constant following lys8 protein labeling in this mutant and 127 
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the stability of stable isotopic labeled lysine was ensured (Figure S1). By extending the exposure time 128 

of the bacteria to the labeled amino acid a SILAC incorporation efficiency of 98 % was reached that 129 

nearly reflected the isotopic purity of 
15

N and 
13

C in lys8. In conclusion, lys8 was used for protein 130 

labeling and combined with LysC digestion (Figure S2) for quantitative proteome analysis in P. 131 

aeruginosa. 132 

Robustness of SILAC to quantify even small magnitude effects in the P. aeruginosa 133 

proteome 134 

We next investigated the robustness of SILAC based protein quantification in P. aeruginosa and 135 

determined the overall degree of variation of the quantified proteins between biological replicates. 136 

We therefore grew two PA14 tnldcC cultures under identical conditions and supplemented one with 137 

unlabeled (lys0) and the other with labeled (lys8) lysine. We extracted the proteins from lys0 and lys8 138 

labeled bacteria, mixed them in a 1:1 ratio and subjected them to shotgun proteomics to determine 139 

labeled/unlabeled protein ratios. We calculated the threshold for reliable fold-changes in protein 140 

abundance to be a ratio of 1.2 which corresponds to a 95 % confidence interval of all protein ratios 141 

(Figure S3). 142 

Quantitative, PrmC dependent proteome analysis  143 

We used the adapted SILAC technique to evaluate whether production of P. aeruginosa proteins and 144 

particular those that drive pathogenicity were affected by expression of the release factor 145 

methyltransferase PrmC. We therefore performed comparative proteomics of the 146 

PA14 tnprmC strain harboring the empty vector as control (tnprmC) against the PA14 tnprmC mutant 147 

complemented with the prmC gene in trans (tnprmC::prmC) in order to ensure measurement of 148 

PrmC-dependent effects in the identical strain background. The lys8 labeled proteins extracted from 149 

the PA14 tnldcC mutant (tnldcC) were used as spike in  standard (Geiger et al., 2011). Therefore the 150 

tnprmC and tnprmC::prmC samples were mixed with the heavy labeled reference and analyzed 151 

individually by liquid chromatography (LC)-MS/MS analysis. Ratios between the heavy labeled spike 152 
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in  proteins and the unlabeled proteins from the samples were generated and compared to 153 

determine the final ratios for the relative protein abundance of the tnprmC versus tnprmC::prmC 154 

samples (Fig. 1). Replicates were plotted against each other to evaluate the biological reproducibility 155 

of protein changes. All replicates showed high correlation (Squared Pea so ’s o elatio  oeffi ie t 156 

of 0.87-0.93, Figure S4). 157 

Among the overall 2722 detected and quantified proteins, 1699 proteins were found in all three 158 

replicates of the tnprmC and tnprmC::prmC strains (listed in Table S1). Contrary to the 2D-based 159 

proteome analysis, which revealed only 26 quantified proteins (Pustelny et al., 2013), this extensive 160 

data set enables global similarity analysis of termination sequences. In the SILAC based analysis we 161 

observed 94 proteins with a significant higher abundance and 296 proteins with a significant lower 162 

abundance in the tnprmC mutant (p-value  0.05; Fig. 2). This highlights that in general PrmC deletion 163 

negatively affects the protein translation in P. aeruginosa. In accordance with the previous 164 

observation of a lower virulence factor production in tnprmC (Pustelny et al., 2013), the mutant 165 

produced lower levels of e.g. proteins involved in phenazine biosynthesis (PhzM, PhzB1, PhzB2, PhzS, 166 

PhzE2, PhzD2; Table S1) and of enzymes for rhamnolipid synthesis (RhlB, RmlC; Table S1).  167 

Proteome-transcriptome correlation  168 

Changes on protein level in the tnprmC mutant may be the direct result of a translational termination 169 

deficiency. However, if protein levels of e.g. transcriptional regulators were affected, those might 170 

transcriptionally affect downstream targets and thus may lead to lower corresponding protein levels 171 

as a secondary effect of inefficient translation termination. We therefore also acquired RNA-seq data 172 

in order to examine the correlation between protein and mRNA abundance (Table S2). 173 

