

[image: image1]
The Cpx Stress Response Regulates Turnover of Respiratory Chain Proteins at the Inner Membrane of Escherichia coli












	 
	ORIGINAL RESEARCH
published: 28 January 2022
doi: 10.3389/fmicb.2021.732288





[image: image]

The Cpx Stress Response Regulates Turnover of Respiratory Chain Proteins at the Inner Membrane of Escherichia coli

Valeria Tsviklist1, Randi L. Guest2 and Tracy L. Raivio1*

1Department of Biological Sciences, University of Alberta, Edmonton, AB, Canada

2Lewis Thomas Laboratory, Department of Molecular Biology, Princeton University, Princeton, NJ, United States

Edited by:
Cristina Mazzoni, Sapienza University of Rome, Italy

Reviewed by:
Sujeet Kumar, The Ohio State University, United States
Viviana Andrea Rapisarda, Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET), Argentina

*Correspondence: Tracy L. Raivio, traivio@ualberta.ca

Specialty section: This article was submitted to Microbial Physiology and Metabolism, a section of the journal Frontiers in Microbiology

Received: 28 June 2021
Accepted: 20 December 2021
Published: 28 January 2022

Citation: Tsviklist V, Guest RL and Raivio TL (2022) The Cpx Stress Response Regulates Turnover of Respiratory Chain Proteins at the Inner Membrane of Escherichia coli. Front. Microbiol. 12:732288. doi: 10.3389/fmicb.2021.732288

The Cpx envelope stress response is a major signaling pathway monitoring bacterial envelope integrity, activated both internally by excessive synthesis of membrane proteins and externally by a variety of environmental cues. The Cpx regulon is enriched with genes coding for protein folding and degrading factors, virulence determinants, and large envelope-localized complexes. Transcriptional repression of the two electron transport chain complexes, NADH dehydrogenase I and cytochrome bo3, by the Cpx pathway has been demonstrated, however, there is evidence that additional regulatory mechanisms exist. In this study, we examine the interaction between Cpx-regulated protein folding and degrading factors and the respiratory complexes NADH dehydrogenase I and succinate dehydrogenase in Escherichia coli. Here we show that the cellular need for Cpx-mediated stress adaptation increases when respiratory complexes are more prevalent or active, which is demonstrated by the growth defect of Cpx-deficient strains on media that requires a functional electron transport chain. Interestingly, deletion of several Cpx-regulated proteolytic factors and chaperones results in similar growth-deficient phenotypes. Furthermore, we find that the stability of the NADH dehydrogenase I protein complex is lower in cells with a functional Cpx response, while in its absence, protein turnover is impaired. Finally, we demonstrated that the succinate dehydrogenase complex has reduced activity in E. coli lacking the Cpx pathway. Our results suggest that the Cpx two-component system serves as a sentry of inner membrane protein biogenesis, ensuring the function of large envelope protein complexes and maintaining the cellular energy status of the cell.
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INTRODUCTION

Gram-negative bacteria possess a unique cell envelope structure consisting of three principal layers: the outer membrane (OM), the peptidoglycan cell wall and the inner membrane (IM) (Ruiz et al., 2006; Silhavy et al., 2010). This complex multicomponent structure functions as a protective barrier, communicates changes in the external environment, and maintains the shape, stability, and rigidity of the cell (Ruiz et al., 2006; Holst et al., 2010; Silhavy et al., 2010). In addition, the bacterial envelope ensures successful host infection and colonization due to a multitude of envelope-localized virulence factors, together with appropriate metabolism and growth of the cell (Hews et al., 2019). Bacteria have evolved a sophisticated regulatory network to maintain envelope homeostasis. Under conditions where the process of membrane biogenesis and hence envelope homeostasis is impaired, bacterial cells activate several stress response systems, including the CpxAR pathway.

CpxAR is a canonical two-component signal transduction system (TCS) that consists of the membrane-localized sensor histidine kinase CpxA and cytoplasmic response regulator CpxR (Grabowicz and Silhavy, 2017a; Delhaye et al., 2019a; Hews et al., 2019). Under non-inducing conditions, the phosphatase activity of CpxA maintains CpxR in a dephosphorylated or inactive state. When an inducing cue is present, CpxA autophosphorylates at a conserved histidine residue and transfers a phosphate group to CpxR (Raivio and Silhavy, 1997). The downstream targets of CpxR transcriptional regulation include genes whose products are involved, either directly or indirectly, in protein folding and degradation in the bacterial envelope (Pogliano et al., 1997; Raivio and Silhavy, 2001). The Cpx regulon is enriched with genes encoding virulence factors, small regulatory RNAs (sRNAs), multidrug efflux systems and peptidoglycan modifying factors (Raivio, 2014; Hews et al., 2019). Two auxiliary proteins involved in the Cpx regulatory pathway are the periplasmic protein CpxP, one of the most highly expressed members of the Cpx regulon, proposed to inhibit activation of CpxA, and the OM lipoprotein NlpE, which is thought to activate CpxA upon surface adhesion and to sense stresses related to defects in lipoprotein trafficking (Danese et al., 1995; Danese and Silhavy, 1998; Raivio et al., 1999; Otto and Silhavy, 2002; Grabowicz and Silhavy, 2017b; Delhaye et al., 2019b).

The Cpx system is triggered by a variety of signals, including alkaline pH, aminoglycoside antibiotics, NlpE overexpression, aberrant expression of Pap pilus subunits, and mutation of the IM protease FtsH (Danese et al., 1995; Nakayama and Watanabe, 1995; Jones et al., 1997; Mileykovskaya and Dowhan, 1997; Danese and Silhavy, 1998; Hung et al., 2001; Shimohata et al., 2002; Kohanski et al., 2008). These activating cues are related to potentially lethal accumulation of misfolded or mislocalized proteins at the bacterial envelope. To restore the integrity of the envelope, the Cpx response upregulates proteolytic factors and periplasmic protein folding factors, including the disulfide bond oxidoreductase DsbA, the peptidyl-prolyl isomerase PpiA, the chaperones Spy and CpxP (Danese and Silhavy, 1997, 1998; Pogliano et al., 1997; Raivio et al., 2000), and the protease/chaperone DegP (Cosma et al., 1995; Danese and Silhavy, 1997). For instance, non-productive assembly of P pili results in the activation of the Cpx pathway and subsequent upregulation of DegP, which degrades misfolded pilin subunits (Hung et al., 2001). Additionally, the Cpx pathway directly represses transcription of high molecular weight protein complexes as an adaptation to stresses that lead to protein misfolding (Raivio et al., 2013; Raivio, 2014; Hews et al., 2019). The electron transport chain (ETC) incorporates some of the largest multiprotein complexes in the Escherichia coli IM, making them a primary target of Cpx regulation (Guest et al., 2017).

The majority of ATP in the cell is produced via oxidative phosphorylation during aerobic growth. The ETC complexes convert the energy of reducing equivalents, such as NADH or FADH2, into a proton electrochemical gradient across the membrane. This electrochemical gradient drives ATP synthesis via ATP synthase and for other energy consuming processes in the cell, including active transport and flagellar motion (Yoshida et al., 2001; Kaila et al., 2010; Price and Driessen, 2010; Borisov et al., 2011; Kaila and Wikström, 2021). The respiratory chain is composed of primary dehydrogenases and terminal oxidases coupled by the quinone pool. The first steps of electron transport are catalyzed by NADH dehydrogenase (NDH-I), the largest complex of the ETC, and the entry point for electrons carried by NADH (Brandt, 2006; Kerscher et al., 2008). In E. coli, the nuo operon contains 13 genes, nuoA-N, where nuoC encodes a fused version of NuoC and NuoD subunits (Braun et al., 1998; Price and Driessen, 2010; Friedrich et al., 2016). NDH-I is an L-shaped multisubunit structure composed of a hydrophobic membrane arm, protruding into the lipid bilayer, and a hydrophilic peripheral arm that extends into the cytoplasm (Hofhaus et al., 1991; Guénebaut et al., 1998; Baranova et al., 2007). The processes of proton translocation and quinone binding take place in the membrane arm consisting of NuoA, H, and J-N, whereas NADH oxidation is the function of the peripheral arm comprising NuoB, CD, E, F, G, and I subunits (Hofhaus et al., 1991).

Succinate dehydrogenase (SDH) is a unique membrane-bound enzyme that is a common component of the ETC and the tricarboxylic acid (TCA) cycle (Lestienne and Desnuelle, 1999). Within the TCA cycle, SDH oxidizes succinate to fumarate sequestering two electrons that are then used for the reduction of ubiquinone in the membrane (Yankovskaya et al., 2003). It is composed of four non-identical subunits encoded by the sdhCDAB operon, where SdhA and SdhB are the cytoplasmic catalytic subunits which contain the flavin adenine dinucleotide and iron-sulfur (Fe-S) cluster cofactors, respectively. SdhC and SdhD compose the membrane-integral part of the enzyme and contain the ubiquinone binding site and the heme b cofactor (Yankovskaya et al., 2003; Tran et al., 2006; Price and Driessen, 2010). The absence of either SdhC or SdhD structural components leads to unstable SDH activity in the cytoplasm and perturbs ubiquinone reduction at the IM (Nakamura et al., 1996).

The Cpx-mediated downregulation of nuo (NDH-I) and cyo (cytochrome bo3) operons, and its effect on aerobic respiration were recently demonstrated in enteropathogenic E. coli (EPEC), which aligns with previous RNA transcriptome findings (Raivio et al., 2013; Guest et al., 2017; Dbeibo et al., 2018). These studies proposed that, in the presence of envelope stress, de novo synthesis of these complexes is repressed to reduce protein traffic within the IM, and maintenance of existing complexes is performed via upregulation of the Cpx-regulated protein folding and degrading factors (Guest et al., 2017). While transcriptional repression of the genes encoding NDH-I and cytochrome bo3 complexes of ETC has been described, additional levels of regulation remain to be investigated.

In this study, we show that the Cpx pathway regulates the expression of the SDH enzyme transcriptionally and provide evidence that Cpx-dependent regulation extends beyond transcriptional repression of the ETC complexes. We describe the Cpx-dependent regulation of protein turnover of the NuoA subunit of the NDH-I complex and identify several Cpx-regulated protein folding and degrading factors associated with this regulation. Intriguingly, our data suggest that in the absence of the Cpx pathway the function of the SDH complex is impaired, which suggests that the Cpx response plays an essential role in maintaining the energy status of the cell, ensuring the stability, activity, and proper turnover of the ETC complexes.



MATERIALS AND METHODS


Bacterial Strains and Growth Conditions

All bacterial strains and plasmids used in this study are listed in Supplementary Table 1. Cultures were grown and maintained in LB broth or M9 minimal medium (Difco) at 37°C with shaking at 225 rpm, with the exception of strains bearing the cpxA24 mutation, which were grown at 30°C in the presence of amikacin (3 μg/ml) to prevent accumulation of suppressors as previously described (Raivio et al., 1999). Isopropyl-β-D-thiogalactopyranoside (IPTG, Invitrogen) was added to a concentration of 0.1 mM to induce gene expression from pCA24N- and pMPM-K3-based vectors. Antibiotics (Sigma) were added as necessary at the following concentrations: chloramphenicol (Cam), 25 μg/mL; kanamycin (Kan), 30 or 50 μg/mL; ampicillin (Amp), 100 μg/mL; spectinomycin (Spc), 25 μg/ml.



