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ABSTRACT 

The cell envelope of Gram-negative bacteria is a unique multilayered structure that protects 

them from the constantly changing and often times inhospitable environments, and  

significantly contributes to their virulence. Having a complex structure, it requires an extensive 

regulatory network to monitor its assembly and stability. Escherichia coli possess an array of 

two-component signal transduction systems, some of which respond to cell envelope 

perturbations, including loss of proton-motive force, peptidoglycan stress, outer and inner 

membrane biogenesis defects. The Cpx envelope stress response is one of the major signaling 

pathways 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, large envelope-localized complexes and small regulatory RNAs. The Cpx 

response has been linked to a number of essential cellular processes, including iron 

sequestration, solute transport and cellular respiration. 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. The purpose of this thesis was to examine the interaction between Cpx-

regulated protein folding and degrading factors and the respiratory complexes NADH 

dehydrogenase I and succinate dehydrogenase in Escherichia coli. Previously performed 

microarray analysis demonstrated that genes coding for succinate dehydrogenase complex 

were downregulated in the presence of the induced Cpx response. Here, we validate the 

microarray results and show that the succinate dehydrogenase complex has reduced activity in 

E. coli lacking the Cpx pathway and is most likely transcriptionally downregulated by the Cpx 

response.  Furthermore, we demonstrate 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 
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is impaired. We provide evidence that Cpx-regulated envelope quality control factors are 

involved in the biogenesis and turnover of the respiratory complexes. Next, we demonstrate 

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 resulted in similar growth-deficient 

phenotypes. Finally, we have found that increased expression of the small regulatory RNA 

CpxQ, whose production is strongly upregulated upon Cpx induction, leads to stabilization or 

increased transcription of the sdhC transcript. Together, our results demonstrate that the Cpx 

two-component system has a broader function in surveillance of the cell envelope, regulating 

the abundance of large envelope protein complexes. It mounts a complex and balanced 

response to envelope damage, allowing effective recovery from the envelope stress and 

maintaining the cellular energy status of the cell.   
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INTRODUCTION 

Escherichia coli  

 Commensal Escherichia coli (E. coli) is one of the best studied bacterial organisms 

used as a model in molecular biology and biotechnology research. Due to plasticity of its 

genome, E. coli can be utilized in cloning and expression of foreign genes thus has 

demonstrable versatility as a tool for genetic engineering (1). These gram-negative bacteria 

live as commensals in the gastrointestinal tract of warm-blooded animals and reptiles, 

colonizing the large intestine and residing within the mucus layer (2). E. coli are facultative 

anaerobes and therefore possess an ability to grow both aerobically using oxygen as a terminal 

electron acceptor, anaerobically using an alternative terminal electron acceptor, or by 

fermentation (3). Facultative anaerobic gut commensals such as E. coli, which constitute about 

0.1% of the gut microbiota, promote normal intestinal homeostasis and help prevent 

colonization by pathogens (4). However some E. coli strains have acquired a combination of 

virulence factors that enable them to cause infections that may be limited to the mucosal 

surfaces or can disseminate throughout the body (5). Three general clinical syndromes result 

from infection with pathogenic E. coli strains: (i) urinary tract infections, (ii) sepsis/meningitis, 

and (iii) enteric/diarrheal disease (5). Six known pathotypes of E. coli including 

enteropathogenic E. coli (EPEC), enterohaemorrhagic E. coli (EHEC), enterotoxigenic E. coli 

(ETEC), enteroaggregative E. coli (EAEC), enteroinvasive E. coli (EIEC), and adherent-

invasive E. coli (AIEC) are known to cause the aforementioned diseases.  

The Gram-Negative Bacterial Envelope 

 During their lifecycle, pathogenic bacteria encounter numerous harsh and frequently 

changing environments, including pH, temperature, and oxygen level fluctuations, as well as a 

variety of host defense mechanisms such as antimicrobial compounds and the cells of the 

immune system. To be able to withstand these conditions and successfully colonize their hosts, 
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Gram-negative bacteria have developed a unique cell envelope structure that acts as a 

protective barrier but allows selective passage of nutrients from the external environment and 

toxic products from the inside of the cell (6). The structure of the Gram-negative cell envelope 

was revealed in 1969, defining three principal layers: the outer membrane (OM), the 

peptidoglycan cell wall and the cytoplasmic or inner membrane (IM)(7). Each of these layers 

possesses distinct features and is discussed in further detail below.   

The Outer Membrane 

The outer membrane is a characteristic trait of Gram-negative bacteria as it is absent in 

Gram-positive organisms. It is the first line of defense against extreme environments 

representing a barrier that blocks entry of toxins and antibiotics and provides mechanical 

strength to the cell. The OM is a lipid bilayer, where the outer leaflet is composed of 

lipopolysaccharide (LPS) and the inner leaflet is composed of phospholipids (8). Both inner 

and outer membrane of Gram-negative bacteria contain phospholipids, however saturated fatty 

acids and phosphatidylethanolamine are more prevalent in the OM (8). LPS, in turn, consists 

of three regions: the lipid A glycolipid, the conserved polysaccharide core, and the variable O-

antigen formed by repeating units of oligosaccharide (9). The lipopolysaccharide layer plays a 

significant role in bacterial pathogenicity acting as one of the major virulence factors of Gram-

negative bacteria. The lipid A portion of LPS is highly toxic and can trigger a strong immune 

response via the toll-like receptor pathway in infected hosts (10). Many bacterial species 

possess an additional extracellular surface-associated polysaccharide layer, that can diffuse 

into the surrounding creating to a slime layer around the bacterial cell (11). This slime layer 

provides protection from the environmental threats, antibiotics and desiccation, as well as 

enables adherence to prosthetic implants, catheters and other smooth surfaces.     

There are two classes of proteins that also help compose the outer membrane: 

lipoproteins, and integral outer membrane proteins (OMPs). Lipoproteins are generally 
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embedded in the inner leaflet of the OM and perform a structural role by attaching the outer 

membrane to the underlying peptidoglycan layer (12). Integral OMPs are transmembrane (TM) 

proteins that adopt a β-barrel conformation which allows them to serve as transports channels 

(6). These channels, also referred to as porins, are essential for the nutrient uptake and the 

export of substances such as defence compounds or toxic waste products out of the cell (8). 

Porins can belong to one of the following classes: non-specific or general porins, substrate-

specific channels; energy-dependent or independent (13). 

The Inner Membrane 

The inner membrane, also referred to as the cytoplasmic membrane, is a phospholipid 

bilayer that contains integral inner membrane proteins (IMPs), lipoproteins and peripherally 

attached soluble proteins (6, 14). It serves as a selectively permeable barrier that allows passage 

of particular ions and molecules, while preventing the movement of other. The cytoplasmic 

membrane was shown to have the highest level of protein diversity and to be the most complex 

compartment of the cell envelope (15). Integral or transmembrane proteins comprise ⍺-helical 

bitopic and polytopic proteins, which span across the membrane once or more than once, 

respectively (16, 17). Proteins that are attached to only one side of the IM and do not span 

across it are called monotopic and include peripheral membrane proteins. Peripheral proteins 

can be attached to the lipid bilayer itself or to integral proteins spanning it, which allows them 

to act on the surface of the membrane (16, 17). IM proteins perform a wide variety of functions, 

including solute transport, biogenesis of envelope components, signal transduction, toxic waste 

disposal, and secretion of proteins and metabolites. Furthermore, complexes in the inner 

membrane are involved in key processes such as cell division and energy generation via 

respiratory chains.  
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The Periplasmic Space 

The periplasmic space separates the outer and inner membranes and serves as a site of 

numerous metabolic reactions and synthesis events, including folding of Sec-secreted proteins. 

In E. coli, it makes up 20–40% of the cell volume (18) and represents an oxidizing 

microenvironment that is devoid of any known energy-carrying molecules (6, 8, 19). The lack 

of energy source can become an obstacle for those processes that require the input of energy, 

for example, biosynthesis at the outer membrane. To overcome this issue, bacteria employ a 

number of general and specialized chaperones. Together with factors involved in protein 

folding and trafficking, they assist with the normal function of the periplasm and maintain the 

cell envelope integrity both during stress and under normal conditions (20).  

The peptidoglycan cell wall is a shape-maintaining and osmotic pressure-counteracting 

structure of the bacterial envelope (21). It composed of two sugar derivatives, N-

acetylglucosamine (NAG) and N-acetylmuramic acid (NAM), linked together by a glycosidic 

bond, which provides rigidity to the cell in the X direction (22). The strength of the 

peptidoglycan sheet in the Y-direction in conferred by the mesh-like layer of cross-linked 

amino acids, L-and D-alanine, D-glutamic acid, and either lysine or diaminopimelic acid 

(DAP). A number of envelope proteins are directly attached to peptidoglycan, including the 

most abundant protein in E. coli Lpp, or Braun’s lipoprotein (12), outer membrane protein 

OmpA, as well as subunits of several envelope-spanning complexes, including the stator 

element of the flagellar motor complex MotAB (23–25), the Ton molecular motor and the Tol-

Pal system. Binding of these proteins to the cell wall from both the inner and the outer 

membrane sides maintains the size of the periplasmic space, which was shown to be important 

for signaling processes (26). Perturbations to peptidoglycan layer, such as mutations in 

penicillin-binding proteins or treatment of cells with drugs affecting peptidoglycan, cause 
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activation of several envelope stress responses, which in turn adapt by modifying the structure 

of the cell wall (27, 28).  