We first compared the mRNA data of the tnprmC::prmC strain with its global protein quantification 174 

data (Table S3). A correlation analysis revealed a squared Pea so ’s correlation coefficient of 0.20 of 175 

protein to mRNA abundance (Figure S5). Nevertheless, in the group of genes that exhibited a high 176 

protein to mRNA ratio (upper 25% of the genes) the functional PseudoCAP categories amino acid 177 
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sy thesis a d eta olis , e e gy eta olis  a d fatty a id a d phospholipid eta olis  178 

were enriched. Vice versa in the group of genes that exhibited a low protein to mRNA ratio (lower 179 

25% of the genes) the functional categories secreted factors (toxins, enzymes, alginate) , 180 

tra s iptio al egulato s  a d t o o po e t egulato y syste  e e e i hed (Figure S5).  181 

We also recorded the transcriptional profile of tnprmC mutant and compared it to the RNA-seq data 182 

of tnprmC::prmC strain. We observed 90 genes with a significantly higher expression and 183 genes 183 

with a significantly lower expression in the tnprmC mutant (adjusted p-value  0.05, (Anders and 184 

Huber, 2010), genes are listed in Table S2). Among the latter were genes involved in phenazine 185 

biosynthesis and other QS-regulated genes. This indicates that the lower levels of QS-dependent 186 

virulence factors in the prmC mutant are due to lower mRNA abundances and not necessarily due to 187 

an inefficient translation termination of the respective mRNAs. 188 

In order to identify those proteins that are directly post-transcriptionally influenced by PrmC, the 189 

protein to mRNA correlation ratios were calculated for tnprmC and tnprmC::prmC. Therefore, all 190 

quantified proteins (1699) were assigned to the corresponding mRNA data. The high correlation 191 

coefficient (r
2
=0.92) indicates that most of the ratios were independent of the presence of PrmC. 192 

However, some proteins diverged and exhibited PrmC-dependent higher or lower protein abundance 193 

in relation to the level of the corresponding mRNA (Fig. 3). 194 

One would expect a lower protein to mRNA ratio if mRNA was not sufficiently translated due to 195 

inefficient translation termination in the tnprmC mutant. Those 100 genes that exhibited the lowest 196 

PrmC-dependent ratio between protein and mRNA (top100 low) are listed in Table S4. The 100 genes 197 

with the highest ratio between protein and mRNA are listed in Table S5 (top100 high). Interestingly, 198 

genes of the functional PseudoCAP atego y Chape o es & heat sho k p otei s  were highly 199 

enriched in the top100 high group, whereas genes of the functional category T a spo t of s all 200 

ole ules  e e e i hed i  the top  low group (Figure S6). 201 
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Among the top100 low group of proteins we did not identify a transcriptional regulator of one of the 202 

P. aeruginosa QS-systems that might directly explain the lower production of virulence factors in the 203 

tnprmC mutant. However, the global regulator DNR was identified at lower protein levels in the 204 

tnprmC mutant. DNR controls the expression of several denitrification genes (Giardina et al., 2011). 205 

Under anaerobic conditions, nitrate or nitrite are used as the terminal electron acceptor in P. 206 

aeruginosa. Since the tnprmC mutant has previously been shown to be severely affected under 207 

anaerobic conditions, we complemented the tnprmC mutant with the DNR gene in trans 208 

(tnprmC::dnr) and determined growth under anaerobic conditions. As shown in Fig. 4A the tnprmC 209 

mutant could be indeed partially rescued by dnr complementation under anaerobic growth 210 

conditions in glucose containing medium. Incomplete complementation might be explained by 211 

inefficient dnr translation even if the transcript level is increased. However, restoration of anaerobic 212 

growth via dnr expression in trans was not sufficient to compensate the lower virulence of the 213 

tnprmC mutant in the Galleria mellonella infection model (Fig. 4B). Interestingly the infection assay 214 

revealed that pyocyanine production is not required for full pathogenicity. 215 

prmC is differentially regulated under diverse environmental conditions 216 

If the activity of PrmC impacts on post-transcriptional regulatory processes, it is reasonable to 217 

assume that prmC itself might be subject to regulation by environmental cues. We therefore re-218 

analyzed previously recorded data on mRNA expression levels in PA14 grown under 14 different 219 

conditions (Dotsch et al., 2015). Indeed, prmC was significantly differentially expressed under 220 

following conditions as compared to exponential growth phase (in LB medium): stationary growth 221 

phase, attachment experiments in M9 minimal medium (Godeke et al., 2012), heat shock at 42 °C or 222 