Strain and Plasmid Construction

All BW25113 mutants were taken from the Keio collection (Baba et al., 2006). An MC4100 ΔcpxR knockout mutant was generated using P1 transduction to move the desired mutant allele from the Keio collection (Baba et al., 2006) into wildtype MC4100 as previously described (Silhavy et al., 1984). The inducible pCA24N-based plasmids used in this study were obtained from the ASKA collection (Kitagawa et al., 2005). Transcriptional luminescent reporters containing the promoter regions of cpxP and nuoA were constructed as previously described (Price and Raivio, 2009; Wong et al., 2013; Guest et al., 2017). The psdhC::lux reporter was constructed similarly. Briefly, the promoter region of sdhC gene was amplified by PCR, using PsdhCFwdCln and PsdhCRevCln primers (Supplementary Table 2). Purified PCR products and the pJW15 vector (MacRitchie et al., 2008) were digested with EcoRI and BamHI (Invitrogen), and the insert was ligated upstream of the luxABCDE operon in the pJW15 plasmid. Correct insertion of the promoter sequence was verified by PCR and sequencing using pNLP10F and pNLP10R primers (Supplementary Table 2).

For the construction of pTrc-nlpE vector, nlpE was amplified via PCR with recombinant Taq polymerase (Invitrogen) using nlpE_NcoI_F and nlpE_WT_HindIII_R primers (Supplementary Table 2). PCR products were purified using a QIAGEN QIAQuick PCR purification kit according to the manufacturers protocol. Amplified nlpE was digested along with purified pTrc99A using Fast Digest EcoRI and HindIII (Thermo Scientific). Digests were purified using the aforementioned PCR purification kit and were then ligated together using T4 DNA ligase. Ligations were then transformed into One Shot TOP10 chemically competent cells (Thermo Fisher). Correct insertion of the nlpE sequence was verified by PCR and sequencing using pTrc99A_F and pTrc99A_R primers (Supplementary Table 2).

The pMPM-NuoA-3 × FLAG plasmid was constructed by amplifying nuoA from the E2348/69 chromosome via PCR using primers nuoAFLAGFwd and nuoAFLAGrev (Supplementary Table 2). Primer nuoAFLAGrev contains the nucleotide sequence to insert a triple FLAG-tag directly upstream of the nuoA stop codon. PCR was performed using high-fidelity phusion DNA polymerase (ThermoFisher) according to the manufacturers protocol with the addition of 10% betaine. The DNA band corresponding to nuoA-3 × FLAG DNA was gel extracted and cleaned using the GeneJet gel purification kit (Fermentas). Both nuoA-3 × FLAG and pMPM-K3 DNA were digested with the HindIII and XbaI restriction endonucleases (Invitrogen) according to the manufacturers protocol. nuoA-3 × FLAG DNA was then ligated downstream of an IPTG inducible Plac promoter in the pMPM-K3 vector and transformed into One Shot TOP10 chemically competent E. coli (Invitrogen) as per the manufacturer’s protocol. PCR and DNA sequencing were used to confirm the presence of nuoA-3 × FLAG fragment within pMPM-K3 using M13F and M13R primers (Supplementary Table 2). All DNA sequencing was performed by The University of Alberta Molecular Biology Services Unit (MBSU). All plasmids in this study were transformed into E. coli strains via chemical competency (Silhavy et al., 1984).



Luminescence Assay

Strains containing pcpxP::lux, psdhC::lux, or pnuoA::lux reporter plasmids were grown overnight in LB broth with shaking at 37°C. Cells were pelleted by centrifugation and washed twice with phosphate-buffered saline (PBS). The cell density was standardized to OD600 1.0, pelleted, and resuspended in 1 mL of 1 × PBS. Standardized cultures were serially diluted 10-fold and 10 μL of each dilution was spotted onto M9 minimal agar containing 0.4% glucose, malic acid, or succinic acid (Sigma). Glucose-succinate gradient agar plates were created by pouring M9 containing 0.4% glucose into an angled plate. The layer was allowed to solidify in the inclined position and the second portion of agar containing 0.4% succinic acid was poured into the plate, placed on a level surface and allowed to solidify (Weinberg, 1959). Agar pH was adjusted to 7.0 with sodium hydroxide. Bacteria were grown for 24–48 h at 37°C statically. Luminescence was determined by imaging the light produced by strains using the UVP Colony Doc-It Imaging Station (Biorad). Luminescence was quantified using Fiji (ImageJ).

For the assay performed in liquid medium, bacteria were grown overnight as described above, subcultured at a dilution factor of 1:100 into 5 ml of fresh LB broth and incubated for 2 h at 37°C with aeration. 200 μL of each subculture was aliquoted into a black-bottomed 96-well plate, and luminescence in counts per second (CPS) and OD600 were measured every 1 h for 7 h post-subculture using a PerkinElmer VICTOR™ X3 multilabel reader. Luminescence and OD600 values measured from a blank well containing uncultured LB were subtracted from each sample. CPS was standardized to the OD600 to correct for differences in cell numbers between samples. All experiments contained three technical replicates and were carried out three times.



Western Blot Analysis

Samples used for Western blot analysis were prepared by diluting overnight cultures 1:100 into 25 ml fresh LB containing appropriate concentrations of antibiotics. Bacteria were grown at 37°C with shaking to an OD600 of ∼ 0.35. IPTG was added to a concentration of 0.1 mM and bacteria were grown for an additional 30 mins as before. 2 × 1 mL samples were collected. Cells were pelleted by centrifugation at 21,130 × g for 1 min. One sample was resuspended in 50 μL 2 × Laemmli sample buffer (Sigma) and the other sample was resuspended in 50 μL 1 × PBS. Protein concentration was determined from the sample resuspended in phosphate-buffered saline using the Pierce BCA protein assay kit (ThermoFisher) according to the manufacturers’ protocol. Samples resuspended in 50 μL 2 × Laemmli sample buffer were denatured by boiling for 5 mins. Sample volumes were standardized according to their determined protein concentrations and separated on a 12% SDS gel at 110 V for 1.5 h in Tris–glycine running buffer (10% SDS, 250 mM Tris, 1.2 M glycine).

Proteins were transferred onto a nitrocellulose membrane via the trans-blot semi-dry transfer system (Bio-Rad) at 15 V for 22 mins using semi-dry Towbin transfer buffer (78 mM glycine, 1.3 mM SDS, 20% methanol). Membranes were blocked in 5% MTS (2.5% skim milk powder, 154 mM NaCl, 1 mM Tris) or 2% BSA (154 mM NaCl, 1 mM Tris, 1% Tween 20, 2% bovine serum albumin) for 1 h at room temperature with shaking at 10 rpm. Primary α-FLAG (Sigma, BioLegend), α-PhoA (Abcam) and α-RNAPα (BioLegend) antibodies were diluted by a factor of 1:5,000 into 5% MTS or 2% BSA. Membranes were incubated with the primary antibody for 1 h at either room temperature with shaking at approximately 10 rpm or overnight at 4°C with rocking. Following incubation with the primary antibody, membranes were washed for 5 mins in wash solution (154 mM NaCl, 1 mM Tris, 1% Tween 20) four times. Alkaline-phosphatase (AP) anti-rabbit secondary antibodies (Sigma) were diluted at a factor of 1:10,000 in 5% MTS and were used to detect the α-PhoA (Abcam) and α-FLAG (Sigma) primary antibodies. IRDye®680RD Goat anti-Mouse 925-68070 and IRDye®800CW Goat anti-Rabbit 925-32211 secondary antibodies (LI-COR) were diluted at a factor of 1:15,000 in 5% MTS and were used to detect the α-RNAPα (BioLegend) and α-FLAG (BioLegend) primary antibodies, respectively.

Membranes were then incubated with the secondary antibody for 1 h at room temperature with shaking at approximately 10 rpm. Membranes were washed following incubation with the secondary antibody as before. Proteins from the membranes incubated with AP secondary antibodies were detected using the Immun-Star alkaline phosphatase chemiluminescence kit (Bio-Rad). All membranes were imaged with the Bio-Rad ChemiDoc MP imaging system. Quantification of each band compared to the wildtype was performed using band intensity analysis in Fiji (ImageJ). Experiments were performed in biological triplicates, and a representative blot is shown in each case.



Protein Stability Assay

Bacteria were grown overnight in 5 mL LB at 37°C with shaking. The following day, bacteria were subcultured at a 1:100 dilution into 25 mL fresh LB and grown at 37°C with shaking to an OD600 ∼ 0.5. IPTG was then added to a final concentration of 0.1 mM and bacteria were grown to an OD600 of 1.0. 1 mL samples were collected and cells were pelleted by centrifugation at 21,130 × g for 1 min. After the supernatant was removed, cells were resuspended in 50 μL 2 × Laemmli sample buffer (Sigma). Immediately after the sample was removed, the protein synthesis inhibitor chloramphenicol was added to the remaining culture at a concentration of 100 μg/mL. The culture was incubated at 37°C and shaken at 225 rpm. 1 mL of culture was collected right before the addition of chloramphenicol and at 1, 5, 10, 20, 30, 45, 90, and 120 min(s) after the addition of chloramphenicol. Sample collection at each timepoint was performed as described above. 10 μL of each sample was loaded onto a 12% SDS polyacrylamide gel. Incubation with primary and secondary antibodies, detection and band quantification were performed as described above. Each experiment was repeated three times, and a representative blot is shown in each case.



Succinate Dehydrogenase Activity Assay

Succinate dehydrogenase activity was measured using a kit (Abcam). Samples were prepared following the manufacturer’s protocol by diluting overnight cultures 1:50 into 5 mL fresh LB and growing them to OD600 ∼0.5 at 37°C with shaking. 1 mL of culture was taken, pelleted by centrifugation, washed with 1 × PBS and pelleted again. Cultures were then standardized to the same optical density OD600 of 1.0 in the final volume of 1 mL by adding an appropriate volume of 1 × PBS, pelleting, and resuspending in 200 mL of ice-cold SDH Assay Buffer (Abcam). Cell lysis was performed by sonication. Samples were centrifuged at 10,000 × g for 5 mins and the supernatant was transferred into a fresh tube. 50 μL of each sample was loaded into a 96-well plate, and 50 μL of SDH reaction mix containing the SDH substrate mix, and the probe (Abcam) was added to them. Absorbance at 600 nm was measured for 30 mins at 25°C in kinetic mode using the Cytation5™ Cell Imaging Multi-Mode Reader (BioTek). The succinate dehydrogenase activity of the samples was calculated according to the manufacturers’ directions. Data is representative of the means and standard deviations of three biological replicates.



Minimal Media Growth Assays

Wildtype BW25113 or knockout mutants were grown overnight in 2 mL LB at 37°C with shaking. The following day, cells were pelleted by centrifugation and washed twice with 1 × PBS. The density was standardized to OD600 1.0 by suspending an appropriate volume of cells in 1 ml of 1 × PBS. 20 μL of each sample was loaded into a 96-well plate, each well containing 180 μL of either 0.4% glucose (Sigma), 0.4% malic acid (Sigma) or 0.4% succinic acid (Sigma) M9 minimal medium (Difco), pH 7.0. The plate was incubated in the Cytation5™ Cell Imaging Multi-Mode Reader with 330 rpm shaking at 37°C for 48 h.