Protein Transport from the Cytoplasm 

All bacterial proteins are synthesised either in the cytoplasm or at the cytoplasmic 

portion of the inner membrane. After being synthesised, proteins and other macromolecules 

have to be translocated across the IM into the periplasm or, in the case of phospholipids and 

LPS, flipped to its outer leaflet (8). The two major pathways associated with protein transport, 

the Sec pathway (29) and the Tat pathway (30).  The Tat pathway is responsible for the export 

of folded proteins, including those that require cofactor insertion in the cytoplasm (31). The 

structure and function of the Tat pathway is more comprehensively reviewed in (30, 32) 

The Sec translocase is involved in both the secretion of unfolded proteins across, and 

insertion of integral proteins into the cytoplasmic membrane. The Sec machinery consists of a 

membrane embedded protein-conducting channel formed by SecY, SecE and SecG 

components (33), and peripherally associated ATPase SecA, the motor domain that supplies 

energy for the translocation process (34). There are several accessory membrane proteins, 

including SecD, SecF and YajC, that can interact with the SecYEG complex, facilitating 

release of secreted proteins into the periplasm (35–38). In addition, membrane protein insertase 

YidC assists with the insertion and proper folding of integral inner membrane proteins both 

dependent and independent from the Sec translocon (39–41). Importantly for this project, in E. 

coli SecYEG and YidC have been shown to be involved in the biogenesis of several electron 

transport chain (ETC) components, including subunit c and a of the F1F0-ATP synthase (F0c 

and F0a), subunit A of cytochrome o oxidase (CyoA) and subunit K of NADH dehydrogenase 

(NuoK)(42–47). For example, NuoK possesses two glutamate residues in its transmembrane 

segments, E36 and E72, which are required for high rates of quinone activity (48, 49). YidC 

assists the insertion of these two less hydrophobic, negatively charged segments of the protein 
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into the membrane (42). In the case of CyoA, YidC assists with insertion of the N-terminus 

whereas the C-terminus is translocated via the Sec pathway (50).     

Envelope-Spanning Protein Complexes  

The integrity of the Gram-negative bacterial envelope is partially dependent on the 

correct assembly and function of the multi-subunit molecular machines spanning the cell 

envelope. Pili, flagella, RND (resistance-nodulation-division)-type efflux pumps, and a variety 

of secretion systems are all envelope-localized virulence determinants responsible for adhesion 

to host cells, bacterium-bacterium interactions, motility, colonization, and immune evasion, 

and therefore require fine-tuned regulation. The type IV bundle-forming pilus (EPEC), P-pilus 

(UPEC), toxin co-regulated pilus (V. cholerae) and  different types of adhesins in Yersinia spp. 

play key role in adhesion to host cells (51–54), whereas flagella acts primarily in locomotion 

(55). Pili biosynthesis involves both productive pathways, such as the chaperone-usher 

pathway that assembles P pili (56, 57), and non-productive pathways, in which the absence of 

a cognate chaperone leads to pilin misfolding (58).  

Additionally, successful infection establishment is dependent on the ability of the 

pathogen to secrete effector proteins. Effector proteins perform diverse functions from 

remodelling the host cell architecture (59) to preventing or inducing cell death (60–62). Most 

Gram-negative bacterial pathogens utilize secretion systems, some of which can transport their 

substrates across both bacterial membranes in a single step, independently of other secretory 

mechanisms (63, 64). These trans-envelope complexes include type III (T3SS), type IV (T4SS) 

and type VI (T6SS) secretion systems. T3SS are used by Pseudomonas, Yersinia, Shigella and 

EHEC to deliver effector proteins into the host cell; functional T3SS are essential for 

pathogenicity of many bacterial species, including Yersinia (65, 66). The T4SS is similar to the 

T3SS in that it secretes effector proteins, however it is unique in its ability to deliver DNA 

substrates, and is therefore used for conjugation and uptake or release of DNA (67). For 
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instance, Neisseria gonorrhoeae utilizes T4SS to secrete DNA into the extracellular space, 

which facilitates horizontal gene transfer (68), whereas in Bordetella pertussis and Brucella 

spp. it is utilized for toxin secretion and intracellular survival, respectively (69). In addition to 

delivery of effector proteins to eukaryotic cells, bacteria possessing T6SS are able to establish 

interbacterial interactions, transporting cell-wall degrading, cell-membrane targeting, and 

nucleic acid-targeting effectors into the recipient cell (70).  

Due to the complex structure of these envelope-spanning complexes, any non-

productive assembly pathways or subunit misfolding/mislocalization leads to activation of 

several partially overlapping envelope stress responses (ESRs). Biogenesis of pili, secretion 

systems and efflux pumps is assisted with an array of periplasmic protein folding and degrading 

catalysts that are upregulated in response to envelope perturbations (58).   

Quality Control in the Cell Envelope 

Protein Folding  

As mentioned, the periplasmic space is an oxidizing environment with a redox potential 

higher than that of the cytoplasm, meaning that molecules in the periplasm will more readily 

loose electrons (71–74). Both spontaneous (thermodynamically favourable) and assisted 

folding happens in this compartment of the cell envelope. Two principal catalysts of assisted 

folding include the DsbA/B pathway, which catalyses oxidative folding of cysteine-containing 

proteins, and peptidyl-prolyl isomerases or PPIases responsible for cis-trans isomerization of 

peptidyl bonds (74).  

Disulfide bonds are introduced into newly translocated proteins by the soluble 

periplasmic oxidoreductase DsbA (75). DsbA catalyses oxidation of cysteines, forming a 

covalent S–S bond that links the two amino acid side chains. This reaction occurs via formation 

of a transient disulfide between DsbA and its substrates, after which DsbA releases in the 

reduced state (76–78). In order to interact with proteins in the periplasm, DsbA has to be 
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maintained in an oxidized state in vivo (79). Recycling of DsbA back to its oxidized form is 

performed by the membrane-bound enzyme DsbB, which then delivers electrons to quinones 

in the respiratory chain (80–82). The electrons are then transferred to the final electron 

acceptor: molecular oxygen under aerobic conditions and nitrate or fumarate under anaerobic 

conditions (80). Occasionally proteins, especially those that require formation of non-

consecutive disulfide bonds, can be incorrectly oxidized by DsbA and therefore require 

rearrangement (83). Isomerization of non-native disulfides is performed by the DsbC/D 

pathway, where DsbC is a soluble homodimeric protein that facilitates proper folding in the 

periplasm by donating electrons to an incorrectly formed disulfide (80), and DsbD is a 

membrane-embedded monomeric protein responsible for recycling of DsbC back to its reduced 

state (80).  

The correct folding and structural stability of many secreted and membrane proteins is 

also dependent on peptidyl prolyl cis-trans isomerization performed by PPIases. Prolyl 

isomerases are highly conserved between different species, however individually they are not 

essential for viability (84, 85). To date, only four proteins have been classified as periplasmic 

peptidyl-prolyl cis-trans isomerases in E. coli, specifically FkpA, PpiA, PpiD and SurA (84). 

Interestingly, the membrane-anchored PpiD has been described in the literature as a PPIase 

that facilitates the maturation of β-barrel outer membrane proteins (86). However, recent 

studies provide evidence that PpiD functions as a chaperone and contributes to the network of 

other periplasmic chaperones without being specifically involved in OMP maturation (87–89). 

Furthermore, the role of PpiD in the periplasm appears to be restricted to folding events that 

take place in close proximity to the inner membrane, as only membrane-anchored PpiD was 

found to be functional in vivo (87). 
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Proteolysis of inner membrane proteins  

Unfolded or misfolded proteins that cannot be rescued by molecular chaperones are 

targeted for degradation. In the inner membrane, the processes of recognition, recycling and 

disposal of misassembled or damaged proteins are performed by quality control and proteolytic 

factors. The term “degradome” is sometimes used to describe the complete set of proteases 

expressed at any given time by a cell, tissue, or organism (90).  

 Most intracellular proteolysis is performed by energy-dependent proteases, also known 

as AAA+ (ATPases associated with diverse cellular activities) proteases (91, 92). FtsH is the 

only member of the AAA+ superfamily that is membrane-bound and essential in E. coli (93); 

disruption of the ftsH operon has only been accomplished in the presence of the suppressor 

mutation sfhC21, which is thought to counterbalance the increased LpxC activity in the absence 

of FtsH (94, 95). LpxC is a key enzyme in LPS biosynthesis, and its overproduction causes 

formation of abnormal membrane structures in the periplasm, altering cell morphology (94). 

Structurally, FtsH is similar to other members of the family and forms a ring-like homo-

hexamer with AAA and protease domains located on the cytoplasmic side of the membrane 

(96–98). In vivo, both cytoplasmic and membrane proteins can become targets of FtsH-

mediated proteolysis (99–102), although weak unfoldase activity does not allow for efficient 

degradation of stable proteins (103). FtsH degrades the F0a subunit of ATP synthase (101, 104) 

and the SecY subunit of SecYEG translocase (105, 106) when they fail to assemble into a 

complex with their partner proteins. Interestingly, recognition of membrane proteins by this 

protease is sequence-independent since it can initiate processive proteolysis at either N or C-

termini by recognizing their length but not the exact sequence (107). 

The FtsH interaction network includes several integral membrane proteins, including 

the energy-independent endoprotease HtpX (108) and a pair of periplasmically exposed 

membrane proteins, HflK and HflC, which together with FtsH form a ‘FtsH holoenzyme’ (101, 
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109). HtpX is a zinc-dependent metalloprotease with a cytoplasmic-facing protease domain, 

however unlike FtsH, HtpX lacks the ATPase domain (110). Acting in membrane homeostasis, 

HtpX collaborates with FtsH or performs complementary/overlapping functions. For example, 

it becomes essential when FtsH is absent and, like FtsH, it can degrade SecY (108, 111), 

although HtpX-dependent cleavage of SecY in vivo is significantly less efficient (112). In 

addition, the activity of FtsH can be modulated by HflK and HflC inner membrane proteins 

that prevent degradation of membrane-localized substrates by potentially blocking their entry 

into the proteolytic complex (101, 113). FtsH has been demonstrated to form a complex with 

HflKC both in vivo and in vitro though cross-linking and co-immunoprecipitation experiments, 

and maintain this association within the membrane (97, 113). Overproduction of HflKC was 

shown to stabilize overproduced SecY protein and has been proposed to inhibit SecY-

degrading activity of FtsH protease (113, 114). Interestingly, the translocation and further 

insertion of HflK and HflC into the inner membrane was found to be strongly dependent on 

the Sec machinery (115). Another member of the FtsH interactome is the membrane insertase 

YidC, which was already discussed above. Its contribution to the quality control of membrane 

biogenesis is supported by the fact that it co-purifies as a part of a large complex with both 

FtsH and its modulating factors HflK/C (39).  