50 °C , in vivo growth within a mouse tumor and iron deficiency (Figure S7). The changes in prmC 223 

transcript level could be caused by a differential in transcription initiation or in mRNA stability. We 224 

also quantified prmC mRNA levels in 369 clinical P. aeruginosa isolates. There was a high coefficient 225 

of variation (CV) for prmC of 0.36 across all isolates. This CV value was significantly higher than that 226 

of six housekeeping genes (proC, rpoD, nuoD, ppsA, nadB, mutL) (Figure S8). Remarkably, heat shock 227 
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proteins were enriched in the top100 high group of PrmC-dependent protein to mRNA ratios. Thus, 228 

as prmC expression is affected by heat shock, this regulatory mechanism might allow for an 229 

optimized translation efficiency of heat shock proteins after heat shock treatment. 230 

The UAG stop codon is enriched in genes with low PrmC-dependent protein to mRNA ratio 231 

Since PrmC is involved in the activation of peptide chain release factors that are important to 232 

terminate translation at the UAG, UAA, or UGA stop codons, we explored whether there is a 233 

difference in the frequency of the three stop codons in the top100 low versus the top100 high group 234 

of genes. Indeed, the UAG codon was enriched in the top100 low group. Thus, overall efficient UAG-235 

dependent translational termination of mRNAs seemed to be more dependent on the methylation of 236 

peptide chain release factors than UAA- and UGA-dependent translation termination (Fig. 5). Next, 237 

distinct functional PseudoCAP gene categories were analyzed for their stop codon preference. 238 

Interestingly, an enrichment of the UAG stop codon was found i  the atego y transcriptional 239 

egulato s  (Figure S9). This enrichment is particularly noteworthy, since changes in the abundance 240 

of transcription factors have major effects on the cellular protein profile. Concordant with the 241 

PseudoCAP enrichment of the atego y chape o es & heat sho k p otei s  in the top100 high 242 

group, the analysis revealed a low UAG but a high UAA stop codon frequency, indicating that the UAA 243 

stop codon is less associated with PrmC deficiency.  244 

PrmC deletion results in higher readthrough rates of translation associated proteins 245 

The MS-raw data were reanalyzed and scanned for C-terminal successional peptides to determine 246 

whether global readthrough events were more frequent in PA14 tnprmC. In total, 273 proteins with 247 

readthrough events were detected; 63 readthrough peptides were found in frame, 97 with a +1 248 

frameshift and 153 with a +2 frameshift. All these peptides were identified as specific LysC peptides 249 

and had an average Andromeda peptide ion score of 109 indicating highly specific detection (Cox et 250 

al., 2011). The intensities of readthrough peptides of the tnprmC strain were compared with that of 251 

tnprmC::prmC to identify whether they are PrmC-dependent. Despite the role of PrmC in the 252 
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activation of the peptide chain release factor, most of these readthrough events were detected 253 

independently of prmC expression. Nevertheless, 23 readthrough events could be detected 254 

exclusively in the PA14 tnprmC strain in at least two of three replicates (in frame: 5 proteins; +1 255 

frameshift: 9 proteins; +2 frameshift: 9 proteins; Table S6, Table S7, Table S8), whereas only three 256 

readthrough events were detected exclusively in at least two replicates of the tnprmC::prmC strain 257 