RESULTS


Regulation of the Succinate Dehydrogenase Complex by the Cpx Response

Recent studies have demonstrated that the Cpx envelope stress response regulates the expression and activity of NDH-I and cytochrome bo3 complexes in EPEC (Guest et al., 2017). In addition, Cpx-dependent downregulation of genes encoding the succinate dehydrogenase complex was observed in a large microarray dataset; however, the exact mechanism of regulation has not been revealed (Raivio et al., 2013). To investigate the impact of the Cpx pathway on the SDH, we grew strains carrying either the vector control or a reporter plasmid in which 500 bp upstream of the sdhCDAB operon were fused to the luxCDABE gene cluster in liquid LB medium aerobically for 24 h. Luminescence activity of the psdhC::lux reporter in the presence or absence of the Cpx pathway was measured every hour until the stationary phase was reached. We chose to use the luminescence activity produced by the pcpxP::lux reporter gene as a positive control, since CpxP is one of the most upregulated members of the Cpx regulon (Price and Raivio, 2009).

In agreement with previous observations, the expression of the pcpxP::lux reporter in the wildtype BW25113 was higher than in a cpxA null background at every stage of growth (Figure 1A). Along with cpxP, we assayed the activity of the pnuoA::lux reporter and validated its Cpx-dependent downregulation as reported in the past (Figure 1B; Guest et al., 2017). Loss of Cpx response resulted in a ∼2-fold increase in the pnuoA::lux activity compared to that of the wildtype. When we assayed the luminescence activity of the psdhC::lux reporter, we found similar increases in the absence of a functional Cpx response, while the wildtype activity of the Cpx TCS lead to transcriptional repression of the sdhC promoter (Figure 1C).
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FIGURE 1. Transcription of the sdh operon encoding the succinate dehydrogenase complex is downregulated by the Cpx stress response. Overnight cultures of wildtype Escherichia coli MC4100 or a cpxA::cam mutant harboring either pJW15 (vector control) or the (A) pcpxP::lux, (B) pnuoA::lux, or (C) psdhC::lux reporter plasmids were subcultured 1:100 into fresh LB medium and incubated at 37°C with shaking. The luminescence and the OD600 were measured every hour for the duration of 7 h and a final measurement was taken at 24 h. Data correspond to the mean values from three biological replicates. Error bars depict standard deviations (SDs). (D) Luminescence activities are shown for wildtype E. coli MC4100 or a cpxA::cam mutant harboring either pJW15 (vector control) or the pnuoA::lux, psdhC::lux, or pcpxP::lux reporter plasmids. Luminescence was determined by imaging the luminescence of the strains after 24 h of growth on LB plates.


To corroborate the luminescence profile of the control and ETC reporters in liquid LB medium, we also examined expression of the reporter genes during growth on solid LB medium (Figure 1D). The patterns of pnuo::lux, psdhC::lux and pcpxP::lux reporter activity observed on solid medium resembled those in the liquid medium assay. In the wildtype strain, the pcpxP::lux reporter was strongly activated, while light was not detectable in a cpxA null mutant background. This pattern was reversed for the pnuo::lux and psdhC::lux reporters which demonstrated low activity in the presence of the intact Cpx pathway (Figure 1D).

Our results suggest that the Cpx TCS could directly inhibit the expression from the sdhC promoter. We thus decided to examine the region upstream of sdhCDAB for the presence of any putative CpxR binding sites and identified one approximately 150 bp downstream of the predicted sdhC transcription start site (TSS) by using Virtual Footprint1 (Münch et al., 2005; Supplementary Figure 1).



Succinate Dehydrogenase Activity Is Affected by Excessive Activation or Absence of the Cpx Response

Our experimental results with the psdhC::lux reporter predict that the enzymatic activity of SDH will be lower in the presence of an active Cpx TCS relative to a mutant lacking the Cpx response. To test this hypothesis, we assayed the rates of succinate oxidation in the wildtype E. coli strain, as well as in cpxR::kan and cpxA24 mutants, reflecting a deactivated and constitutively activated Cpx pathway, respectively (Raivio and Silhavy, 1997). We also included a strain overexpressing NlpE as an alternative way to induce the Cpx response (Figure 2). In this assay, the oxidation of succinate is accompanied by the transfer of electrons to an artificial electron acceptor (probe), which changes color depending on the enzymatic activity of the sample. When in the oxidized state, the probe is blue with maximal absorption at 600 nm, whereas when reduced it becomes colorless. We found that the activity of the SDH complex decreased upon activation of the Cpx system in both the cpxA24 mutant and the NlpE overexpression backgrounds. This result was predictable based on the repressive effect of the Cpx response on the sdhC promoter observed in Figures 1C,D.
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FIGURE 2. Succinate dehydrogenase (SDH) activity is reduced by excessive activation or absence of the functional Cpx response. Wildtype MC4100, cpxR::kan, cpxA24 and MC4100 harboring NlpE overexpression plasmid (pTrc-nlpE) were subcultured from their overnight cultures 1:50 into 5 mL fresh LB and grown to OD600 ∼0.5 at 37°C with shaking. 1 mL samples, standardized to the same optical density OD600, were pelleted, and cell pellets were resuspended in 200 μL of ice-cold SDH Assay Buffer (Abcam). Samples were prepared as per manufacturers’ protocol, loaded into a 96-well plate, and mixed with 50 μL of SDH reaction mix (Abcam). (A) Assay data showing reduction of the DCIP artificial electron acceptor, accompanied by the color change of the dye from blue to colorless (A600). Absorbance at 600 nm was measured every minute for 30 mins at 25°C with shaking using the Cytation5™ Cell Imaging Multi-Mode Reader (BioTek). (B) Succinate dehydrogenase activity of each sample was calculated as per manufacturers’ protocol and plotted. All data correspond to the means and standard deviations of three replicate cultures. Asterisks indicate a statistically significant difference from the relevant wildtype control [****P ≤ 0.0001 (one-way ANOVA with Tukey’s post hoc test)]. NS indicates no statistically significant difference in SDH activity.


Surprisingly, the loss of the Cpx response did not result in higher SDH activity, as might be anticipated with the relieved inhibition of sdhCDAB transcription. Instead, knocking out cpxR resulted in decreased succinate oxidation rates, equivalent to those observed in the presence of the strongly Cpx-activating cpxA24 allele (Figure 2B). This result is reminiscent of a previously observed decrease in the oxygen consumption rate in the ΔcpxR mutant, despite the fact that transcription of the operons encoding NDH-I and cytochrome bo3 are upregulated in this background (Guest et al., 2017). Together, these findings suggest that the Cpx TCS not only transcriptionally regulates the SDH protein complex, but also regulates factors responsible for its proper activity and biogenesis.



The Cellular Need for the Cpx Response Increases When Respiratory Complexes Are More Prevalent or Active

Escherichia coli is capable of growing on a number of different sugar substrates, generating the majority of its ATP via the process of oxidative phosphorylation (Ammar et al., 2018). Carbon sources that cannot be utilized through the process of substrate-level phosphorylation, or fermentation, are called non-fermentable and require a functional ETC for sufficient energy generation. Such carbon sources include succinate, malate and glutamate (Prüss et al., 1994; Chang et al., 2004; McNeil et al., 2012). Poor growth of NDH-I mutants on either malate or succinate has been proposed to reflect low energy conservation efficiency due to a low level of ATP inside the cells (Kervinen et al., 2004). Previously reported data and our observations suggest that the Cpx TCS affects transcription and function of membrane complexes required for growth on non-fermentable carbon sources, including those associated with electron transport, the TCA cycle and oxidative phosphorylation (Figures 1B–D; Raivio et al., 2013; Guest et al., 2017). We thus hypothesized that the activity of the Cpx pathway would be required under conditions that create increased demand for respiration To test this, we spotted strains bearing luminescent reporter plasmids containing pnuoA::lux, psdhC::lux, or pcpxP::lux promoter fusions along a glucose-succinate carbon source concentration gradient on minimal medium (Figure 3). We found that expression of the cpxP promoter increases as the concentration of succinate increases, whereas in the presence of glucose pcpxP::lux demonstrates background levels of luminescence comparable to the empty vector control. None of the reporters were activated to high levels in the presence of glucose, which supports our hypothesis that growth under conditions that increase demand for respiration leads to Cpx pathway activation. Due to high pcpxP::lux activity, nuoA and sdhC promoter activities were not detected by the imaging system on short exposure times, therefore we spotted the strains containing ETC reporters on a different plate and assayed them separately to image the lower luminescence activity (Figure 3). As expected, activity of the pnuoA::lux and psdhC::lux reporters increased commensurate with the succinate concentration gradient. Notably, the expression of these transcriptional reporters was much higher in the absence of the Cpx response, which supports our previous findings in Figures 1B–D (data not shown). Based on the results of this experiment, we suggest that the cellular need for Cpx-mediated stress adaptation increases when respiratory (and possibly other) protein complexes are in increased demand.
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FIGURE 3. Demand for aerobic respiration due to the presence of non-fermentable carbon sources induces the Cpx pathway. Luminescence activities are shown for wildtype E. coli MC4100 harboring either pJW15 (vector control) or the pnuoA::lux, psdhC::lux, or pcpxP::lux reporter plasmids. Luminescence of the strains growing on M9 minimal media plates containing a gradient of 0.4% glucose and 0.4% succinate, pH 7.0 was determined by imaging the luminescence of the spots after 48 h of incubation at 37°C.




The Cpx Response Regulates NuoA Protein Levels

The Cpx response directly represses nuo operon transcription to ensure envelope integrity during stress and reduce excessive protein traffic within the IM (Guest et al., 2017; Figure 1B). The possibility of additional levels of regulation has been hypothesized because the oxygen consumption in EPEC was found to be reduced in cells with either an active or inactive Cpx pathway (Guest et al., 2017). To determine whether the Cpx response regulates respiratory proteins beyond transcription, we constructed a plasmid that expresses a triple FLAG-tagged NuoA subunit of the NDH-I complex from an exogenous, IPTG inducible promoter. We chose NuoA protein due to its scaffolding role in the assembly of the NDH-I membrane arm (Friedrich et al., 2016). Given that the NuoA-3 × FLAG construct is expressed from a CpxR-independent IPTG-inducible promoter, any effects of Cpx pathway on NuoA protein levels should be independent of transcription. To confirm that the NuoA-3 × FLAG fusion protein is functional, we complemented a chromosomal ΔnuoA mutant that has a growth defect on minimal medium supplemented with malate, with either the empty vector pMPM-K3 or the plasmid carrying NuoA-3 × FLAG. The exogenously expressed NuoA restored growth of the ΔnuoA mutant, demonstrating that the protein was expressed properly and was functional, whereas complementation with an empty vector resulted in the absence of growth (Supplementary Figure 2). All strains demonstrated similar growth levels on minimal medium supplemented with glucose, which is a fermentable carbon source.