HtrA (high temperature requirement) family of serine proteases are important for 

maintaining protein homeostasis in extracytoplasmic compartments of the cell (116). One of 

the protein quality control factor responsible for addressing abnormally folded, unassembled, 

or oxidatively damaged proteins in the periplasm is DegP. DegP functions primarily in β-barrel 

OMP biogenesis, and its presence is critical under heat-hock conditions (117). One of the 

unique features of this protein is that it combines digestive (protease) and remodelling 

(chaperone) activities. This switch is temperature-dependent: DegP acts as a general molecular 

chaperone at lower temperatures and possesses proteolytic activity at elevated temperatures 
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(118). Similar to all above mentioned quality control factors, DegP is a member of FtsH 

regulatory network, however it does not interact with FtsH directly; it was shown to affect the 

stability of the HflK subunit of the HflKC modulator complex (115).   

The Cpx envelope stress response 

Under conditions where the process of membrane protein folding is impaired, bacterial 

cells react by activating several stress response systems, examples of which in E. coli are the 

σE pathway and CpxAR two-component system (119). σE pathway has been shown to be 

predominantly associated with the outer membrane biogenesis. In brief, accumulation of 

misfolded or inadequately translocated OMPs within the periplasm triggers activation of an 

alternative RNA polymerase σ factor, encoded by the rpoE gene, that globally alters gene 

expression (120). For a recent review on the σE pathway see (121).  

Both the CpxAR and σE stress response systems detect damage to the cell envelope and 

alter the expression of many genes that encode for envelope-localized protein folding factors 

and degrading factors, chaperones and proteases. Similar to how the activity of σE system 

increases in response to the overproduction of various OMPs, the Cpx pathway is stimulated 

by overproduction of a number of misfolded proteins that accumulate at the inner membrane 

when over-produced, including the OM lipoprotein, NIpE (122). Despite this apparent overlap, 

there are a number of signals that activate the CpxAR system but not the σE pathway, indicating 

that these two systems carry out separate functions (123). For instance, σE is not activated by 

NlpE overproduction, and the Cpx system is not induced by misfolded OMPs (124).  

CpxAR is a canonical two-component signal transduction system (TCS) that consists 

of the membrane-localised sensor histidine kinase CpxA and cytoplasmic response regulator 

CpxR (121, 125, 126)(Figure 1). Under non-inducing conditions, the phosphatase activity of 

CpxA maintains CpxR in a dephosphorylated or inactive state. When the inducing cue is 

present, CpxA autophosphorylates at a conserved histidine residue and transfers the phosphate 
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group to CpxR (123). Most of the downstream targets of CpxR transcriptional regulation are 

genes whose products are involved, either directly or indirectly, in protein folding and 

degradation in the bacterial envelope (124, 127). In addition, the Cpx regulon includes genes 

encoding virulence factors, small regulatory RNAs (sRNAs), multidrug efflux systems and 

peptidoglycan modifying factors (121, 128). 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 (129–132). The mechanism by 

which NlpE senses surface adhesion is still under investigation, although it is thought to 

involve conformational changes in NlpE which bring the lipoprotein in proximity of the CpxA 

sensing domain (133). Recent studies in EHEC have demonstrated that the sensing of adhesion 

signals via NlpE was important for the Cpx-mediated expression of virulence genes during 

infection, specifically type III secretion system and flagella (134). Other mechanisms have 

been proposed for NlpE, including those where it acts as a sensor for monitoring stress related 

to lipoprotein trafficking and periplasmic redox state (135). Lipoprotein processing issues 

result in mislocalization and accumulation of NlpE in the IM, which is sensed by CpxA (136). 

In addition, NlpE can act as a sensor for redox perturbations, and activate Cpx response when 

one of its two pairs of cysteines is not oxidized, and the C-terminal disulfide bond is not formed 

(135).  

The Cpx system is triggered by a variety of signals, including alkaline pH, 

aminoglycoside antibiotics, NlpE overexpression, aberrant expression of P-pilus subunits, 

mutation of the IM protease FtsH, depletion of membrane insertase YidC and changes to 

peptidoglycan composition (28, 58, 110, 129, 131, 137–141). 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 
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factors and periplasmic protein folding factors, including the disulfide bond oxidoreductase 

DsbA, the peptidyl-prolyl isomerase PpiA, the chaperones Spy and CpxP (127, 129, 142, 143), 

and the protease/chaperone DegP (142, 144). For instance, non-productive assembly of P pili 

results in the activation of the Cpx pathway and subsequent upregulation of DegP that degrades 

misfolded pilin subunits (58). Additionally, as an adaptation to stresses that lead to protein 

misfolding, the Cpx pathway directly represses transcription of high molecular weight protein 

complexes (121, 128, 145)(Figure 1).  

In order to maintain membrane homeostasis and to optimize gene expression under 

stressful conditions, the Cpx and other stress responses rely on the activity of several small 

regulatory RNAs (sRNAs) which are discussed in greater detail below. Many of them 

participate in feedback and feed-forward loops, which constitute global regulatory networks, 

allowing bacteria to quickly respond to environmental changes (146).  

Small Regulatory RNAs 

Besides the aforementioned protein folding and degrading factors, the Cpx response 

both directly and indirectly regulates the expression of several sRNAs, including CyaR, RprA, 

OmrA, and OmrB, as well as is regulated by RprA sRNA (147). Small regulatory RNAs are 

widely distributed among bacteria, where their activity causes changes in translation initiation, 

RNA stability, and/or transcription elongation. Numerous sRNAs have been discovered and 

functionally characterized in the past 20 years revealing an extensive network of post-

transcriptional control spanning all branches of bacterial physiology. These single-stranded 

RNA molecules are usually 50-200 nucleotides in length, target specific messenger RNA 

(mRNA) molecules and thus are utilized for gene regulation (148). sRNAs possess highly 

conserved ‘seed’ regions, that are typically 7-12 bp in length and serve to recognize mRNA 

targets (149, 150).  
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sRNAs can negatively affect translation and stability of their mRNA targets. Binding 

of sRNAs in the translation initiation region (TIR) suppresses protein synthesis due to direct 

competition between the initiating 30S ribosomal subunits and the inhibitory sRNAs paired 

with the Shine-Dalgarno (SD) sequence. Furthermore, sRNAs can promote degradation of 

transcripts by RNase enzymes (151) or cause premature transcription termination in a Rho-

dependent or independent (intrinsic) manner (152). In contrast, sRNAs can also positively 

regulate mRNA expression by remodeling inhibitory secondary structures within a target 

molecule, or by blocking access of negative regulators such as RNases or Rho transcription 

termination factors (151). Interestingly, there is a class of RNA molecules involved in 

regulation of the sRNAs themselves. These “sponge” RNAs form RNA-RNA interactions with 

their targets and promote degradation of the sRNA itself or of the sponge RNA-sRNA complex 

(153–156).  

In E. coli, the association of sRNAs with their target mRNAs often requires the 

assistance of RNA chaperones Hfq or ProQ, which stabilize sRNAs and facilitate the RNA-

RNA pairing (149, 157–162). Hfq possesses a characteristic ring architecture, which offers 

three sites for potential interaction with RNA, the proximal and distal faces of the ring, as well 

as the lateral rim (149, 151). Interestingly, Hfq has also been reported to function in 

collaboration with an endoribonuclease RNase E, the primary enzyme of general mRNA 

turnover (163). A more detailed review on sRNAs in bacteria can be found in (164).  

The majority of sRNAs are expressed in response to environmental conditions to 

maintain cellular homeostasis. For example, one of the well-characterized Hfq-associated 

sRNA RyhB is expressed under iron (Fe) starvation and negatively regulates non-essential Fe-

dependent proteins in order to preserve sufficient intracellular Fe for survival (165). The 

sdhCDAB polycistronic mRNA encoding the succinate dehydrogenase enzyme of the 

tricarboxylic acid (TCA) cycle was one of the first identified targets of RyhB post-
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transcriptional regulation (165). Other sRNAs acting in envelope homeostasis include Spot 42 

(also known as Spf), MicA, RybB and CpxQ. Spot 42 plays a role in catabolite repression and 

its targets are involved in many aspects of cellular metabolism (166, 167) ,whereas both MicA 

and RybB are expressed following membrane stress and are known to repress the synthesis of 

several major OMPs (168–175).  

One of the most relevant RNA-based control mechanisms for this project is the activity 

of the CpxQ sRNA, first described in 2016 (176). CpxQ is produced via RNase E-mediated 

cleavage of the 3’ untranslated region (UTR) of the cpxP mRNA and constitutes the most 

conserved region of the entire cpxP gene (176). CpxQ is an Hfq-associated sRNA that has been 

found to inhibit the production of several IM- and periplasm-localized proteins, including a 

sodium-proton antiporter NhaB, glucose-1-phosphotase Agp, and the periplasmic chaperones 

Skp and CpxP (176, 177). Interestingly, CpxQ was also proposed to regulate bacterial adhesion 

through diminishing expression of the major fimbrin subunit of type 1 pilus fimA (176), and to 

repress the expression of cyclopropane fatty acid synthase (encoded by cfa)(178).  

The abovementioned targets of CpxQ have been implicated in generating envelope 

stress when overproduced, either by damaging the membrane potential in the case of NhaB 

(176), or by aberrant insertion of OM proteins into the IM in the case of Skp (177). In 

Salmonella, bacteria lacking CpxQ demonstrated increased sensitivity to the protonophore 

carbonyl cyanide m-chlorophenylhydrazone (CCCP), a reagent that disrupts the proton motive 

force (PMF) at the IM (177). In contrast, treatment with CCCP did not trigger the Cpx response 

and hence CpxQ activation in E. coli (129, 179). Intriguingly, a recent study uncovered a 

number of novel sRNA base-pairing interactions utilizing the UV cross-linking, ligation and 

sequencing of hybrids (CLASH) method, expanding the regulatory network of 3’UTR-derived 

sRNAs (180). Moreover, it has been demonstrated that CpxQ along with RybB sRNA are the 

primary targets of the FtsO sponge RNA, which when overexpressed, decreases their cellular 
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levels (181). Even though little is known about the role of CpxQ in envelope biogenesis and 

further studies are required, a growing body of evidence points to a significant role of sRNAs 

in stress alleviation.  