(in frame: 0, +1 frameshift: 2 and +2 frameshift: 1). Of note, 18 of these PrmC deficiency dependent 258 

peptides, were detected in the low molecular weight fraction of the SDS gel and thus were separated 259 

from the mature proteins. This indicates that proteins with readthrough events upon PrmC deletion 260 

are more likely degraded by endogenous proteases. 261 

Discussion 262 

The capability of P. aeruginosa to strive in various and challenging habitats is facilitated by its 263 

versatile metabolic capacity, which is controlled by environment-driven flexible changes in the 264 

transcriptional profile. Although transcriptional regulation is the major key in control of bacterial 265 

gene expression, post-transcriptional regulation seems to play a much larger role than previously 266 

anticipated. 267 

With the aim to shed more light on post-transcriptional regulation in the opportunistic human 268 

pathogen P. aeruginosa, we adapted SILAC technology to precisely quantify protein abundances in 269 

this organism and analyzed the effect of PrmC on protein and corresponding mRNA levels. PrmC 270 

methylates class one peptide chain release factors (PrfA, PrfB) which control efficient termination of 271 

translation (Heurgue-Hamard et al., 2002; Nakahigashi et al., 2002; Pustelny et al., 2013). Altered 272 

PrmC protein levels are therefore expected to result in global proteomic changes. We have 273 

previously characterized the P. aeruginosa PA14 tnprmC mutant (Pustelny et al., 2013) which did not 274 

exhibit a growth defect under aerobic conditions. However, the PrmC protein was found to be 275 

essential for growth under anaerobic conditions and pathogenicity of P. aeruginosa in the Galleria 276 

mellonella infection model (Pustelny et al., 2013).  277 
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In this study, we detected and quantified as many as 1910 proteins in P. aeruginosa PA14 following 278 

lys8 labeling in a LC-MS/MS based shotgun proteome analysis. Remarkably, auxotrophy for lysine 279 

was not necessary to reach incorporation rates of more than 98 %. These results are in accordance 280 

with a study of Fröhlich et al. demonstrating that stable isotopic labeled lysine can be used as a 281 

labeling strategy for protein quantification experiments of prototroph microorganisms (Frohlich et 282 

al., 2013). However, in this study the prevention of P. aeruginosa lysine degradation seemed to be 283 

important to ensure stable labeling with lys8.  284 

Various studies in bacteria and eukaryotes revealed a rather low correlation of protein and mRNA 285 

levels, which might indicate the importance of post-transcriptional regulation (Maier et al., 2009; Wu 286 

et al., 2013; Kwon et al., 2014; Borirak et al., 2015). In this study, the application of RNA-seq and 287 

SILAC-based protein quantification allowed for the detailed analysis of mRNA to protein ratios in P. 288 

aeruginosa and uncovered direct and indirect PrmC induced changes in the protein profile. The 289 

overall high correlation of the ratio of mRNA to protein levels in the prmC mutant as compared to the 290 

complemented P. aeruginosa strain clearly demonstrated that PrmC-dependent changes on 291 

translation efficiencies of mRNAs is not a common effect on all proteins but is rather selective. Our 292 

study additionally revealed that prmC is differentially regulated under various environmental 293 

conditions, e.g. after heat shock treatment. Remarkably, heat shock proteins were enriched in the 294 

top100 high group of PrmC-dependent protein to mRNA ratios. Thus, this regulatory mechanism 295 

seems to allow for an optimized translation efficiency of heat shock proteins after heat shock 296 

treatment. 297 

Global regulators have recently been suggested to be subject of extensive post-transcriptional 298 

regulation in bacteria (Schmidt et al., 2016). Here we found that translation of the mRNA of selected 299 

genes was dependent on PrmC function. This bias can at least in part be explained by a differential 300 

use of stop codons in affected mRNA. Intriguingly, on a global scale the use of stop codon UAG 301 

entailed a lower and the UAA stop codon a trend to a higher PrmC-dependent protein to mRNA ratio. 302 

Interestingly, transcriptional regulators exhibit an overall higher content of UAG stop codons. Our 303 