We assayed the amount of NuoA-3 × FLAG protein in wildtype, ΔcpxR and cpxA24 strains of E. coli via Western blotting and observed a decrease in NuoA-3 × FLAG levels when the Cpx response was constitutively activated. A slight accumulation of the protein was detected in the absence of Cpx response (Figure 4A). Expression of NuoA-3 × FLAG in the cpxA24 mutant was 8% that of the wildtype strain 30 mins after induction, whereas NuoA-3 × FLAG levels were increased by 14% in the ΔcpxR mutant compared to the wildtype (Figure 4A).
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FIGURE 4. The Cpx response affects NuoA-3 × FLAG protein levels. Western blots utilizing anti-FLAG tag antibody were performed on wildtype EPEC, cpxA24 or ΔcpxR mutants (A) or wildtype BW25113, cpxA24 or ΔcpxR mutants (B,C) containing the pMPM-nuoA-3 × FLAG expression vector (A) at a single time-point, where band intensity is represented by the value relative to the wildtype NuoA-3×FLAG protein level and (B) over time after 100 μg of chloramphenicol was added to inhibit protein synthesis. Samples were taken at 0 (before addition) 1, 5, 10, 20, 30, 45, 90, and 120 min after addition to assay NuoA-3 × FLAG protein degradation. PhoA protein levels served as a loading control. Proteins were detected using the Immun-Star alkaline phosphatase chemiluminescence kit (Bio-Rad) and the Bio-Rad ChemiDoc MP imaging system. (C) Relative band quantification was performed using band intensity analysis in ImageJ. The protein stability assay data were fit with a one-phase exponential decay curve to determine protein half-life using the Prism v7.0c (GraphPad) software.


To gain more insight into how the activity of the Cpx response affects protein turnover over time, we performed a protein stability assay by utilizing the protein synthesis inhibitor chloramphenicol and monitoring the rate of NuoA-3 × FLAG degradation over 120 mins after translation has been halted (Figure 4B). Relative quantification of the bands showed that in the absence of the Cpx response, approximately half of the starting amount of NuoA-3 × FLAG protein was degraded in 45 mins, which was 25 mins longer than in the wildtype strain, indicating slower protein turnover (Figure 4C and Supplementary Table 3). Unexpectedly, the rates of NuoA-3 × FLAG degradation over the course of the experiment were comparable between the cpxA24 and the wildtype strains, although the total amount of protein degraded by the end of the experiment was larger in the cpxA24 (Figures 4B,C and Supplementary Table 3). Together, our results suggest that Cpx-regulated protein degrading factors are responsible for faster and more efficient turnover of NuoA-3 × FLAG proteins in the wildtype strain. Counterintuitively, an increased rate of degradation does not seem to be the only reason for the diminished amount of NuoA observed in cpxA24 strain backgrounds (Figure 4A).



Cpx-Regulated Protein Folding and Degrading Factors Affect Growth During High Respiratory Demand

We found that the rate of NuoA-3 × FLAG proteolysis was reduced when the Cpx response was inactivated, suggesting that the Cpx pathway assists protein turnover (Figures 4B,C). Given that bacteria with a compromised ETC are not able to generate sufficient amounts of ATP to support growth on non-fermentable carbon sources, we hypothesized that Cpx-regulated protein folding and degrading factors may impact the biogenesis of the ETC, together with the ability of the bacterial cells to generate proton motive force (PMF) and maintain their ATP levels. The candidate gene list for this experiment was derived from previous publications (Price and Raivio, 2009; Raivio et al., 2013) and unpublished RNASeq data. To identify genes of interest, we performed a preliminary screening of several of these envelope-associated protein folding and degrading factors (unpublished data). Cpx-regulated genes were overexpressed in a ΔnuoA strain containing the NuoA-3 × FLAG expression vector and NuoA-3 × FLAG protein levels were analyzed by dot blot. Overexpression of the DegP, HtpX, PpiD, and YccA proteins had the largest impact on the abundance of NuoA-3 × FLAG protein, surprisingly resulting in a greater than 2-fold increase in the amount of NuoA-3 × FLAG in comparison to the vector control. Furthermore, the protease/chaperone DegP, the IM protease HtpX, proteolytic modulating factor YccA, and periplasmic chaperone PpiD, have all been implicated in maintaining the integrity of the envelope and responding to stress generated by protein misfolding (Danese et al., 1995; Shimohata et al., 2002; Yamamoto and Ishihama, 2006; Matern et al., 2010; Raivio et al., 2013).

To investigate the role these proteins may have in the quality control of the ETC complexes, we analyzed growth of their knockout mutants in minimal media supplemented with glucose, succinate or malate in BW25113 E. coli (Figure 5; Kitagawa et al., 2005). As shown in Figure 5, deleting cpxR, ppiD, yccA, htpX, or degP resulted in growth defects of differing severity in comparison to the wildtype. All strains were able to grow on media supplemented with glucose, where their growth would not solely depend on energy generated via respiration. In addition, we noticed that the growth phenotypes of some mutants differed depending on whether the media contained malate or succinate as a carbon source.
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FIGURE 5. Deletion of several Cpx-regulated protein-folding and degrading factors results in growth defects in minimal media. Wildtype BW25113 and the mutants carrying the indicated gene deletions were grown overnight in LB at 37°C, washed twice in 1x phosphate-buffered saline (PBS), and standardized to an OD600 of 1.0 in phosphate buffered saline. 10 μL of the culture was subcultured into M9 minimal medium containing 0.4% glucose, 0.4% malic acid, pH 7.0 (malate) or 0.4% succinic acid, pH 7.0 (succinate), and grown for 48 h at 37°C with 330 rpm linear shaking. Data correspond to the mean values from three biological replicates and are representative of three independent experiments. Error bars depict standard deviations (SDs).


Our data demonstrate that knocking out cpxR, ppiD, or yccA severely attenuates growth in media supplemented with malate, whereas these defects are less pronounced in succinate. Notably, deletion of genes encoding IM protease HtpX and periplasmic protease/chaperone DegP resulted in more modest growth defects (Figure 5). This result was somewhat surprising, as Cpx-mediated regulation of these proteolytic factors is an important element of envelope quality control (Jones et al., 2002; Shimohata et al., 2002), although it is possible their functions overlap with other proteolytic factors. To further demonstrate that these factors are required for respiratory growth, we performed a complementation assay where the mutants were transformed with an empty vector or a plasmid expressing the gene of interest. We were partially able to complement growth defects of every mutant in media where succinate or malate were the sole carbon source (Supplementary Figure 3). Together, these data demonstrate that the absence of a functional Cpx system and several associated protein folding and degrading factors compromises proper biogenesis of the ETC, resulting in decreased viability in media that demand respiration.



Cpx-Regulated Protein Folding and Degrading Factors Affect NuoA Protein Levels

Our results implicate the Cpx-regulated envelope quality control factors YccA and PpiD, and to a lesser extent the proteases DegP and HtpX, in the biogenesis of the ETC (Figures 4, 5). We therefore hypothesized that knocking out ppiD, yccA, degP, or htpX may impact NuoA-3 × FLAG protein abundance. Here, we demonstrate that deletion of these factors alters NuoA-3 × FLAG protein levels compared to the wildtype (Figure 6). Deletion of degP, ppiD, yccA, or htpX increased NuoA-3 × FLAG abundance by a factor of 5.56, 4.83, 3.95, and 1.49, respectively, in comparison to wildtype. Although the specific fold changes in NuoA-3 × FLAG levels varied between biological replicates within this experiment, we consistently detected an increased amount in the mutant strains relative to the wildtype. In agreement with our previous findings, deletion of CpxR also resulted in accumulation of NuoA-3 × FLAG (Figures 4A, 6). Overall, our results suggest that several Cpx-regulated protein folding and degrading factors affect abundance of the NuoA protein and support the hypothesis of the Cpx-dependent regulation of the NDH-I complex at the post-translational level.
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FIGURE 6. NuoA-3 × FLAG protein levels are altered by deletion of several Cpx-regulated protein folding and degrading factors. Western blot utilizing anti-FLAG tag antibody was performed on wildtype BW25113 E. coli and the mutants with the indicated gene deletions containing the pMPM-nuoA-3 × FLAG expression vector. RNAP protein levels served as a loading control. Membranes were imaged using the Bio-Rad ChemiDoc MP imaging system. Relative band quantification was performed using band intensity analysis in ImageJ. Band intensity is represented by the value relative to the wildtype NuoA-3 × FLAG protein level.





DISCUSSION

The Cpx response mediates adaptation to stresses that result in envelope perturbations through a variety of mechanisms, including facilitating degradation of misfolded or mislocalized proteins. Until recently, there was only a small number of proteins whose stability was known to be affected by the Cpx stress response; the breadth of known Cpx-mediated adaptations, however, continues to expand. It was recently demonstrated that the Cpx response regulates the expression of genes encoding NDH-I and cytochrome bo3, large envelope complexes involved in aerobic respiration (Guest et al., 2017). Transcriptional repression of the nuo and cyo promoter regions under stress is thought to reduce production of new respiratory complexes and prevent excessive protein traffic within an already compromised cell envelope (Guest et al., 2017). Interestingly, when the rates of oxygen consumption were compared between ΔcpxRA and wildtype EPEC, it was found that despite increased transcription of the nuo and cyo operons in the ΔcpxRA mutant, the activity of the aerobic ETC was still impaired (Guest et al., 2017). These discoveries suggested a novel role for the Cpx TCS in monitoring protein biogenesis and regulating factors, potentially impacting the function, stability, and assembly of respiratory complexes beyond transcription.

In this study, we provide evidence that the Cpx response regulates succinate dehydrogenase, the only enzyme of the TCA cycle that interacts directly with the ETC chain, being central to cellular metabolism and energy conversion (Hederstedt and Rutberg, 1981; Cecchini et al., 2002; Yankovskaya et al., 2003; Price and Driessen, 2010; Kaila and Wikström, 2021). Raivio et al. (2013) reported that the sdhCDAB operon was among the genes whose transcription was downregulated upon transient NlpE overexpression, along with other genes involved in respiration, including the nuo and cyo operons. In agreement with this finding, we show that the Cpx TCS inhibits the activity of a psdhC::lux luminescent reporter in a wildtype strain under standard laboratory conditions, whereas in the absence of a functional Cpx response, sdhC promoter expression is elevated (Figures 1C,D).

How might this operon be regulated by the Cpx response? Previous studies have shown that many Cpx-regulated genes contain a CpxR binding site within 100 bp of their transcriptional start site (Price and Raivio, 2009). Given that both the nuo and cyo promoter regions possess CpxR binding sites, and their transcription is mediated though direct binding of CpxR, it is possible sdhCDAB is regulated similarly. We have identified a putative CpxR binding site approximately 150 bp downstream of the sdhCDAB TSS by using Virtual Footprint software (Münch et al., 2005; Guest et al., 2017). However, further experimentation is required to confirm this mechanism. Binding of the CpxR response regulator between the TSS and the translation start site would block transcription elongation from the sdhC promoter, decreasing the overall rate of sdhCDAB transcription. It is important to note though that this site deviates from the CpxR consensus binding sequence [5′-GTAAA(N5)GTAAA-3′], possessing a 6 bp linker and containing a GTTAA sequence in the 5′ half of the binding site (Supplementary Figure 1; De Wulf et al., 2002). Interestingly, several other transcriptional regulators also have binding sites near the sdhCDAB TSS; there are four ArcA binding motifs (Park et al., 1995; Shen and Gunsalus, 1997) and one for the cyclic adenosine monophosphate (cAMP)-cAMP receptor protein (CRP) complex, which is located approximately 94 bp upstream of the sdhC TSS (Zheng et al., 2004; Surmann et al., 2020). Other known regulators of the sdhCDAB operon include Fur (Zhang et al., 2005; Kumar and Shimizu, 2011), Fnr (Park et al., 1995) and several sRNAs shown to inhibit sdhCDAB mRNA translation (Massé and Gottesman, 2002; Geissmann and Touati, 2004; Desnoyers and Massé, 2012). It is possible that some of these regulators may work in combination with CpxR or other members of the Cpx TCS to regulate the transcription and/or translation of the sdhCDAB operon in response to environmental changes.