The Electron Transport Chain of Escherichia coli 

The ETC incorporates some of the largest multiprotein complexes in the E. coli IM, 

making them a primary target of Cpx regulation (179). E. coli is a facultative anaerobic 

microorganism which generates energy by aerobic respiration if oxygen is present but is 

capable of switching to fermentation or anaerobic respiration if oxygen is limited. The electron 

transport chain 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 or can be used directly for other energy 

consuming processes in the cell, including active transport and flagellar motion (182–187). The 

ETC is localized to the inner membrane and consists of several major respiratory complexes 

including NADH dehydrogenase I and II (NDH-I and NDH-II, respectively), succinate 

dehydrogenase (SDH), cytochrome bo3, cytochrome bd-I, and cytochrome bd-II (Figure 2).  

 The first steps of electron transport are catalyzed by NADH dehydrogenase (NDH-I), 

the largest complex of the ETC (188), and the entry point for electrons carried by NADH (189, 

190)(Figure 3A). In E. coli, the nuo operon contains 13 genes, nuoA-N, where nuoC encodes 

a fused version of NuoC and NuoD subunits (184, 191, 192). 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 (193–195). 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 (194). The catalytic arm of the NDH-I 

complex contains the redox groups, including one flavin mononucleotide (FMN) and eight or 
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nine iron-sulfur (Fe-S) clusters that are required for electron transfer due to their ability to 

access various redox states (186, 196). The free energy gained from the process of electron 

transfer (−0.42 eV per electron) between NADH and quinone is utilized by NDH-I to pump up 

to four protons across the bacterial membrane (186). 

 Succinate dehydrogenase (SDH) is a unique membrane-bound enzyme that is common 

between the ETC and the TCA cycle (197)(Figure 3B). Within the TCA cycle, SDH oxidizes 

succinate to fumarate sequestering two electrons, which are then used for the reduction of 

ubiquinone in the membrane (198). It is composed of four nonidentical subunits encoded by 

the sdhCDAB operon, where SdhA and SdhB are the cytoplasmic catalytic subunits which 

contain the flavin adenine dinucleotide (FAD) and 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 (184, 198, 199). The absence of either SdhC or SdhD 

structural components leads to unstable SDH activity in the cytoplasm as well as perturbation 

to ubiquinone reduction at the IM (200). 

Thesis objectives  

While a detailed mechanism of how electrons are transported through the respiratory 

complexes, and how this process is coupled to energy production has been revealed, the 

biogenesis mechanism of these multiprotein complexes is still under investigation. Transcripts 

encoding complexes of the ETC have been identified in all transcriptomic studies of the Cpx 

response to date, nevertheless the quality control of respiratory proteins at the inner membrane 

of E. coli is one of the least characterized parts of the whole Cpx regulatory network. The aim 

of this project was to further study the association between the Cpx envelope stress response 

and the electron transport chain, and identify the Cpx-regulated factors involved in post-

transcriptional and post-translational control of the ETC complexes. The specific objectives 

were: 
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1. Regulation of the succinate dehydrogenase respiratory complex:  

a. To confirm the results of the microarray experiments suggesting that activation 

of the Cpx response downregulated the expression of genes encoding SDH  

b. To determine whether inactivation or activation of the Cpx response affects the 

performance of the SDH enzyme complex 

2. Quality control of the NADH dehydrogenase I complex:  

a. To determine whether the Cpx response regulates NDH-I at the post-

translational level 

b. To identify Cpx-regulated protein folding and degrading factors involved in the 

protein turnover of NDH-I 

3. Effects of increased respiratory demand on the Cpx pathway activation:  

a. To confirm the generation of additional envelope stress by the respiratory 

complexes  

4. Effects of the CpxQ sRNA overexpression on the stability of respiratory chain mRNAs 

a. To determine if the Cpx stress response non-coding arm regulates the ETC 

complexes at a post-transcriptional level 

b. To determine the mechanism by which CpxQ sRNA regulates the ETC 

transcripts 
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Introductory Figures  

 

Figure 1. The Cpx envelope stress response. The Cpx pathway is a canonical two-component 

system comprised of the sensor histidine kinase CpxA and the response regulator CpxR. Under 

non-inducing conditions, the phosphatase activity of CpxA keeps CpxR in an 

unphosphorylated or inactive state. Under inducing conditions, CpxA autophosphorylates 

using ATP as its phosphoryl donor, and transfers the phosphate group to CpxR. Other 

regulatory factors include the periplasmic protein CpxP, one of the most highly expressed 

members of the Cpx regulon, suggested to inhibit activation of CpxA; and the OM lipoprotein 

NlpE which is thought to activate CpxA upon sensing stresses associated with lipoprotein 
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trafficking defects, changes in periplasmic redox state and surface adhesion. The Cpx response 

is triggered by a variety of signals, including alkaline pH, aminoglycoside antibiotics, 

overexpression of NlpE and accumulation of misfolded proteins in the envelope. CpxR directly 

regulates the transcription of multiple targets, including envelope-localized multi-protein 

complexes, quality control factors and small regulatory RNAs. This list is not exhaustive of 

the Cpx regulon. OM, outer membrane; PP, periplasm; PG, peptidoglycan; IM, inner 

membrane; CP, cytoplasm; P, phosphate. This figure is adapted from (121).  
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Figure 2. The Electron Transport Chain of E. coli. The ETC is composed of primary 

dehydrogenases and terminal oxidases that are connected by electron carriers known as 

quinones. General topology of the following complexes is shown: NDH-I, NADH 

dehydrogenase I; NDH-II, NADH dehydrogenase II; SDH, succinate dehydrogenase; 

cytochrome bo3, Cyo bo3; cytochrome bd-I and bd-II, Cyo bd-I and Cyo bd-II. Q, quinone; 

QH2, quinol; H+, proton; NAD, nicotinamide adenine dinucleotide; FAD, flavin adenine 

dinucleotide; H2O, water; O2, molecular oxygen.  
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Figure 3. Simplified structure of the NADH dehydrogenase I (NDH-I) and succinate 

dehydrogenase (SDH) complexes. (A) NDH-I is an L-shaped, redox-driven proton-pumping 

protein complex, that consists of 13 subunits, where subunits NuoC and NuoD are fused. 

Peripheral arm of NDH-I is comprised by NuoF, G, E, I, CD and B subunits and contains 8-9 

Fe-S bridges facilitating electron transfer between NADH and quinone. Subunit NuoF is 

A 

B 
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thought to contain one flavin mononucleotide molecule (FMN) that functions as an e- carrier. 

The membrane arm primarily acts in H+ translocation, ensures structural integrity of the 

complex, and is thought to contain the quinone binding site either in the NuoM or NuoH 

subunits. (B) SDH is a membrane-bound enzyme participating in both the respiration and the 

TCA cycle, where is oxidizes succinate to fumarate. It consists of four subunits: SdhA contains 

FAD cofactor, SdhB contains three Fe-S clusters for electron transfer between FAD and the 

ubiquinone, and the membrane anchor subunits SdhC and D form cytochrome b556 and interact 

with ubiquinone. Q, quinone; QH2, quinol; H+, proton; NAD, nicotinamide adenine 

dinucleotide; FAD, flavin adenine dinucleotide; CO2, carbon dioxide; H2O, water; GDP, 

guanosine diphosphate; GTP, guanosine triphosphate; Fe-S, iron-sulfur bridge. Information 

used to draw the structures was taken from (184, 186, 195, 201).   
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MATERIALS AND METHODS 

Bacterial strains and growth conditions. All bacterial strains and plasmids used in this study 

are listed in Table S1. Cultures were routinely 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 (3μg/ml) to 

prevent accumulation of suppressors as previously described (130). Isopropyl-β-D-

thiogalactopyranoside (IPTG, Invitrogen) was added to a concentration of 0.1mM to induce 

gene expression from pCA24N and pMPM-K3 based vectors. 0.2% arabinose concentration 

was used to induce the expression of CpxQ from pBAD-CpxQ vector for 10 minutes. 

Antibiotics (Sigma) were added as necessary at the following concentrations: chloramphenicol 

(Cam), 25μg/mL; kanamycin (Kan), 30μg/mL or 50μg/mL; ampicillin (Amp), 100μg/mL; 

spectinomycin (Spc), 25 μg/ml.  

Strain and plasmid construction. All bacterial strains and plasmids used in this study are 

listed in Table 1. All BW25113 mutants were taken from the Keio collection (202). A ΔcpxR 

knockout mutant was generated using P1 transduction to move the desired mutant allele from 

the Keio collection (202) into wildtype MC4100 as previously described (203). The inducible 

pCA24N-based plasmids used in this study were obtained from the ASKA collection (204). 

Transcriptional luminescent reporters containing the promoter regions of cpxP and nuoA were 

constructed as previously described (179, 205, 206). The psdhC::lux reporter was constructed 

similarly. Briefly, the promoter region of sdhC gene was amplified by PCR, using 

PsdhCFwdCln and PsdhCRevCln primers (Table 2). Purified PCR products and the pJW15 

vector (207) were digested with EcoRI and BamHI (Invitrogen), and the insert was ligated 

upstream of the luxCDABE operon in the pJW15 plasmid. Correct insertion of the promoter 

sequence was verified by PCR and sequencing using pNLP10F and pNLP10R primers (Table 

2).  
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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 (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 (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 (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 (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 (203).  
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For the construction of pBAD-CpxQ vector, cpxQ containing EcoRI and XBaI 

restriction sites was synthesized by Integrated DNA Technologies (IDT), where the entire cpxQ 

sequence was cloned into the pIDTSMART-AMP high-copy number vector (sequences are 

listed in Table 2). Both pIDTSMART-AMP and pBAD18 vectors were digested using EcoRI 

and XBaI restriction endonucleases (Invitrogen) according to the manufacturers protocol. 

Digested pIDTSMART-AMP was run on a 1% agarose gel, and the band corresponding to 

cpxQ was gel extracted and purified using a QIAquick Gel Extraction Kit according to the 

manufacturer’s instructions. cpxQ DNA was then ligated downstream of an arabinose-

inducible Para promoter in the pBAD18 vector. DNA sequencing was used to confirm the 

presence of the cpxQ fragment within pBAD18 using pBAD_fwd and pBAD_rev primers 

(Table 2).  