13 

 

finding that the UAG stop codon is responsible for a differential translational termination efficiency 304 

upon PrmC deletion is supported by studies of Mora et al. (Mora et al., 2007). They clearly presented 305 

that the readthrough rate in E. coli strongly increases upon PrmC deletion if UAG terminates the 306 

open reading frame. Despite the general trend, not all of the mRNAs encoding for proteins that were 307 

negatively affected by PrmC deficiency harbored UAG as the stop codon and not all mRNAs that were 308 

more efficiently translated harbored the UAA stop codon. Other factors play a role in the PrmC-309 

dependent changes on protein to mRNA ratios. The identity of the adjacent codons might very well 310 

aggravate or mitigate the effect of PrmC-dependent translation termination efficiency at the various 311 

stop codons. Furthermore, C-terminal elongation of proteins due to stop codon readthrough might 312 

be neutral, but they might also stabilize or destabilize the protein. Moreover, the readthrough might 313 

not be complete and, for an individual protein, a fraction might be correctly terminated (Mora et al., 314 

2007). This could vary from protein to protein and also under changing environmental conditions. In 315 

P. aeruginosa at least some of the PrmC-dependent changes in protein abundance seem to be due to 316 

a destabilization of the protein, since we detected the major part of readthrough peptides upon 317 

PrmC deletion in the lower molecular weight fraction. The artificially extended proteins may also be 318 

nonfunctional because of misfolding. Notably, Beznoskov et al. and Eswarappa et al. reported 319 

programmed readthrough in yeast and mammalian endothelial cells, respectively (Eswarappa et al., 320 

2014; Beznoskova et al., 2015). Their results indicate that certain proteins acquire new or differing 321 

functions by C-terminal extension. This could also apply for bacterial proteins and would indicate 322 

new ways of post-transcriptional regulatory mechanisms.  323 

In conclusion, by using advanced protein profiling technology we uncovered a mechanism of gene 324 

regulation that is based on a bias in stop codon usage in selected functional groups of genes. 325 

Modulating the activity of PrmC and thus readthrough events at defined stop codons that impact 326 

protein stability adds complexity even to well-studied regulatory circuits. This strategy allows the 327 

bacterial cell to cross-regulate targets independently of transcriptional signals, a process with an 328 

underappreciated but major impact on the bacterial phenotype. 329 
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Materials and methods 330 

Bacterial strains, media and growth conditions 331 

Strains, plasmids, and primers that were used in this study are listed in Table S9. All chemicals were 332 

provided by Sigma-Aldrich or Carl Roth unless otherwise stated. PA14 strains were cultured in 333 

modified M9 medium containing 42.2 mM Na2HPO4 x 2 H2O, 22 mM KH2PO4, 18.7 mM NH4Cl, 8.6 mM 334 

NaCl, 1 mM MgS04, 0.1 mM CaCl2, 20 mM Glucose, 10 µM Fe(II)sulfate and 0.1 mM of each of the 335 

20 canonical amino acids except lysine and arginine unless otherwise stated. Isotopic labeled amino 336 

acids or unlabeled counterparts were used at the following concentrations: 
13

C6
15

N2-L-lysine (lys8): 337 

1.368 mM; 
13

C6
15

N4-L-arginine (arg10, both SILANTES): 0.949 mM. For anaerobic growth experiments, 338 

strains were precultivated in Luria broth (LB) medium. Washed and concentrated precultures were 339 

used to inoculate main cultures in Hungate tubes containing PYG-KNO3 medium (modified from 340 

http://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium104.pdf: 20 g/l casein 341 

hydrolysate, 10 g/l yeast extract, 10 g/l glucose, 500 mg/l cysteine-HCl, 10 mg/l CaCl2 x 2 H2O, 342 

20 mg/l MgSO4 x 7 H2O, 40 mg/l K2HPO4, 40 mg/l KH2PO4, 400 mg/l NaHCO3, 80 mg/l NaCl,   M 343 

KNO3, distributed under N2) to a start OD600 of 0.01. Growth was monitored by taking samples of 344 