Our results indicate that the wildtype activity of the Cpx pathway leads to transcriptional repression of the sdhCDAB gene cluster. To validate our findings, and given that oxygen consumption in EPEC was shown to be affected by excessive activation of the Cpx response (Guest et al., 2017), we examined the rates of succinate oxidation by SDH in different Cpx backgrounds (Figure 2). We found that both NlpE overexpression and constitutive activation of the Cpx response by the cpxA24 allele resulted in decreased SDH activity, which is consistent with a decrease in sdhCDAB expression under these conditions (Figure 2; Raivio et al., 2013). Unexpectedly, we observed similarly low enzymatic activity in a mutant lacking the Cpx pathway, which correlated with the reduced ETC performance in ΔcpxRA mutant relative to the wildtype strain demonstrated previously (Guest et al., 2017).

Evidently, both excessive activation and the absence of the Cpx stress response impacts the SDH complex, directly regulating transcription of the sdhCDAB operon, and potentially influencing the biogenesis of the complex. Given the role of the Cpx TCS in detecting and responding to potentially lethal misfolded proteins at the IM, it has been hypothesized that its housekeeping activity contributes to proper folding, stability and regulated turnover of large envelope complexes (Hung et al., 2001; Price and Raivio, 2009; Raivio et al., 2013; Hews et al., 2019). While a significant portion of the Cpx regulon consists of proteases and chaperones that address protein misfolding at the IM, to our knowledge, there are no known proteolytic factors involved specifically in degradation or stability of the ETC. Nevertheless, general polypeptide misfolding can be recognized by other non-specific proteases, including HtpX, DegP, and FtsH, which are known responders to envelope stress and are either directly or indirectly regulated by the Cpx pathway (Kihara et al., 1995; Akiyama et al., 1996; Jones et al., 2002; Shimohata et al., 2002; Isaac et al., 2005; Sakoh et al., 2005; van Bloois et al., 2008). The absence of such quality control in a ΔcpxRA knockout mutant could lead to aberrant complex formation and unproductive interactions between subunits of the respiratory complexes, leading to loss of function.

We found that the increased demand for respiratory complexes resulting from utilization of non-fermentable carbon sources acts as an inducing cue for the Cpx response (Figure 3; Bongaerts et al., 1995). Envelope stress can be exacerbated by the elevated activity of respiratory complexes. However, in E. coli this stress is not likely to be due to disruption of the proton gradient; the Cpx response is not induced by the chemical protonophore carbonyl cyanide 3-chlorophenylhydrazone (CCCP) (Engl et al., 2011; Guest et al., 2017). It is possible that in order to generate sufficient energy from non-fermentable carbon sources, bacterial cells upregulate respiratory complexes, which can then be subject to misassembly, irreparable damage or insertion into an already compromised membrane, a situation that would require a functional Cpx envelope stress response. Previous studies demonstrated that bacteria carrying mutations in genes encoding components of the ETC and quinone biosynthesis exhibit growth defects on succinate, malate, lactate, and acetate (Au and Gennis, 1987; Prüss et al., 1994; Kervinen et al., 2004; McNeil et al., 2012; Aussel et al., 2014). We observe similar growth phenotypes in the absence of the Cpx response, or Cpx-regulated protein folding and degrading factors (Figures 3, 5).

Upregulation of envelope quality control factors constitutes a part of Cpx-mediated adaptation under conditions in which damaged and/or misfolded proteins are predicted to accumulate (Hews et al., 2019; Mitchell and Silhavy, 2019). Regulation of proteolysis at the IM of E. coli is one of the least characterized parts of the Cpx response and is essential for maintaining the integrity of envelope biogenesis (Akiyama, 2009; Raivio, 2018; Delhaye et al., 2019a; Hews et al., 2019). Here, we demonstrate that the NuoA subunit of the NDH-I complex is subject to regulation by the Cpx pathway beyond transcription, and that activation of the Cpx response decreases the abundance of NuoA-3 × FLAG protein (Figure 4A). Furthermore, we show that the efficiency of NuoA-3 × FLAG protein turnover is reduced in the absence of the functional Cpx response (Figures 4B,C). These results can be interpreted in two ways. First, the Cpx system may regulate factors that inhibit translation, such as the CpxQ sRNA (Chao and Vogel, 2016), therefore decreasing the amount of successfully translated nuoA-3 × FLAG mRNA. Interestingly, CpxQ has been previously proposed to play a role in preserving the PMF at the IM since it downregulates the sodium-proton antiporter NhaB and counteracts the loss of membrane potential caused by CCCP treatment (Chao and Vogel, 2016). Moreover, several other sRNAs have been implicated in the post-transcriptional regulation of the ETC complexes, including RyhB that regulates both nuo and sdhCDAB transcripts under low-iron conditions (Massé and Gottesman, 2002; Massé et al., 2005; Desnoyers and Massé, 2012).

Additionally, activation of the Cpx response may result in increased proteolysis of existing NuoA-3 × FLAG proteins. This model is supported by the fact that the Cpx response regulates the expression of proteolytic factors responsible for quality control at the IM (Raivio et al., 1999, 2013; Shimohata et al., 2002; Price and Raivio, 2009; Raivio, 2014). Our data demonstrates that loss of these factors results in growth defects in media that requires a functional ETC for survival, which is in agreement with the previously suggested role of the Cpx response in the biogenesis of respiratory proteins (Figure 5; Guest et al., 2017). Together, these findings strengthen the link between the ETC and the Cpx TCS, where in addition to direct transcriptional repression of respiratory complexes, the Cpx pathway regulates their biogenesis and turnover, likely through the controlled expression of protein folding and degrading factors.

Considering the impact the Cpx response has on aerobic respiration, why does the availability of relatively similar non-fermentable carbon sources in the medium yield such different growth outcomes (Figure 5)? Aside from the ETC biogenesis, the other key factor in the minimal media experiments is the differential energetics and interactions of the non-fermentable carbon sources with bacterial central catabolism. Despite being fed directly into the TCA cycle, malate and succinate differentially contribute to ETC bioenergetics. Malate and its oxidation product NADH are stronger reducing agents, with an E′0 of –0.166 and –0.320 V, respectively, compared to succinate and its oxidation product FADH2 with an identical E’0 of +0.031 V (Karp, 2008). In other words, the oxidation of malate resulting in NADH production and subsequent oxidation of NADH by NDH-I provides the cell more energy for ATP production. If NDH-I is functionally deficient, NADH-derived electrons cannot be utilized directly for proton motive force generation, given that the NDH-II complex is not involved in proton translocation (Matsushita et al., 1987; Minárik et al., 2002) and ATP generation is dependent on the proton-pumping activity of the downstream cytochromes. This is supported by the fact that the inhibition of NADH oxidase subunit activity of NDH-I results in poor to no growth on malate (Kao et al., 2005). Therefore, removing factors potentially involved in the biogenesis of NDH-I may result in strong growth defects when malate is the sole carbon source. It is possible that the ability to bypass NDH-I and metabolize succinate directly through succinate dehydrogenase results in better viability of these mutants.

Here, we propose that several envelope quality control factors, some of which are Cpx-regulated, affect the biogenesis of NDH-I and, potentially, other respiratory complexes. The inability to utilize non-fermentable carbon sources (Figure 5) by the strains lacking envelope quality control could be caused by lethal accumulation of irreparably damaged respiratory complexes in the absence of appropriate protein turnover (Figures 4B,C, 6). While we did not determine whether YccA, DegP, PpiD, or HtpX impact the ETC complexes directly, we know that most of these are associated with the non-specific protease FtsH and SecYEG-dependent translocation (Kihara and Ito, 1998; Antonoaea et al., 2008; Van Stelten et al., 2009; Leiser et al., 2012; Fürst et al., 2018). FtsH-mediated degradation of the SecY subunit of the SecYEG translocon prevents blocking of the translocase with inefficiently exported proteins (Langklotz et al., 2012).

Interestingly, not all mutations were similarly detrimental to the cell. For instance, htpX mutants displayed relatively mild growth defects (Figure 5) and reductions in NuoA-3 × FLAG protein levels (Figure 6), possibly because HtpX functions as a protease with cellular roles complementary or overlapping to those of FtsH (Leiser et al., 2012). In contrast, removing proteins involved in modulation of FtsH proteolytic activity, including YccA and DegP, could lead to excessive degradation of SecY, not allowing for damaged IM proteins to be replaced. PpiD, on the other hand, may assist with secretion and folding of membrane parts of the NDH-I complex. One of the proposed mechanisms of NDH-I assembly involves its co-translational translocation through the Sec translocon and further insertion of its integral protein into the membrane (Friedrich et al., 2016); however, the chaperones involved in this process are yet to be described. PpiD has been previously shown to improve translocation efficiency by clearing the Sec translocon of newly synthesized proteins (Fürst et al., 2018), while its deletion leads to delayed release of proteins from the cytoplasmic side (Antonoaea et al., 2008).

Cumulatively, our results suggest that activation of the Cpx response may stimulate FtsH proteolytic degradation and/or impact the secretion of the electron transport chain proteins. However, since ftsH is essential in E. coli (Akiyama et al., 1994), we were unable to determine if it is required for Cpx-mediated degradation of NuoA-3 × FLAG. A major future direction could involve deleting ftsH in a strain that carries the sfhC21 allele, which suppresses the lethality of the ftsH null and assessing NuoA-3 × FLAG levels (Ogura et al., 1999).

One of the major findings of this work is that another essential component of cellular energetics, the succinate dehydrogenase complex, is a member of the Cpx regulon and that its expression is downregulated in response to stresses sensed by the Cpx TCS. Furthermore, the housekeeping activity of the Cpx response is required for proper biogenesis and performance of succinate dehydrogenase, as evidenced by the fact that SDH activity is impaired in the absence of the functional Cpx pathway. Recent studies hypothesize that during normal biogenesis of the ETC complexes, some subunits may not assemble correctly, and these subunits engage in non-productive interactions that generate the stress sensed by the Cpx response (Guest et al., 2017). This hypothesis is further supported by our findings, where increased demand for respiratory complexes induces the Cpx pathway, possibly due to a higher risk of protein misfolding. Subsequently, activation of the Cpx response results in upregulation of proteases that degrade existing complexes, possibly facilitate secretion and membrane insertion, and directly repress nuo, sdhCDAB and cyo transcription. Altogether, our results support a model in which the Cpx pathway maintains the function of critical cytoplasmic membrane protein complexes through modulation of an intricate balance between transcriptional repression and increased protein turnover during periods of stress, while allowing for recovery of vital cellular activities including translocation of newly synthesized proteins and their insertion into the membrane as envelope stress is alleviated (Figure 7).
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FIGURE 7. Model of the quality control of the ETC performed by the Cpx envelope stress response at the inner membrane of E. coli. Upon activation of the Cpx response, CpxR represses the transcription of the operons encoding the NDH-I (nuo), cytochrome bo3 (cyo) and succinate dehydrogenase (sdh) respiratory complexes. In addition, the Cpx response regulates the biogenesis of these complexes beyond transcription through increased expression of protein folding and degrading factors. Cpx-regulated protein folding factors assist with the secretion and further insertion of integral parts of the ETC complexes, whereas the proteolytic factors maintain the adequate turnover and degradation of the misfolded or mislocalized proteins. OM, outer membrane; PG, peptidoglycan; PP, periplasm; CP, cytoplasm; Q, quinone; Cyo, cytochrome.




DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material.



AUTHOR CONTRIBUTIONS

VT was involved in the design of the study, the acquisition, analysis, and interpretation of the data, and wrote the manuscript. RG was involved in the design of the study, the acquisition, analysis, and interpretation of the data. TR was involved in the conception and design of the study, the interpretation of the data, as well as wrote the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was funded by operating grants (MOP 342982) from the Canadian Institutes of Health Research and discovery grant (RGPIN 238422-2013) from the Natural Sciences and Engineering Research Council awarded to TR.



ACKNOWLEDGMENTS

We are thankful to the members of the Raivio lab for their thoughtful feedback and Timothy H. S. Cho for construction of the pTrc-nlpE plasmid. A version of this work has been published as part of the Ph.D. thesis of Guest (2017).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.732288/full#supplementary-material


FOOTNOTES

1 https://www.prodoric.de/vfp


REFERENCES

Akiyama, Y. (2009). Quality control of cytoplasmic membrane proteins in escherichia coli. J. Biochem. 146, 449–454. doi: 10.1093/jb/mvp071

Akiyama, Y., Kihara, A., and Ito, K. (1996). Subunit a of proton ATPase F0 sector is a substrate of the FtsH protease in Escherichia coli. FEBS Lett. 399, 26–28. doi: 10.1016/s0014-5793(96)01283-5

Akiyama, Y., Ogura, T., and Ito, K. (1994). Involvement of FtsH in protein assembly into and through the membrane. I. Mutations that reduce retention efficiency of a cytoplasmic reporter. J. Biol. Chem. 269, 5218–5224. doi: 10.1016/S0021-9258(17)37677-9

Ammar, E. M., Wang, X., and Rao, C. V. (2018). Regulation of metabolism in Escherichia coli during growth on mixtures of the non-glucose sugars: arabinose, lactose, and xylose. Sci. Rep. 8:609. doi: 10.1038/s41598-017-18704-0

Antonoaea, R., Furst, M., Nishiyama, K. I. I., and Muller, M. (2008). The periplasmic chaperone PpiD interacts with secretory proteins exiting from the SecYEG translocon. Biochemistry 47, 5649–5656. doi: 10.1021/bi800233w

Au, D. C., and Gennis, R. B. (1987). Cloning of the cyo locus encoding the cytochrome o terminal oxidase complex of Escherichia coli. J. Bacteriol. 169, 3237–3242. doi: 10.1128/jb.169.7.3237-3242.1987

Aussel, L., Pierrel, F., Loiseau, L., Lombard, M., Fontecave, M., and Barras, F. (2014). Biosynthesis and physiology of coenzyme Q in bacteria. Biochim. Biophys. Acta Bioenerg. 1837, 1004–1011. doi: 10.1016/j.bbabio.2014.01.015

Baba, T., Ara, T., Hasegawa, M., Takai, Y., Okumura, Y., Baba, M., et al. (2006). Construction of Escherichia coli K-12 in-frame, single-gene knockout mutants: The Keio collection. Mol. Syst. Biol. 2:50. doi: 10.1038/msb4100050

Baranova, E. A., Holt, P. J., and Sazanov, L. A. (2007). Projection structure of the membrane domain of escherichia coli respiratory complex I at 8 Å Resolution. J. Mol. Biol. 366, 140–154. doi: 10.1016/j.jmb.2006.11.026

Bongaerts, J., Zoske, S., Weidner, U., and Linden, G. (1995). Transcriptional regulation of the proton translocating NADH dehydrogenase (nuoA-N) of Escherichia coli by electron acceptors, electron donors and gene regulators. Mol. Microbiol. 16, 521–534. doi: 10.1111/j.1365-2958.1995.tb02416.x

Borisov, V. B. B., Murali, R., Verkhovskaya, M. L. L., Bloch, D. A. A., Han, H., Gennis, R. B. B., et al. (2011). Aerobic respiratory chain of Escherichia coli is not allowed to work in fully uncoupled mode. Proc. Natl. Acad. Sci. 108, 17320–17324. doi: 10.1073/pnas.1108217108

Brandt, U. (2006). Energy converting NADH:quinone oxidoreductase (complex I). Annu. Rev. Biochem. 75, 69–92. doi: 10.1146/annurev.biochem.75.103004.142539

Braun, M., Bungert, S., and Friedrich, T. (1998). Characterization of the overproduced NADH dehydrogenase fragment of the NADH:ubiquinone oxidoreductase (complex I) from Escherichia coli. Biochemistry 37, 1861–1867. doi: 10.1021/bi971176p

Cecchini, G., Schroder, I., Gunsalus, R. P., and Maklashina, E. (2002). Succinate dehydrogenase and fumarate reductase from Escherichia coli. Biochim. Biophys. Acta-Bioenerg. 1553, 140–157. doi: 10.1016/S0005-2728(01)00238-9

Chang, D.-E., Smalley, D. J. J., Tucker, D. L. L., Leatham, M. P. P., Norris, W. E. E., Stevenson, S. J. J., et al. (2004). Carbon nutrition of Escherichia coli in the mouse intestine. Proc. Natl. Acad. Sci. USA 101, 7427–7432. doi: 10.1073/pnas.0307888101

Chao, Y., and Vogel, J. (2016). A 3’ UTR-Derived Small RNA provides the regulatory noncoding arm of the inner membrane stress response. Mol. Cell 61, 352–363. doi: 10.1016/j.molcel.2015.12.023

Cosma, C. L., Danese, P. N., Carlson, J. H., Silhavy, T. J., and Snyder, W. B. (1995). Mutational activation of the Cpx signal transduction pathway of Escherichia coli suppresses the toxicity conferred by certain envelope-associated stresses. Mol. Microbiol. 18, 491–505. doi: 10.1111/j.1365-2958.1995.mmi_18030491.x

Danese, P. N., and Silhavy, T. J. (1997). The σ(E) and the Cpx signal transduction systems control the synthesis of periplasmic protein-folding enzymes in Escherichia coli. Genes Dev. 11, 1183–1193. doi: 10.1101/gad.11.9.1183

Danese, P. N., and Silhavy, T. J. (1998). CpxP, a stress-combative member of the Cpx regulon. J. Bacteriol. 180, 831–839. doi: 10.1128/JB.180.4.831-839.1998

Danese, P. N., Snyder, W. B., Cosma, C. L., Davis, L. J. B., and Silhavy, T. J. (1995). The Cpx two-component signal transduction pathway of Escherichia coli regulates transcription of the gene specifying the stress-inducible periplasmic protease. DegP. Genes Dev. 9, 387–398. doi: 10.1101/gad.9.4.387

Dbeibo, L., van Rensburg, J. J., Smith, S. N., Fortney, K. R., Gangaiah, D., Gao, H., et al. (2018). Evaluation of CpxRA as a therapeutic target for uropathogenic escherichia coli infections. Infect. Immun. 86:17. doi: 10.1128/IAI.00798-17

De Wulf, P., McGuire, A. M., Liu, X., and Lin, E. C. C. (2002). Genome-wide profiling of promoter recognition by the two-component response regulator CpxR-P in Escherichia coli. J. Biol. Chem. 277, 26652–26661. doi: 10.1074/jbc.M203487200

Delhaye, A., Collet, J.-F., and Laloux, G. (2019a). A fly on the wall: how stress response systems can sense and respond to damage to peptidoglycan. Front. Cell. Infect. Microbiol. 9:380. doi: 10.3389/fcimb.2019.00380

Delhaye, A., Laloux, G., and Collet, J.-F. F. (2019b). The lipoprotein NlpE is a cpx sensor that serves as a sentinel for protein sorting and folding defects in the escherichia coli envelope. J. Bacteriol. 209, 1–12. doi: 10.1128/JB.00611-18

Desnoyers, G., and Massé, E. (2012). Noncanonical repression of translation initiation through small RNA recruitment of the RNA chaperone Hfq. Genes Dev. 26, 726–739. doi: 10.1101/gad.182493.111

Engl, C., Beek, A., Ter Bekker, M., de Mattos, J. T., Jovanovic, G., and Buck, M. (2011). Dissipation of proton motive force is not sufficient to induce the phage shock protein response in Escherichia coli. Curr. Microbiol. 62, 1374–1385. doi: 10.1007/s00284-011-9869-5

Friedrich, T., Dekovic, D. K., and Burschel, S. (2016). Assembly of the Escherichia coli NADH:ubiquinone oxidoreductase (respiratory complex I). Biochim. Biophys. Acta-Bioenerg. 1857, 214–223. doi: 10.1016/j.bbabio.2015.12.004

Fürst, M., Zhou, Y., Merfort, J., and Müller, M. (2018). Involvement of PpiD in Sec-dependent protein translocation. Biochim. Biophys. Acta. Mol. Cell Res. 1865, 273–280. doi: 10.1016/j.bbamcr.2017.10.012

Geissmann, T. A., and Touati, D. (2004). Hfq, a new chaperoning role: binding to messenger RNA determines access for small RNA regulator. EMBO J. 23, 396–405. doi: 10.1038/sj.emboj.7600058

Grabowicz, M., and Silhavy, T. J. (2017a). Envelope Stress Responses: An Interconnected Safety Net. Trends Biochem. Sci. 42, 232–242. doi: 10.1016/j.tibs.2016.10.002

Grabowicz, M., and Silhavy, T. J. (2017b). Redefining the essential trafficking pathway for outer membrane lipoproteins. Proc. Natl. Acad. Sci. 114, 4769–4774. doi: 10.1073/pnas.1702248114

Guénebaut, V., Schlitt, A., Weiss, H., Leonard, K., and Friedrich, T. (1998). Consistent structure between bacterial and mitochondrial NADH:ubiquinone oxidoreductase (complex I). J. Mol. Biol. 276, 105–112. doi: 10.1006/jmbi.1997.1518

Guest, R. L., Wang, J., Wong, J. L., and Raivio, T. L. (2017). A bacterial stress response regulates respiratory protein complexes to control envelope stress adaptation. 199, 1–14. doi: 10.1128/JB.00153-17

Guest, R. L. R. L. (2017). Regulation of respiration by the Cpx response in enteropathogenic Escherichia coli. Edmonton: University of Alberta.