 The plasmid pMPM-sdhC-6×His was constructed in order to create a variant of SdhC 

that was six-His tagged at its C-terminus. sdhC was amplified from the MC4100 chromosome 

via PCR using primers sdhC_FW_pMPM and sdhC_RV_pMPM (Table 2). Primer 

sdhC_FW_pMPM binds 46 bp upstream of the sdhC start codon to include the putative SdhC 

Shine-Dalgarno sequence. Primer sdhC_RV_pMPM contains the nucleotide sequence to insert 

a six-His tag directly upstream of the sdhC stop codon. PCR was performed using high-fidelity 

Phusion DNA polymerase (ThermoFisher) according to the manufacturer’s protocol with the 

addition of 10% betaine. Two-step PCR was performed with the following conditions: 

denaturation stage, 98°C for 10 seconds; annealing stage, 72℃ for 30 seconds; final extension 

stage, 72℃ for 10 minutes. PCR products were purified using a QIAGEN QIAQuick PCR 

purification kit according to the manufacturer’s protocol. Amplified sdhC was digested along 

with purified pMPM-K3 using Fast Digest EcoRI and XbaI (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 
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cells (Thermo Fisher). Correct insertion of the sdhC-6×His sequence was verified by PCR and 

sequencing using M13F and M13R primers (Table 2). 

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 1mL of 1×PBS. Standardized cultures 

were serially diluted 10-fold and 10µL 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 (208). 

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. 200µL 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 7h post-subculture using a PerkinElmer VICTORTM 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.  
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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℃ with shaking to an OD600 of ~ 0.35. IPTG was added 

to a concentration of 0.1mM and bacteria were grown for an additional 30 minutes as before. 

2 × 1mL samples were collected. Cells were pelleted by centrifugation at 21,130 × g for 1 

minute. One sample was resuspended in 50µL 2× Laemmli sample buffer (Sigma) and the other 

sample was resuspended in 50µL 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 50µL 2× 

Laemmli sample buffer were denatured by boiling for 5 minutes. Sample volumes were 

standardized according to their determined protein concentrations and separated on a 12% SDS 

gel at 110V for 1.5 hours in Tris-glycine running buffer (10% SDS, 250mM Tris, 1.2M 

glycine). Proteins were transferred onto a nitrocellulose membrane via the trans-blot semi-dry 

transfer system (Bio-Rad) at 15V for 22 minutes using semi-dry Towbin transfer buffer (78mM 

glycine, 1.3mM SDS, 20% methanol). Membranes were blocked in 5% MTS (2.5% skim milk 

powder, 154mM NaCl, 1mM Tris) or 2% BSA (154mM NaCl, 1mM Tris, 1% Tween 20, 2% 

bovine serum albumin) for 1 hour 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 1:5000 into 5% MTS or 2% BSA. Membranes were incubated with the 

primary antibody for 1 hour at either room temperature with shaking at approximately 10 rpm 

or overnight at 4℃ with rocking. Following incubation with the primary antibody, membranes 

were washed for 5 minutes in wash solution (154mM NaCl, 1mM Tris, 1% Tween 20) four 

times. Alkaline-phosphatase (AP) anti-rabbit secondary antibodies (Sigma) were diluted at a 

factor of 1:10000 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 
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Goat anti-Rabbit 925-32211 secondary antibodies (LI-COR) were diluted at a factor of 1:15000 

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 hour 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 5mL LB at 37℃ with shaking. The 

following day, bacteria were subcultured at a 1:100 dilution into 25mL fresh LB and grown at 

37℃ with shaking to an OD600 ~ 0.5. IPTG was then added to a final concentration of 0.1mM 

and bacteria were grown to an OD600 of 1.0. 1mL samples were collected and cells were 

pelleted by centrifugation at 21,130 × g for 1 minute. After the supernatant was removed, cells 

were resuspended in 50μL 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 100μg/mL. The culture was incubated at 37℃ and shaken at 225 

rpm. 1mL of culture was collected at 0 (before the addition of chloramphenicol), 1, 5, 10, 20, 

30, 45, 90, and 120 minute(s) after the addition of chloramphenicol. Sample collection at each 

timepoint was performed as described above. 10μL 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. 
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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 5mL fresh LB and growing them to OD600 ~0.5 at 37℃ 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 1mL by adding appropriate volume of 1× PBS, pelleted, and resuspended in 

200µL of ice-cold SDH Assay Buffer (Abcam). Cell lysis was performed by sonication. 

Samples were centrifuged at 10,000 × g for 5 minutes and the supernatant was transferred into 

a fresh tube. 50µL of each sample was loaded into a 96-well plate, and 50µL of SDH reaction 

mix containing the SDH substrate mix, and the probe (Abcam) was added to them. Absorbance 

at 600nm was measured for 30 minutes at 25°C in kinetic mode using the Cytation5TM 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 2mL LB at 37°C with shaking. The following day, cells were pelleted by 

centrifugation and washed twice with phosphate-buffered saline. The density was standardized 

to OD600 1.0 by suspending an appropriate volume of cells in 1 ml of 1×PBS. 20µL of each 

sample was loaded into a 96-well plate, each well containing 180µL 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 Cytation5TM Cell Imaging Multi-Mode Reader with 330 

rpm shaking at 37℃ for 48 hours. 

RNA isolation and cDNA synthesis. RNA was isolated from 25mL LB subcultures carrying 

the appropriate antibiotics that had been inoculated with a 1:50 dilution of an overnight culture. 

Strains were grown to an early log stage (OD600 of ∼0.35 to 0.4) at 37°C with shaking and 
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grown for 10 more minutes either with or without 0.2% arabinose. 3 mL samples were 

harvested and RNA was isolated using a MasterPure RNA purification kit as described by the 

manufacturer (Epicentre Biotechnologies). Isolated RNA was resuspended in 35µL of 

nuclease-free water (IDT). Quality control of the extracted RNA was determined using an 

Agilent 2100 Bioanalyzer System at the University of Alberta Molecular Biology Service Unit 

(MBSU). During quality control analysis, the sample components are electrophoretically 

separated and their components are detected by fluorescence.    

For cDNA synthesis, RNA concentrations were standardized to 500 ng/µL, and 1µg of 

RNA was mixed with 3.3µL of 300ng/µl of random primers (Invitrogen), 1µL each of all 

deoxynucleoside triphosphates (dNTPs)(10 mM; Invitrogen), and nuclease-free water to a final 

volume of 10µL. The random primers and RNA were allowed to anneal (70°C for 10 min and 

25°C for 10 min). After the annealing step, the RNA-primer hybridization mixture was added 

to 4µL of 5× 1st Strand Buffer, 2µL of 100mM DTT, 1.5µL of 20U/µl SUPERase•In (optional), 

2.5µL of 200U/µl SuperScript II, and nuclease-free water to a final volume of 20µL. The 

mixture for cDNA synthesis was incubated at 25°C for 10 min, 37°C for 1 h, 42°C for 1 h, and 

70°C for 10 min.  

qPCR. The qPCR primers were designed to amplify approximately 75 nucleotides in the last 

500bp of each gene of interest and are listed in Table 2. qPCR was performed with a 96-well 

microtiter plate containing a 10µl reaction mixture of the 2× QPCR Mastermix (*Dynamite*), 

2.5µl of a 3.2 µM stock solution of each primer and 2.5µl of a 500ng/µl cDNA template. The 

2× QPCR Mastermix (*Dynamite*) used in this study is a proprietary mix developed, and 

distributed by the Molecular Biology Service Unit (MBSU), in the Department of Biological 

Science at the University of Alberta, Edmonton, Alberta, Canada. It contains Tris (pH 8.3), 

KCl, MgCl2, glycerol, Tween20, DMSO, dNTPs, ROX as a normalizing dye, SYBR Green 

(Molecular Probes) as the detection dye, and an antibody inhibited Taq polymerase. The qPCR 
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was carried out by incubation at 95°C for 15 s, followed by 60°C for 1 min. This cycle was 

repeated for a total of 40 times, using a 7500 Fast Real-Time PCR system (Applied 

Biosystems). Relative amounts of PCR product were determined by monitoring the number of 

cycles required to reach a threshold level of fluorescence (cycle threshold [CT]) for each gene 

and subtracting this number from the CT value for an endogenous control gene known not to 

be Cpx regulated. We used the gyrA gene for this purpose. The resulting delta CTs (ΔCT
s) for 

given genes were compared between the wildtype and strains containing a CpxQ 

overexpression vector to obtain delta-delta CT values (ΔΔCT
s), which represented the change in 

gene expression between different strains.  
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RESULTS 

Regulation of the SDH complex by the Cpx response. Recent studies demonstrated that the 

expression and activity of NDH-I and cytochrome bo3 complexes is regulated by the Cpx 

envelope stress response in EPEC (179). In addition, significant Cpx-dependent 

downregulation of genes encoding the succinate dehydrogenase complex was observed in a 

large microarray dataset, however the mechanism of regulation has not been revealed (145). 

To investigate the impact of the Cpx two-component system 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 hours. Luminescence activity of the sdhC::lux reporter in the presence or absence of the 

Cpx pathway was measured every hour until the stationary phase was reached. The 

luminescence activity produced by the cpxP::lux reporter gene was used as a positive control, 

since CpxP is one of the most upregulated members of the Cpx regulon (206). In agreement 

with previous observations, the expression of the cpxP::lux reporter in the wildtype BW25113 

showed large increases in luminescence compared to that of the cpxA null background at every 

stage of growth (Figure 1A).   

Along with cpxP, we assayed the activity of the nuoA::lux reporter and were able to 

validate its Cpx-dependent downregulation, reported in the past (Figure 1B)(179). Loss of Cpx 

response resulted in a ~2-fold increase in the nuoA::lux activity compared to that of the 

wildtype. Similarly, we found that expression of the sdhC::lux reporter increased steadily 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).  

To corroborate the luminescence profile of the control and ETC reporters in liquid LB 

medium, we also examined expression of the reporter genes on solid media (Figure 1D. The 

patterns of pnuo::lux, psdhC::lux and pcpxP::lux reporter activity observed on solid medium 
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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 mutant background. This pattern 

was reversed for the pnuo::lux and psdhC::lux reporters, that demonstrated low activity in the 

presence of the intact Cpx TCS (Figure 1D).  