100 µl with a cannula and subsequent OD600 measurement. Incorporation efficiency of lys8 into the 345 

proteome of the tnldcC mutant was determined by preparation of 10 mL precultures in modified M9 346 

medium either supplemented by lys0 or lys8. Each preculture was used to inoculate a main culture 347 

supplemented with lys8 with a start OD600 of 0.05. Cells were harvested after 6 and 9.5 hours 348 

incubation at 37 °C and 180 rpm. Each sample was prepared in triplicates. To obtain protein extracts 349 

and mRNA samples for comparative quantitative LC-MS/MS analysis and RNA-seq, cultures of the 350 

strains tnprmC and tnprmC::prmC were harvested at an OD600 of 2. To generate heavy labeled protein 351 

as internal standard, tnldcC cells were grown in the same defined M9 medium but containing stable 352 

isotope labeled lys8 instead of lys0 up to an OD600 of 2. Before protein extraction, the tnprmC and the 353 

complemented mutant cells were mixed 1:1 with lys8 labeled tnldcC spike-i . Carbenicillin was 354 

added to a final concentration of 400 µg/ml to strains harboring the pUCP20 plasmid. 355 
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Preparation of LC-MS/MS samples, LC-MS/MS analysis and data processing 356 

Bacterial cells were lysed by SDS-lysis buffer (20 mM TRIS-HCl, pH 6.8, 2% SDS, 6.8% glycerol, 20 mM 357 

DTT, 1x Protease inhibitor (Roche)) and subsequent sonification. Extracted proteins were fractionized 358 

by SDS-PAGE and conducted for in gel digestion using LysC (Wako Chemicals). Measurement of 359 

peptide samples was performed as described previously (Schroder et al., 2015) with minor changes 360 

using a reversed phase nanoflow ultrahigh pressure liquid chromatography (RSLC) system (Thermo 361 

Fisher Scientific) and an LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific). The raw 362 

files generated by LC-MS/MS analysis were further processed using the MaxQuant software package 363 

(version 1.5.2.8) (Cox and Mann, 2008). Mapping of detected fragments to peptide sequences was 364 

performed by the implemented search engine Andromeda (Cox et al., 2011) using a self-made 365 

database of combined P. aeruginosa strain PA14 annotated entries of UniProt database and 366 

Pseudomonas Genome Database (Winsor et al., 2011; UniProt, 2014). The resulting txt-file containing 367 

the identified proteins was further processed by spreadsheet application Excel (Microsoft). For more 368 

detailed information see Materials and Methods S1. 369 

Comparative transcriptome analysis  370 

RNA samples were extracted from the same P. aeruginosa cultures as the samples for proteome 371 

analysis. RNA was extracted from cell pellets using the RNeasy Mini Kit (Qiagen) in combination with 372 

Qiashredder columns (Qiagen) according to the manufacturer's instruction with some modifications. 373 

For removal of ribosomal RNA the Ribo-Zero Bacteria Kit (Illumina) was used and cDNA libraries were 374 

generated with the ScriptSeq v2 Kit (Illumina). The samples were sequenced in single end mode on 375 

an Illumina HiSeq 2500 device involving 50 cycles. Mapping was performed using stampy (Lunter and 376 

Goodson, 2011) and testing for differential expression was performed with the R package DESeq 377 

(Anders and Huber, 2010). For transcriptome analysis only two biological replicates for each strain 378 

were used. Adjusted p-values for differential gene expression were calculated as described by Anders 379 

and Huber (Anders and Huber, 2010). 380 
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Analysis of readthrough events in tnprmC cells 381 

In order to identify readthrough events upon prmC deletion, raw files of the proteome analysis were 382 

reanalyzed by MaxQuant. Therefore, multiplicity was set to 1. Instead of the existing PA14 database 383 

containing known coding sequences, three new databases were prepared containing the in frame, 384 

+1 frameshift and +2 frameshift protein sequences starting from the amino acid after the first lysine 385 

downstream of the stop codon to at least 50 amino acids downstream of the stop codon plus the 386 

sequence to the next lysine of the translated non-coding region. Only peptide sequences without 387 

stop codons and only unlabeled peptides were considered. For comparison of tnprmC and 388 

tnprmC::prmC, only proteins with detected peptides with intensities in at least two of the three 389 

tnprmC replicates and no intensities in all of the tnprmC::prmC replicates were considered.  390 
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Figures 531 