Hederstedt, L., and Rutberg, L. (1981). Succinate-dehydrogenase - a comparative review. Microbiol. Rev. 45, 542–555. doi: 10.1128/MMBR.45.4.542-555.1981

Hews, C. L., Cho, T., Rowley, G., and Raivio, T. L. (2019). Maintaining integrity under stress: envelope stress response regulation of pathogenesis in gram-negative bacteria. Front. Cell. Infect. Microbiol. 9:1–25. doi: 10.3389/fcimb.2019.00313

Hofhaus, G., Weiss, H., and Leonard, K. (1991). Electron microscopic analysis of the peripheral and membrane parts of mitochondrial NADH dehydrogenase (Complex I). J. Mol. Biol. 221, 1027–1043. doi: 10.1016/0022-2836(91)80190-6

Holst, O., Moran, A. P., and Brennan, P. J. (2010). “Chapter 1 - Overview of the glycosylated components of the bacterial cell envelope,” in Microbial Glycobiology, eds J. Otto Holst Patrick and B. Mark von Itzstein (San Diego: Academic Press), 1–13. doi: 10.1016/B978-0-12-374546-0.00001-8

Hung, D. L., Raivio, T. L., Jones, C. H., Silhavy, T. J., and Hultgren, S. J. (2001). Cpx signaling pathway monitors biogenesis and affects assembly and expression of P pili. EMBO J. 20, 1508–1518. doi: 10.1093/emboj/20.7.1508

Isaac, D. D., Pinkner, J. S., Hultgren, S. J., and Silhavy, T. J. (2005). The extracytoplasmic adaptor protein CpxP is degraded with substrate by DegP. Proc. Natl. Acad. Sci. USA 102, 17775–17779. doi: 10.1073/pnas.0508936102

Jones, C. H., Danese, P. N., Pinkner, J. S., Silhavy, T. J., and Hultgren, S. J. (1997). The chaperone-assisted membrane release and folding pathway is sensed by two signal transduction systems. EMBO J. 16, 6394–6406. doi: 10.1093/emboj/16.21.6394

Jones, C. H., Dexter, P., Evans, A. K., Liu, C., Hultgren, S. J., and Hruby, D. E. (2002). Escherichia coli degp protease cleaves between paired hydrophobic residues in a natural substrate: the PapA Pilin. J. Bacteriol. 184, 5762–5771. doi: 10.1128/JB.184.20.5762-5771.2002

Kaila, V. R. I. I., and Wikström, M. (2021). Architecture of bacterial respiratory chains. Nat. Rev. Microbiol. 19, 319–330. doi: 10.1038/s41579-020-00486-4

Kaila, V. R. I. R. I., Verkhovsky, M. I. I., and Wikstrom, M. (2010). Proton-coupled electron transfer in cytochrome oxidase. Chem. Rev. 110, 7062–7081. doi: 10.1021/cr1002003

Kao, M.-C. C., Nakamaru-Ogiso, E., Matsuno-Yagi, A., and Yagi, T. (2005). Characterization of the membrane domain subunit NuoK (ND4L) of the NADH-quinone oxidoreductase from Escherichia coli. Biochemistry 44, 9545–9554. doi: 10.1021/bi050708w

Karp, G. (2008). Cell and Molecular Biology: Concepts and Experiments. 5th ed. Hoboken: John Wiley & Sons, Limited.

Kerscher, S., Dröse, S., Zickermann, V., and Brandt, U. (2008). The three families of respiratory NADH dehydrogenases. Results Probl. Cell Differ. 45, 185–222. doi: 10.1007/400_2007_028

Kervinen, M., Pätsi, J., Finel, M., and Hassinen, I. E. (2004). A Pair of membrane-embedded acidic residues in the nuok subunit of Escherichia coli NDH-1, a Counterpart of the ND4L subunit of the mitochondrial complex I, are required for high ubiquinone reductase activity. Biochemistry 43, 773–781. doi: 10.1021/bi0355903

Kihara, A., Akiyama, Y., and Ito, K. (1995). FtsH is required for proteolytic elimination of uncomplexed forms of SecY, an essential protein translocase subunit. Proc. Natl. Acad. Sci. USA 92, 4532–4536. doi: 10.1073/pnas.92.10.4532

Kihara, A., and Ito, K. (1998). Translocation, folding, and stability of the HflKC complex with signal anchor topogenic sequences. J. Biol. Chem. 273, 29770–29775. doi: 10.1074/jbc.273.45.29770

Kitagawa, M., Ara, T., Arifuzzaman, M., Ioka-Nakamichi, T., Inamoto, E., Toyonaga, H., et al. (2005). Complete set of ORF clones of Escherichia coli ASKA library (a complete set of E. coli K-12 ORF archive): unique resources for biological research. DNA Res. Int. J. Rapid Publ. Rep. Genes Genomes 12, 291–299. doi: 10.1093/dnares/dsi012

Kohanski, M. A., Dwyer, D. J., Wierzbowski, J., Cottarel, G., and Collins, J. J. (2008). Mistranslation of membrane proteins and two-component system activation trigger antibiotic-mediated cell death. Cell 135, 679–690. doi: 10.1016/j.cell.2008.09.038

Kumar, R., and Shimizu, K. (2011). Transcriptional regulation of main metabolic pathways of cyoA, cydB, fnr, and fur gene knockout Escherichia coli in C-limited and N-limited aerobic continuous cultures. Microb. Cell Fact. 10:3. doi: 10.1186/1475-2859-10-3

Langklotz, S., Baumann, U., and Narberhaus, F. (2012). Structure and function of the bacterial AAA protease FtsH. Biochim. Biophys. Acta-Mol. Cell Res. 1823, 40–48. doi: 10.1016/j.bbamcr.2011.08.015

Leiser, O. P., Charlson, E. S., Gerken, H., and Misra, R. (2012). Reversal of the ΔdegP Phenotypes by a Novel rpoE Allele of Escherichia coli. PLoS One 7:e33979. doi: 10.1371/journal.pone.0033979

Lestienne, P., and Desnuelle, C. (1999). Complex II or Succinate: Quinone Oxidoreductase and Pathology BT - Mitochondrial Diseases: Models and Methods. Berlin: Springer, 87–95. doi: 10.1007/978-3-642-59884-5_7

MacRitchie, D. M., Ward, J. D., Nevesinjac, A. Z., and Raivio, T. L. (2008). Activation of the Cpx envelope stress response down-regulates expression of several locus of enterocyte effacement-encoded genes in enteropathogenic Escherichia coli. Infect. Immun. 76, 1465–1475. doi: 10.1128/IAI.01265-07

Massé, E., and Gottesman, S. (2002). A small RNA regulates the expression of genes involved in iron metabolism in Escherichia coli. Proc. Natl. Acad. Sci. USA 99, 4620–4625. doi: 10.1073/pnas.032066599

Massé, E., Vanderpool, C. K., and Gottesman, S. (2005). Effect of RyhB small RNA on global iron use in Escherichia coli. J. Bacteriol. 187, 6962–6971. doi: 10.1128/JB.187.20.6962-6971.2005

Matern, Y., Barion, B., and Behrens-Kneip, S. (2010). PpiD is a player in the network of periplasmic chaperones in Escherichia coli. BMC Microbiol. 10:251. doi: 10.1186/1471-2180-10-251

Matsushita, K., Ohnishi, T., and Kaback, H. R. (1987). NADH-ubiquinone oxidoreductases of the Escherichia coli aerobic respiratory chain. Biochemistry 26, 7732–7737. doi: 10.1021/bi00398a029

McNeil, M. B. B., Clulow, J. S. S., Wilf, N. M. M., Salmond, G. P. C. P. C., and Fineran, P. C. C. (2012). SdhE is a conserved protein required for flavinylation of succinate dehydrogenase in bacteria. J. Biol. Chem. 287, 18418–18428. doi: 10.1074/jbc.M111.293803

Mileykovskaya, E., and Dowhan, W. (1997). The Cpx two-component signal transduction pathway is activated in Escherichia coli mutant strains lacking phosphatidylethanolamine. J. Bacteriol. 179, 1029–1034. doi: 10.1128/jb.179.4.1029-1034.1997

Minárik, P., Tomásková, N., Kollárová, M., and Antalík, M. (2002). Malate dehydrogenases–structure and function. Gen. Physiol. Biophys. 21, 257–265.

Mitchell, A. M., and Silhavy, T. J. (2019). Envelope stress responses: balancing damage repair and toxicity. Nat. Rev. Microbiol. 17, 417–428. doi: 10.1038/s41579-019-0199-0

Münch, R., Hiller, K., Grote, A., Scheer, M., Klein, J., Schobert, M., et al. (2005). Virtual Footprint and PRODORIC: an integrative framework for regulon prediction in prokaryotes. Bioinformatics 21, 4187–4189. doi: 10.1093/bioinformatics/bti635

Nakamura, K., Yamaki, M., Sarada, M., Nakayama, S., Vibat, C. R., Gennis, R. B., et al. (1996). Two hydrophobic subunits are essential for the heme b ligation and functional assembly of complex II (succinate-ubiquinone oxidoreductase) from Escherichia coli. J. Biol. Chem. 271, 521–527. doi: 10.1074/jbc.271.1.521

Nakayama, S., and Watanabe, H. (1995). Involvement of cpxA, a sensor of a two-component regulatory system, in the pH-dependent regulation of expression of Shigella sonnei virF gene. J. Bacteriol. 177, 5062–5069. doi: 10.1128/jb.177.17.5062-5069.1995

Ogura, T., Inoue, K., Tatsuta, T., Suzaki, T., Karata, K., Young, K., et al. (1999). Balanced biosynthesis of major membrane components through regulated degradation of the committed enzyme of lipid A biosynthesis by the AAA protease FtsH (HflB) in Escherichia coli. Mol. Microbiol. 31, 833–844. doi: 10.1046/j.1365-2958.1999.01221.x

Otto, K., and Silhavy, T. J. (2002). Surface sensing and adhesion of Escherichia coli controlled by the Cpx-signaling pathway. Proc. Natl. Acad. Sci. USA 99, 2287–2292. doi: 10.1073/pnas.042521699

Park, S. J., Tseng, C. P., and Gunsalus, R. P. (1995). Regulation of succinate dehydrogenase sdhCDAB operon expression in Escherichia coli in response to carbon supply and anaerobiosis: role of ArcA and Fnr. Mol. Microbiol. 15, 473–482. doi: 10.1111/j.1365-2958.1995.tb02261.x

Pogliano, J., Lynch, A. S., Belin, D., Lin, E. C. C., Beckwith, J., Genetics, M., et al. (1997). Regulation of Escherichia coli cell envelope proteins involved in protein folding and degradation by the Cpx two-component system. Genes Dev. 11, 1169–1182. doi: 10.1101/gad.11.9.1169

Price, C. E., and Driessen, A. J. M. M. (2010). Biogenesis of membrane bound respiratory complexes in Escherichia coli. Biochim. Biophys. Acta-Mol. Cell Res. 1803, 748–766. doi: 10.1016/j.bbamcr.2010.01.019

Price, N. L., and Raivio, T. L. (2009). Characterization of the Cpx regulon in Escherichia coli strain MC4100. J. Bacteriol. 191, 1798–1815. doi: 10.1128/JB.00798-08

Prüss, B. M. M., Nelms, J. M. M., Park, C., and Wolfe, A. J. J. (1994). Mutations in NADH:ubiquinone oxidoreductase of Escherichia coli affect growth on mixed amino acids. J. Bacteriol. 176, 2143–2150. doi: 10.1128/jb.176.8.2143-2150.1994

Raivio, T. L. (2014). Everything old is new again: an update on current research on the Cpx envelope stress response. Biochim. Biophys. Acta-Mol. Cell Res. 1843, 1529–1541. doi: 10.1016/j.bbamcr.2013.10.018

Raivio, T. L. (2018). Regulation of proteolysis in the Gram-negative bacterial envelope. J. Bacteriol. 200, 1–6. doi: 10.1128/JB.00639-17

Raivio, T. L., Laird, M. W., Joly, J. C., and Silhavy, T. J. (2000). Tethering of CpxP to the inner membrane prevents spheroplast induction of the Cpx envelope stress response. Mol. Microbiol. 37, 1186–1197. doi: 10.1046/j.1365-2958.2000.02074.x