Since these results suggested Cpx-mediated repression of the sdhC promoter, we 

examined the region upstream of sdhC to determine if any CpxR binding sites could be 

identified. We identified a putative CpxR binding site approximately 150 bp downstream of 

the predicted sdhC transcription start site (TSS) by using Virtual Footprint (http://prodoric.tu-

bs.de/vfp/vfp_promoter.php)(209)(Figure 1E). Together, our observations suggest that the 

expression of the sdhCDAB operon could be directly repressed by phosphorylated CpxR.  

SDH activity is affected by excessive activation or absence of the Cpx response. Our 

experimental results with the sdhC::lux reporter predict that the rate of succinate oxidation 

performed by SDH will be decreased in the presence of an active Cpx TCS relative to a mutant 

lacking the Cpx response. To test this hypothesis, we assayed the levels of SDH enzyme 

activity in the wildtype, as well as cpxR::kan and cpxA24 mutants, reflecting a deactivated and 

constitutively activated Cpx response, respectively (123). We also included a strain bearing the 

NlpE overexpression vector pTrc-nlpE to induce the Cpx response exogenously (Figure 2). In 

this assay, the oxidation of succinate is accompanied by the transfer of electrons to an artificial 

electron acceptor (probe), which changes colour depending on the enzymatic activity of the 

sample. When in oxidized state, the probe is blue with maximal absorption at 600 nm, whereas 

when reduced it is colourless. Our results demonstrate that the activity of the SDH complex is 

decreased upon activation of the Cpx system in both the cpxA24 mutant and the NlpE 

overexpression backgrounds, as expected based on the repressive effect of the Cpx response 

on sdhC::lux expression observed in Figure 1C and D (Figure 2A). Interestingly, the loss of 

the Cpx response did not result in higher SDH activity, as might be anticipated with the relieved 
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inhibition of sdhCDAB transcription. In contrast, mutation of cpxR lead to diminished succinate 

oxidation rates. Surprisingly, the decrease in SDH activity in this background was equal to or 

greater than that observed in the presence of the strongly Cpx-activating cpxA24 allele (Figure 

2B). This is analogous to a previously observed decrease in the rate of oxygen consumption in 

the ΔcpxR mutant, despite the fact that transcription of the operons encoding NDH-I and 

cytochrome bo3 are upregulated in this background (179). Together, these findings suggest that 

the Cpx TCS not only transcriptionally regulates the SDH protein complex, but also regulates 

factors responsible for maintaining its proper activity and biogenesis.  

The cellular need for the Cpx response increases when respiratory complexes are more 

prevalent or active. E. coli is capable of growing on a number of different sugar substrates, 

generating the majority of its ATP via the process of oxidative phosphorylation (210). 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 succinic acid (succinate), malic acid (malate) and 

glutamic acid (glutamate) (211–213). 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 (48). 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 (Figure 1B-D)(145, 179). This led us to hypothesize that the 

activity of the Cpx pathway would be necessary under conditions that create increased demand 

for respiration. We measured transcription of the operons encoding membrane bound 

respiratory complexes together with a Cpx-regulated gene by spotting strains bearing 

transcriptional luminescent reporter plasmids containing pnuoA::lux, psdhC::lux, or pcpxP::lux 
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promoter fusions on minimal medium supplemented with a glucose-succinate carbon source 

gradient (Figure 3). 

Expression of the pcpxP::lux reporter 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. Notably, 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 respiratory complexes leads to Cpx pathway 

activation. Due to high pcpxP::lux activity, pnuoA::lux and psdhC::lux 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). It can be seen that the activity of the pnuoA::lux and 

psdhC::lux reporters increases commensurately along the succinate concentration gradient. 

Notably, the expression of these reporters was much higher in the absence of the Cpx response, 

which supports our previous findings (Figure 1A).  

To better understand how the Cpx response is activated by respiration, we wanted to 

see if increasing the concentration of glucose in the medium containing succinate would relieve 

the envelope stress and reduce Cpx activity. Indeed, the activity of the pcpxP::lux reporter 

gradually decreased when the glucose concentration increased in the medium (Figure 3). 

Based on the results of this experiment, we can conclude that the cellular need for Cpx-

mediated stress adaptation increases when respiratory complexes are in increased demand. 

The Cpx response regulates NuoA protein levels. The Cpx response was shown to directly 

repress the transcription of the nuo operon to ensure envelope integrity during stress and reduce 

excessive protein traffic within the IM (179)(Figure 1B). A previous report has shown that 

oxygen consumption was reduced in cells with either an activated or inhibited Cpx response, 

which led to the hypothesis that the Cpx TCS regulates respiratory complexes post-
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transcriptionally (179). To determine whether the Cpx response regulates NuoA protein 

expression beyond transcription, a plasmid that expresses a triple FLAG-tagged NuoA subunit 

of the NDH-I complex from an exogenous, IPTG inducible promoter was constructed 

previously (214). Given that the NuoA-3×FLAG construct is expressed from a CpxR-

independent promoter, any effects of Cpx pathway activity on NuoA protein levels should be 

independent of its transcription. NuoA protein specifically was chosen due to its structural role 

in the assembly of the NDH-I peripheral arm (192). It has previously been demonstrated that 

the NuoA-3×FLAG protein amount was reduced when the Cpx response was constitutively 

activated and slightly increased in the absence of Cpx response (214). 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 total protein synthesis inhibitor chloramphenicol and  

monitored the rate of NuoA-3×FLAG degradation over 120 minutes after translation had been 

halted (Figure 4). 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 minutes, which was 25 minutes longer than in the wildtype strain, indicating slower 

protein turnover (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 (Figure 4; 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 WT strain, and that the decreased rate of degradation seems to be the reason for 

the larger amount of NuoA observed in Cpx-deactivated background. 

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 abolished, suggesting that the wildtype activity of the Cpx pathway 
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assisted protein turnover (Figure 4). 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 (145, 206) and unpublished RNASeq data.  To identify 

genes of interest, a preliminary screening of several of these envelope-associated protein 

folding and degrading factors was performed previously (214). Several Cpx-activated genes 

were overexpressed in BW25113 ΔnuoA 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, 

resulting in a greater than 2-fold increase in the amount of NuoA-3×FLAG in comparison to 

the vector control (214). Furthermore, the activities of protease/chaperone DegP, the IM 

protease HtpX, YccA, a factor that modulates IM proteolytic activity, and PpiD periplasmic 

chaperone, have been previously implicated in maintaining the integrity of the envelope and 

responding to stress generated by protein misfolding (87, 110, 131, 145, 215).  

To investigate the role these proteins may have in the quality control of the ETC 

complexes, we analyzed growth of the knockout mutants on minimal media supplemented with 

glucose, succinate or malate in BW25113 E. coli (Figure 5)(204). 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 were distinct depending on whether 

the media contained malate or succinate as a carbon source. Our data demonstrate that the 

growth of ΔcpxR, ΔppiD and ΔyccA mutants was severely attenuated when grown in media 
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supplemented with malate, whereas the defect was less pronounced in the succinate condition. 

Notably, deletion of genes encoding inner membrane protease HtpX and periplasmic 

protease/chaperone DegP resulted in more modest growth defects. This result was unexpected, 

as Cpx-mediated regulation of these proteolytic factors has previously been identified as 

important in envelope protein quality control (110, 216). Together, these data suggest that the 

absence of a functional Cpx system and several associated protein folding and degrading 

factors compromises proper biogenesis of the ETC, specifically the NDH-I complex, resulting 

in decreased viability in media that creates high respiratory demand.  

Cpx-regulated protein folding and degrading factors affect NuoA protein levels. Our 

results implicate the Cpx-controlled protein quality control factors YccA and PpiD in the 

biogenesis of membrane-bound ETCs, and to a lesser extent the proteases DegP and HtpX 

(Figure 5). We therefore sought to examine the impact of ΔppiD, ΔyccA, ΔdegP and ΔhtpX 

knockouts on NuoA-3×FLAG abundance via western blotting. We demonstrated that deletion 

of these Cpx-regulated protein folding and degrading factors altered 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 the wildtype. Although the specific fold changes in NuoA-3×FLAG levels varied between 

biological replicates of this experiment, we consistently detected an increased amount in the 

mutant strains relative to the wildtype (Figure 6). In agreement with the previous findings, 

where deletion of CpxR resulted in a mild accumulation of NuoA-3×FLAG (214) and a slower 

turnover rate (Figure 4), we observed accumulation of NuoA-3×FLAG in the ΔcpxR mutant 

(Figure 6).  

 Since the absence of envelope quality control factors generally led to increases in 

NuoA-3×FLAG protein levels, we next asked how the degradation of NuoA-3×FLAG was 

affected over time in these mutants. We performed a similar protein stability assay to the one 



 

 

40 

described above, where we monitored the levels of exogenously produced NuoA-3×FLAG 

over 120 minutes after the addition of total protein synthesis inhibitor chloramphenicol. 

Interestingly, we observed nearly complete NuoA-3×FLAG degradation only in the case of 

ΔppiD, whereas in ΔyccA, ΔdegP and ΔhtpX mutants NuoA-3×FLAG protein was not 

degraded until the end of the experiment (Figure 7). The absence of DegP periplasmic 

chaperone/protease seemed to have the strongest effect on stabilization of NuoA-3×FLAG with 

22% of the protein still present after 120 minutes (Figure 7, Table 4). It is important to note 

that this experiment was only performed once for the wildtype sample, and it needs to be 

repeated to gain more information about the trends. Taken together, our results demonstrate 

that Cpx-regulated protein folding and degrading factors affect abundance and turnover of the 

NuoA protein, and support the hypothesis that the Cpx response regulates the NDH-I complex 

at the post-translational level. 