 532 

Figure 1. “ILAC spike i  expe i e t fo  glo al p otei  ua tifi atio  i  P. aeruginosa. For 533 

quantitative proteome analysis the cultures of the PA14 tnprmC transposon mutant either 534 

complemented with pUCP20::EV (tnprmC) or pUCP20::prmC (tnprmC::prmC) were mixed 1:1 with the 535 

lys8 labeled PA14 tnldcC standard (tnldcC). Subsequently cells were lyzed, proteins fractionized by 536 

SDS-PAGE and in gel digested by LysC. LC-MS/MS analysis was performed and resulting raw data 537 

were processed by MaxQuant (Cox and Mann, 2008). To generate tnprmC to tnprmC::prmC ratios, 538 

the i di idual atios to the spike i  sta da d e e o i ed. 539 

  540 
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 541 

Figure 2. Volcano plot depicting PrmC-dependent changes of protein abundance in PA14. Squares 542 

represent proteins which are significantly lower abundant in the PA14 tnprmC transposon mutant 543 

complemented with pUCP20::EV (tnprmC) compared to PA14 tnprmC complemented with 544 

pUCP20::prmC (tnprmC::prmC, Stude t’s t-test p 0.05) with a ratio (tnprmC/prmC::prmC) 0.83. 545 

Triangles represent proteins which are significantly higher abundant in the tnprmC mutant with a 546 

ratio 1.2. Circles represent proteins which have either no differential abundance (ratio <1.2; ratio 547 

>0.83) or exhibit no significant change (p>0.05) in abundance. n=3 for this experiment.  548 

  549 
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 550 

Figure 3. Correlation of PrmC-dependent protein to mRNA ratios. The protein (P) to mRNA (T) ratios 551 

of the PA14 tnprmC transposon mutant either complemented with pUCP20::EV (tnprmC) or 552 

pUCP20::prmC (tnprmC::prmC) were calculated and plotted against each other . Most of the protein 553 

to mRNA ratios did not significantly differ between the two strains, indicating that the ratios were 554 

independent of the presence of PrmC. PrmC-dependent protein to mRNA ratios were calculated by 555 

dividing protein ratios (tnprmC/tnprmC::prmC) by mRNA ratios. Squares represent the 100 proteins 556 

exhibiting the lowest values for the ratio between protein to mRNA ratios (top100 low, S3 Table). 557 

Diamonds represent 100 proteins exhibiting the highest values for the ratio between protein to 558 

mRNA ratios (top100 high, S4 Table). R
2
 i di ates s ua ed Pea so ’s o elatio  oeffi ie t. 559 
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 561 

Figure 4. Complementation of the tnprmC mutant by DNR. (A) For monitoring PrmC and DNR 562 

dependent anaerobic growth behavior in Pyg medium, OD600 was measured. Anaerobic cultures were 563 

inoculated by PA14 wt or tnprmC strains complemented either with pUCP20::EV or pUCP20::dnr. For 564 

negative control the wt strain was cultivated without KNO3; n=3 for the experiment. Data points are 565 

presented as mean ±SD. The * indicates significantly altered values between tnprmC::EV and 566 

tnprmC::dnr with a p- alue  . 5 as dete i ed y “tude t’s t-test. (B) To test the PrmC and DNR 567 

dependent pathogenicity of PA14 the Galleria mellonella virulence assay (Jander et al., 2000) was 568 

applied with minor changes. Larvae were infected with 50 cells of PA14 wt, tnpqsA or tnprmC 569 

complemented either with pUCP20::EV or pUCP20::dnr or PBS as negative control. Survival rates of 570 

30 larvae per strain (10 per replicate, n=3) were determined by video monitoring. Mortality time 571 

point was asserted by melanization of the cuticle and lack of movement for at least 20 min. 572 

Significance was determined by Kaplan Meier estimation (Kaplan and Meier, 1958).  573 
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 574 

Figure 5. Stop codon usage is responsible for PrmC-dependent changes in the translation efficiency. 575 

An enrichment analysis for the three stop codons UGA, UAA and UAG was performed in the top100 576 

low and the top100 high groups (as defined in Fig. 3) in comparison to all genes quantified on the 577 

protein level as the control. The * indicates significantly altered values with a p- alue  . 5 as 578 

determined by hypergeometric distribution. 579 