Raivio, T. L., Leblanc, S. K. D., and Price, N. L. (2013). The Escherichia coli Cpx envelope stress response regulates genes of diverse function that impact antibiotic resistance and membrane integrity. J. Bacteriol. 195, 2755–2767. doi: 10.1128/JB.00105-13

Raivio, T. L., Popkin, D. L., and Silhavy, T. J. (1999). The cpx envelope stress response is controlled by amplification and feedback inhibition. J. Bacteriol. 181, 5263–5272. doi: 10.1128/JB.181.17.5263-5272.1999

Raivio, T. L., and Silhavy, T. J. (1997). Transduction of envelope stress in Escherichia coli by the Cpx two-component system. J. Bacteriol. 179, 7724–7733. doi: 10.1128/jb.179.24.7724-7733.1997

Raivio, T. L., and Silhavy, T. J. (2001). Periplasmic stress and ECF sigma factors. Annu. Rev. Microbiol. 55, 591–624. doi: 10.1146/annurev.micro.55.1.591

Ruiz, N., Kahne, D., and Silhavy, T. J. (2006). Advances in understanding bacterial outer-membrane biogenesis. Nat. Rev. Microbiol. 4, 57–66. doi: 10.1038/nrmicro1322

Sakoh, M., Ito, K., and Akiyama, Y. (2005). Proteolytic activity of HtpX, a membrane-bound and stress-controlled protease from Escherichia coli. J. Biol. Chem. 280, 33305–33310. doi: 10.1074/jbc.M506180200

Shen, J., and Gunsalus, R. P. (1997). Role of multiple ArcA recognition sites in anaerobic regulation of succinate dehydrogenase (sdhCDAB) gene expression in Escherichia coli. Mol. Microbiol. 26, 223–236. doi: 10.1046/j.1365-2958.1997.5561923.x

Shimohata, N., Chiba, S., Saikawa, N., Ito, K., and Akiyama, Y. (2002). The Cpx stress response system of Escherichia coli senses plasma membrane proteins and controls HtpX, a membrane protease with a cytosolic active site. Genes Cell 7, 653–662. doi: 10.1046/j.1365-2443.2002.00554.x

Silhavy, T., Berman, M., and Enquist, L. (1984). Experiments with gene fusions. New York, NY: Cold Spring Harbor Laboratory, doi: 10.1016/0168-9525(85)90025-3

Silhavy, T. J., Kahne, D., and Walker, S. (2010). The bacterial cell envelope. Cold Spring Harb. Perspect. Biol. 2:a000414. doi: 10.1101/cshperspect.a000414

Surmann, K., Stopp, M., Wörner, S., Dhople, V. M., Völker, U., Unden, G., et al. (2020). Fumarate dependent protein composition under aerobic and anaerobic growth conditions in Escherichia coli. J. Proteomics 212, 103583. doi: 10.1016/j.jprot.2019.103583

Tran, Q. M., Rothery, R. A., Maklashina, E., Cecchini, G., and Weiner, J. H. (2006). The quinone binding site in Escherichia coli succinate dehydrogenase is required for electron transfer to the heme b. J. Biol. Chem. 281, 32310–32317. doi: 10.1074/jbc.M607476200

van Bloois, E., Dekker, H. L., Fröderberg, L., Houben, E. N. G. G., Urbanus, M. L., de Koster, C. G., et al. (2008). Detection of cross-links between FtsH, YidC, HflK/C suggests a linked role for these proteins in quality control upon insertion of bacterial inner membrane proteins. FEBS Lett. 582, 1419–1424. doi: 10.1016/j.febslet.2008.02.082

Van Stelten, J., Silva, F., Belin, D., and Silhavy, T. J. (2009). Effects of antibiotics and a proto-oncogene homolog on destruction of protein translocator SecY. Science 325, 753–756. doi: 10.1126/science.1172221

Weinberg, E. D. (1959). Gradient Agar Plates. Am. Biol. Teach. 21, 347–350. doi: 10.2307/4439185

Wong, J. L., Vogt, S. L., and Raivio, T. L. (2013). Using reporter genes and the Escherichia coli ASKA overexpression library in screens for regulators of the gram negative envelope stress response. Methods Mol. Biol. 966, 337–357. doi: 10.1007/978-1-62703-245-2_21

Yamamoto, K., and Ishihama, A. (2006). Characterization of copper-inducible promoters regulated by CpxA/CpxR in Escherichia coli. Biosci. Biotechnol. Biochem. 70, 1688–1695. doi: 10.1271/bbb.60024

Yankovskaya, V., Horsefield, R., Törnroth, S., Luna-Chavez, C., Miyoshi, H., Léger, C., et al. (2003). Architecture of succinate dehydrogenase and reactive oxygen species generation. Science 299, 700–704. doi: 10.1126/science.1079605

Yoshida, M., Muneyuki, E., and Hisabori, T. (2001). ATP synthase - a marvellous rotary engine of the cell. Nat. Rev. Mol. Cell Biol. 2, 669–677. doi: 10.1038/35089509

Zhang, Z., Gosset, G., Barabote, R., Gonzalez, C. S., Cuevas, W. A., and Saier, M. H. J. (2005). Functional interactions between the carbon and iron utilization regulators. Crp and Fur, in Escherichia coli. J. Bacteriol. 187, 980–990. doi: 10.1128/JB.187.3.980-990.2005

Zheng, D., Constantinidou, C., Hobman, J. L., and Minchin, S. D. (2004). Identification of the CRP regulon using in vitro and in vivo transcriptional profiling. Nucleic Acids Res. 32, 5874–5893. doi: 10.1093/nar/gkh908


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Tsviklist, Guest and Raivio. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Cpx Stress Response Regulates Turnover of Respiratory Chain Proteins at the Inner Membrane of Escherichia coli



		INTRODUCTION



		MATERIALS AND METHODS



		Bacterial Strains and Growth Conditions



		Strain and Plasmid Construction



		Luminescence Assay



		Western Blot Analysis



		Protein Stability Assay



		Succinate Dehydrogenase Activity Assay



		Minimal Media Growth Assays









		RESULTS



		Regulation of the Succinate Dehydrogenase Complex by the Cpx Response



		Succinate Dehydrogenase Activity Is Affected by Excessive Activation or Absence of the Cpx Response



		The Cellular Need for the Cpx Response Increases When Respiratory Complexes Are More Prevalent or Active



		The Cpx Response Regulates NuoA Protein Levels



		Cpx-Regulated Protein Folding and Degrading Factors Affect Growth During High Respiratory Demand



		Cpx-Regulated Protein Folding and Degrading Factors Affect NuoA Protein Levels









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		FOOTNOTES



		REFERENCES

















OPS/images/fmicb-12-732288-g007.jpg
Surface
adhesion

el lpde b e el e le lp el e lpl el el el el el el plelel

NIpE

RN G i W e e i i e i e i e i i i e i o

Misfolded CpxP
proteins O

= &

4H DegP & )/
\ polypeptides . g’,\;é)

L =

- HtpX
, Q QH2 Cvo bd qHz || CY° Po:
, QH2

gtp Succinate Fumarate

PG

NAD*+ H* o | 2H+1/20, + —»Hzo] X2 s~
GDP}' (

NADH NAD*
NAD*
m O, +— TCA Cycle

NADH

[ a-Ketoglutaric acid ]

NAD
:;?/\ //\ Acetyl CoA
Electron transport Protein folding and Co,
(nuo, cyo, sdh) degrading factors (yccA, —
htpX, degP)

Quality control of the respiratory complexes





OPS/images/fmicb-12-732288-g006.jpg
AcpxR AdegP AppiD AyccA AhtpX

NuoA-3xFLAG

““”‘

1.0 3.42 5.56 4.83 3.95 1.49

T






OPS/images/fmicb-12-732288-g003.jpg
Growth control Luminescence

O=

pnuoA::lux

psdhC::lux

pcpxP::lux f@ . ’

v .. " . - > . » * - LT o - - g . - . .

",v." e v T . . ¢ ? ey | " Y \ ' o W . hY
‘ 3 Ve - O - v ¥ ' e AN, 1y ‘
A g ) 8 A . v gm0l =l . Y - . LSS oo i .
A 2 Ve g it o X N4 . W >y $ . oeny. . AN RAPET R I e
3,0l PV S QLR 1 SIGIAN St ha oy D o LR PR, :
CNTp . ’ H i 8 fen v 1K, . = b S
n Y

pnuoA::lux

psdhC::lux

Glucose Succinate Glucose Succinate





OPS/images/cover.jpg
, frontiers
in Microbiology

The Cpx Stress Response
Regulates Turnover
of Respiratory Chain Proteins
at the Inner Membrane
of Escherichia coli





OPS/images/fmicb-12-732288-g002.jpg
SDH Activity mU/uL

"vv
Vv
Yvy
Vv
Vv

0.025-

0.020-

0.015-

0.010+

0.005-

0.000

%k % %k %k

X Xk Xk Xk

Wildtype

cpxR::kan

cpxA24

pTrc-nipE

Purified SDH enzyme





OPS/images/fmicb-12-732288-g005.jpg
Ln ODggo

Ln ODggo

M9 + glucose

2= ‘
@
5 g:
-4
-5 J v T T 1 - T . Y . :
0 10 20 30 40 A
Time, h
M9 + malate
g 0005 L5 1 0 540 TS R IR S B
21482080000000
- - A !2
A5 -m
A i
¥
2 .
" e i v
‘0: = vO
B2 O
-3 = .
’v e OOOO0000000000000000000 W™

vv"'v'VVVvvv'yV'vVvvv

10 20 30 40 50
Time, h

M9 + succinate

Wildtype

htpX::kan
yccA::kan
ppiD::kan
degP::kan
cpxR::kan






OPS/images/fmicb-12-732288-g004.jpg
| | —— — NuoA-3xFLAG
1.00 1.14 0.08
B +100 pg chloramphenicol
Time (min) 0 1 5 10 20 30 45 9 120
IW : » P —— -t WT
NuoA-3xFLAG ‘w AcpxR
“.—-_——— - cpxA24
FHDA A —" S——— S ———————— ‘
0.0 ................................................................. .
-e- Wildtype
= ACpxR
— == CPXA24

Log of relative band intensity ©
o
e

'
—_—
o

0 50 100 150
Time, min








OPS/images/fmicb-12-732288-g001.jpg
CPS/ODggg

Time post subculture, h

= 1.5%x10¢
1x108
5x105:
o

2 3 4 L] 6 7

- Ve
= popxP:ilux

= cpxA:cam VC

- cpxAscam pepxP:ilux

B
B
1.5%10 - ve
i = pruoA:lux
7 = cpxA:cam VC
H 1x10% cpxA::cam pnuoA-lux
8
i
-4 :
O sxaoe]
Time post subculture, h
2x105
= \vC
= psdhC:ilux
1.5x10° = cpxA:cam VC

g = cpxA::cam psdhCrilux
§ 1x105
2
o

5x104

0
2 3 4 5 6 7
Time post subculture, h

D

10x Serial Dilution

vc

PpsAhC:lux

PepxP:ilux

PRUoA::lux

10 Serial Dilution

PsAhC:lux
PpepxP:ilux

PruoA::lux

‘Growih coniral

Wildtype

cpxAzcam

o009

000 =

Luminescence





OPS/images/logo.jpg
, frontiers
in Microbiology