CpxQ sRNA affects the stability of the sdhC transcript. As activation of the Cpx response 

reduces expression and abundance of the ETC proteins, we wanted to know whether the non-

coding arm of the Cpx response was involved in post-transcriptional regulation of the 

respiratory complexes. The identity of discovered CpxQ targets suggests that under envelope 

stress CpxQ acts cooperatively with the rest of the Cpx pathway to restore membrane 

homeostasis. Excessive production of CpxQ-regulated targets was shown to compromise the 

integrity of the IM and consequently induce the Cpx pathway (176). Interestingly, one of the 

first CpxQ-associated phenotypes described was the repression of the sodium-proton antiporter 

NhaB, which when overexpressed led to reduced membrane potential (176). Given that the 

majority of proton pumping activity in the cell is performed by the complexes of the ETC, we 

wondered if CpxQ affects their transcript levels. The possibility of such regulation is supported 

by the fact that during envelope stress or nutrient limitation, other sRNAs, including RyhB, 

RybB and Spf, are known to regulate the respiratory complexes, such as NDH-I and SDH (165, 
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217). To begin to investigate this possibility, we first used the IntraRNA RNA-RNA interaction 

prediction algorithm (218–221), which suggested that the CpxQ sRNA binds sdhC mRNA with 

both of its seed regions R1 and R2 (176), and that this interaction takes place within the coding 

sequence (CDS) of the sdhC gene (Figure 8A). Other sRNAs have been demonstrated to bind 

in similar regions within the CDS, and such mechanism of regulation downstream of the 

ribosome binding site (RBS) is relatively novel and was shown to both positively and 

negatively affect mRNA transcripts. For instance, binding of an sRNA within the CDS can 

both stimulate an RNaseE‐dependent cleavage of the target mRNA (222) and prevent it by 

hiding a cleavage site from RNase E (223). Alternatively, sRNA binding deeper into the coding 

sequence can interfere with formation of inhibitory RNA structures that prevent translation 

(151, 222). To see if any of these mechanisms could potentially be employed by CpxQ, we 

analyzed the secondary structure of the sdhC mRNA using RNAfold software (224). The 

RNAfold algorithm was used to predict the most favourable minimum free energy structure 

and visualise where exactly the putative CpxQ binding site could be located (Figure 8B).  

Previously performed microarray analysis indicated a dozen repressed transcripts in the 

presence of transiently induced CpxQ, most of which were found to encode membrane-

associated proteins (176). Given that the ETC complexes are composed of multiple subunits, 

some of which are transmembrane and require proper insertion into the IM, and that their 

excessive activity has been shown to activate the Cpx response, we hypothesized that their 

transcripts could be regulated by CpxQ. To determine this, we grew MC4100 E. coli to OD600 

∼0.35, induced (10 min) the expression of CpxQ sRNA from a plasmid-borne arabinose-

inducible promoter (Para) and collected RNA. We assayed changes in mRNA levels using 

quantitative PCR (qPCR). We looked at the expression of the nuoA (NuoA subunit of NDH-I), 

cyoA (CyoA subunit of cytochrome bo3) and sdhC (SdhC subunit of SDH) genes, as well as 

the gyrA (subunit A of DNA gyrase) gene, which was used as an endogenous control since it 
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is not known to be Cpx-regulated. We found that overexpression of CpxQ led to an ∼17-fold 

increase in the level of sdhC transcript (Figure 9), whereas the expression of other genes was 

not significantly affected. This result was unexpected since i) CpxQ was previously shown to 

negatively affect the stability and translation of its targets and ii) Cpx response activation 

results in lower levels of transcription and activity of the SDH complex (Figure 1C and D, 

Figure 2).  

To eliminate the possibility of sdhC mRNA levels being influenced by the addition of 

the alternative carbon source, we included the strain carrying an empty pBAD18 vector induced 

with arabinose (Figure 9). We consider this effect unlikely since we used MC4100 strain of E. 

coli that cannot utilize L-arabinose for growth due to a chromosomal mutation araD139 (225). 

Normally, araD encodes for L-ribulose-5-phosphate 4-epimerase that is required for 

conversion of L-ribulose 5-phosphate to D-xylulose-5-phosphate, which in turn enters the 

pentose phosphate pathway to generate further metabolites and reducing equivalents. Inability 

to fully process arabinose leads to accumulation of L-ribulose 5-phosphate in the cell (225), 

hence should not lead to any metabolic changes that may impact succinate dehydrogenase.  

Indeed, addition of arabinose did not cause the levels of stabilization of the sdhC transcript  

observed in the CpxQ-overexpressing strain (Figure 9) and did not have a significant effect on 

the other assayed genes.    

DISCUSSION  

The Cpx response is believed to mediate 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, however the breadth of 

characterized Cpx-mediated adaptations continues to expand. It was recently demonstrated that 

the Cpx response regulates the expression of the genes encoding NDH-I and cytochrome bo3, 
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large envelope complexes involved in aerobic respiration (179). 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. Interestingly, when the rates of oxygen consumption were compared between 

ΔcpxRA and wildtype EPEC, it was found that despite increased transcription of the genes 

encoding NDH-I and cytochrome bo3 in the ΔcpxRA EPEC mutant, the activity of the aerobic 

ETC was still impaired (179). 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 (184, 186, 198, 226, 227). Raivio 

et al. reported the sdhCDAB operon among genes whose transcription was downregulated upon 

transient NlpE overexpression along with other genes involved in respiration, including the 

nuo and cyo operons (145). In agreement with this finding, we show that the Cpx TCS inhibits 

the activity of psdhC::lux reporter in a wildtype strain grown in the absence of exogenous 

stresses, whereas in the absence of a functional Cpx response, psdhC::lux expression is elevated 

(Figure 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 (206). Given that both nuo and cyo promoter regions possess CpxR 

binding sites, and their transcription is thought to be altered though direct binding of CpxR, it 

is possible sdhCDAB is regulated similarly since we identified a putative CpxR binding site 

approximately 150 bp downstream of the sdhCDAB TSS by using Virtual Footprint software 

(179, 209). Binding of CpxR response regulator between the TSS and the translation start site 
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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 “perfect” 

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 (Figure 1E)(228).  

Interestingly, this putative CpxR binding site is located in the sdhCDAB promoter region 

together with those of several other transcriptional regulators; ArcA possesses four binding 

sites up- and downstream of the sdhCDAB operon (229, 230) and the cyclic adenosine 

monophosphate (cAMP)-cAMP receptor protein (CRP) complex, which binding site is located 

approximately 94 bp upstream of the sdhC TSS (231, 232). Other known regulators of 

sdhCDAB operon include Fur (233, 234), Fnr (230) and several sRNAs shown to inhibit 

sdhCDAB mRNA translation (158, 165, 235). 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. We hypothesized that the SDH 

enzymatic activity will also be affected by the Cpx pathway and 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 resulted in decreased SDH 

activity, which is consistent with a decrease in sdhCDAB expression under these conditions 

(Figure 2)(145). Unexpectedly, we observed similarly low succinate oxidation activity in a 

mutant lacking the Cpx pathway, which correlated with the observations reported by Guest et 

al. (179). They demonstrated that a ΔcpxRA mutant strain had reduced oxygen consumption 

relative to the wildtype strain, presumably mediated by the enzymatic activities of the NDH-I 

and cytochrome bo3 complexes. Evidently, both the excessive induction and the absence of the 

Cpx stress response leads to reduced performance of the SDH complex, directly affecting both 
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the transcription of the sdhCDAB operon, while also influencing the activity of the enzyme 

itself.  

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 (58, 121, 145, 

206). While a significant portion of the Cpx regulon consists of proteases and chaperones that 

address protein misfolding at the IM, there are no known Cpx-regulated 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 (39, 104, 105, 108, 110, 216, 236). The absence of such quality control in 

a cpxR knockout mutant could lead to aberrant complex formation and unproductive 

interactions between subunits of the respiratory complexes, leading to loss of function.  

Envelope stress can be exacerbated by the presence of respiratory complexes; however, 

in E. coli this stress is not likely to be due to disruption of the proton gradient, as the Cpx 

response was not induced by the chemical protonophore CCCP (179, 237). 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)(238). Past 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 (48, 212, 

213, 239, 240). In the absence of the Cpx response, or Cpx-regulated protein folding and 

degrading factors, a similar growth phenotype is seen (Figure 5). It is possible that in order to 

generate sufficient energy from non-fermentable carbon sources, bacterial cells upregulate 

expression and/or activity of respiratory protein complexes, which can then be subject to 
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misassembly, irreparable damage or insertion into an already compromised membrane, a 

situation that would necessitate a functional Cpx envelope stress response. 

Under conditions in which damaged and/or misfolded proteins are predicted to 

accumulate, upregulation of protein folding and degrading factors constitutes a part of Cpx-

mediated adaptation (121, 241). Regulation of proteolysis at the inner membrane of E.coli is 

one of the least characterised parts of the Cpx response, and is essential for maintaining the 

integrity of envelope biogenesis (111, 121, 125, 242). It has previously been proposed that the 

NuoA subunit of the NDH-I complex is subject to regulation by the Cpx pathway beyond 

transcription, and that constitutive activation of the Cpx response decreases the abundance of 

NuoA-3×FLAG protein (214). However whether this regulation occurred via post-

transcriptional or post-translational mechanisms has not been distinguished. It has been 

demonstrated that the Cpx system regulates factors that inhibit translation, such as the CpxQ 

sRNA (176), therefore could decrease the amount of successfully translated nuoA-3×FLAG 

mRNA. Even though 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 carbonyl CCCP treatment (176), our results demonstrate that 

CpxQ overexpression had no effect on the nuoA transcript levels (Figure 9).  

In this study, we found that the efficiency of NuoA-3×FLAG protein turnover is 

reduced in the absence of the functional Cpx response (Figure 4) and hypothesized that 

activation of the Cpx response may result in increased proteolysis of NuoA proteins. This 

model is supported by the fact that the expression of IM-localized proteolytic factors 

responsible for quality control at the IM, including DegP, HtpX and the modulator of FtsH 

proteolysis YccA, are under the control of the Cpx response (110, 128, 130, 145, 206). 

Furthermore, 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 
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suggested role of the Cpx response in the biogenesis of respiratory proteins (Figure 5)(179). 

Notably, strains lacking CpxR exhibited the slowest growth with a lag-phase extended to 30-

40 hours (Figure 5). 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 ETC biogenesis regulation, 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 -0.166V and -

0.320V respectively, compared to succinate and its oxidation product FADH2 with an identical 

E’
0 of +0.031V (243). Namely, the oxidation of malate resulting in NADH production, and 

subsequent oxidation of NADH by NDH-I provides 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 

(244, 245) 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 (246). Therefore, removing factors potentially 

involved in the quality control of NDH-I may result in strong growth defects when malate is 

the sole carbon source, which is what we observed in the case of ΔyccA, ΔppiD and ΔcpxR 

mutants. It is possible that the ability to bypass NDH-I and metabolize succinate directly 

through succinate dehydrogenase results in better viability of these mutants.  
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We propose that several Cpx-regulated protein folding and degrading factors associated 

with the non-specific protease FtsH and SecYEG translocation affect biogenesis of NDH-I, 

and potentially other respiratory complexes. FtsH-mediated degradation of the SecY subunit 

of the SecYEG translocon prevents blocking of the translocase with inefficiently exported 

proteins and is modulated by the YccA integral membrane protein (99, 247). YccA itself can 

act as a competing substrate for FtsH, negatively affecting its proteolytic activity. While we 

did not determine whether the impact of YccA on the ETC complexes is direct or indirect, it 

appears to be implicated in their biogenesis given the impact of yccA deletion on growth 

requiring respiration (Figure 5) and stability of NuoA (Figure 6 and 7). One possibility is that 

under Cpx-inducing conditions, CpxR activates the expression of YccA, which in turn inhibits 

the FtsH protease and prevents excessive degradation of SecY subunit, allowing for damaged 

inner membrane proteins to be replaced. Alternatively, or in addition, YccA may directly 

interact with respiratory proteins stimulating their translocation during times of increased need. 

For example, van Stelten et al. have shown that wildtype YccA and its stabilized mutant yccA11 

stimulated secretion of a LamB-LacZ hybrid protein (247). We found that knocking out yccA 

led to growth defects on both malate and succinate minimal medium (Figure 5), significant 

accumulation (Figure 6), as well as slower turnover of NuoA-3×FLAG protein (Figure 7). 

One explanation for this result could be that a lack of YccA leads to excessive degradation of 

SecY by FtsH causing NuoA secretion and membrane insertion to become stalled, with 

consequent accumulation of NuoA-3×FLAG in the cytoplasm or a state inaccessible to 

proteases. Curiously, elevated levels of NuoA-3×FLAG protein were observed when YccA 

was overexpressed (214). One explanation for this apparently contradictory result could be that 

elevated YccA leads to FtsH saturation with its inhibitor, and a potential decrease in FtsH 

proteolytic function leading to accumulation of more NuoA-3×FLAG as a result of either an 

increased rate of secretion and/or a lack of proteolytic turnover.   
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Recent studies have shown that the periplasmic chaperone PpiD improves translocation 

efficiency by clearing the Sec translocon of newly translocated proteins (88), and localizes in 

close proximity to the lateral gate of the SecY channel (89). One of the proposed mechanisms 

of NDH-I translation suggests that the ribosome associated with nuo mRNA is directed to the 

Sec-translocon by the signal recognition particle, which tethers the mRNA to the IM and leads 

to further translation of the globular subunits (192). We hypothesize that the co-translational 

translocation and further assembly of NDH-I may be compromised in the absence of PpiD. 

This is supported by the fact that deletion of ppiD resulted in one of the strongest growth defects 

we observed (Figure 5). Alternatively, removing PpiD from the periplasmic chaperone 

network could have impacted translocation and assembly of other factors, potentially involved 

in NDH-I quality control. Similar to YccA, both deletion and overexpression of ppiD led to an 

increased amount of NuoA-3×FLAG protein in the cell (Figure 6)(214), however the entire 

amount of NuoA-3×FLAG was degraded by the end of the 2-hour stability assay (Figure 7). 

Interestingly, PpiD chaperone has also been associated with the FtsH interactome. Bittner and 

colleagues found that FtsH was responsible for degrading the PpiD-YfgM fusion complex 

(248). Thus, as with YccA, further experimentation will be required to ascertain the precise 

mechanism(s) by which PpiD impacts expression and function of ETC complexes, whether 

through secretion and/or direct or indirect proteolysis. Whether or not the PpiD periplasmic 

chaperone is a part of the Cpx regulon is a matter of debate (86, 242). Some evidence suggests 

that ppiD is either weakly or not at all regulated by the Cpx TCS, and is not specifically 

involved in envelope functions monitored by the Cpx pathway (87, 206). Nevertheless, our 

results suggest that PpiD plays an important role in envelope biogenesis, whose involvement 

in the assembly of the respiratory complexes, and regulation by the Cpx response, should be 

further explored.  
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When we measured the growth rates of degP and htpX mutants, we found that they 

affected growth on non-fermentable carbon sources differently from ppiD or yccA. We 

observed a relatively mild effect of htpX deletion on respiratory growth (Figure 5), causing 

less NuoA-3×FLAG protein to accumulate (Figure 6). HtpX functions as a protease with 

cellular roles complementary or overlapping those of FtsH (249), therefore its removal may 

not be as detrimental to the cell. In addition, deletion of htpX activates the Cpx response (110), 

which in turn regulates the biogenesis of the ETC complexes. Surprisingly, overexpression of 

HtpX was previously shown to lead to an almost 20-fold increase in the amount of NuoA-

3×FLAG in comparison to the vector control (214). Earlier studies have demonstrated that 

HtpX can undergo rapid self-cleavage upon atypical conditions of partial cell lysis or extreme 

overproduction of HtpX, and that the self-cleaved product is inactive (104, 108). It is possible 

that artificial overexpression of HtpX could lead to its self-degradation or excessive proteolysis 

of other factors involved in the quality control of the respiratory complexes. Unlike other 

mutants possessing stronger growth defects in media supplemented with malate, degP 

mutants grew slower in succinate minimal media (Figure 5) and demonstrated the strongest 

effect on the NuoA-3×FLAG stabilization in the cell (Figure 7) . Kihara and Ito demonstrated 

that DegP is involved in the degradation of the HflK subunit of the HflCK complex, which 

interacts with and regulates the ATP-dependent protease FtsH (115). Therefore, both 

overexpression and deletion of DegP could impact FtsH-mediated proteolysis indirectly 

through HflK. This hypothesis is supported by the fact that we see accumulation of NuoA-

3×FLAG after both overproducing DegP and removing it (Figure 6)(214). However it is still 

unclear what role DegP plays in the quality control of the ETC components, it is possible that 

its role is indirect. 

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 
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proteins. In support of this hypothesis, overexpression of FtsH was previously shown to 

decrease NuoA-3×FLAG protein levels (214). However, since ftsH is essential in E. coli (106), 

we were unable to determine if it is required for Cpx-mediated degradation of NuoA-3×FLAG. 

A major future direction to expand on this study 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 (94).Alternatively, a strain in which ftsH is deleted and a second copy under 

control of an inducible promoter is present elsewhere in the chromosome can be utilized.  

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 in the absence of the functional Cpx 

pathway SDH activity is impaired. Recent studies hypothesised 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 (179). This 

hypothesis is further supported by our findings, where increased demand for respiratory 

complexes induces the Cpx pathway, possibly due to 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 

represses transcription of nuo, sdhCDAB and cyo operons. Intriguingly, we found that 

overexpression of the CpxQ sRNA increases the stability of sdhC mRNA through a mechanism 

that requires further investigation (Figure 9). One way CpxQ sRNA could increase the stability 

of sdhC transcript is to protect it from RNAseE-mediated decay. A typical RNAseE cleavage 

site is AU-rich (250) and has a consensus sequence (A/G)N↓AU, where ↓ represents the site 

of cleavage and N stands for any ribonucleotide (251). In the case of sdhC mRNA, the region 
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bound by CpxQ does not seem to contain an RNAseE cleavage site and is overall GC-rich 

(Figure 8B). The other explanation for our results could be the indirect effects CpxQ might 

have on sdhC mRNA levels. It is possible that CpxQ negatively regulates DNA-binding 

proteins involved in repression of sdhCDAB operon at the transcriptional level, or 

downregulates the expression of other regulatory factors that normally promote sdhC mRNA 

turnover.   

To better understand the mechanism of sdhC stabilization in the cell, several other 

experiment have to be performed, including the validation of the CpxQ-carrying vector. It  

requires assaying levels of CpxP protein, known to be negatively regulated by CpxQ sRNA via 

western blotting. It is important to note that in wildtype cells, chromosomal levels of CpxP are 

low and undetectable by immunoblotting, therefore this experiment requires CpxP to be 

expressed from an exogenous promoter on a high-copy number vector compatible with 

pBR322_origin (130, 177). Additionally, the effect of CpxQ overexpression can be examined 

by assessing the decrease in the activity of NhaB Na+/H+ antiporter. Located in the inner 

membrane, NhaB is involved in regulation of intracellular pH at alkaline environments and 

maintaining low concentrations of intracellular Na+ (252–254). Given that strains lacking 

major antiporters, including NhaB, NhaA and ChaA, cannot effectively export sodium, they 

are unable to grow in the presence of certain concentrations of NaCl (255). Possibly, 

overexpression of CpxQ sRNA and its inhibitory effect on NhaB can cause mild growth defects 

on media supplemented with higher sodium concentrations. Future experiments should be 

directed at assessing levels of SdhC-6×His protein in the cells where CpxQ was deleted or 

overexpressed. This will allow to distinguish between post-transcriptional and translational 

effects CpxQ might be having on the SDH complex.      

Altogether, our results support a model in which the Cpx pathway maintains the 

function of critical cytoplasmic membrane protein complexes through modulation of an 
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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 10). 
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FIGURES AND TABLES 

Table 1. Bacterial strains and plasmids used in this study 

Strain or plasmid Description 
Source or 

reference 

Bacterial strains 

MC4100 F-, [araD139]B/r, Δ(argF-lac)169, λ-, e14-, flhD5301, 

Δ(fruK-yeiR)725(fruA25), relA1, rpsL150(StrR), 

rbsR22, Δ(fimB-fimE)632(::IS1), deoC1 

(256) 

VT2 MC4100 cpxR::kan This study 

E2348/69 Prototypical EPEC O127:H6 laboratory strain (257) 

RG222 E2348/69 ΔcpxRA (179) 

ALN195 E2348/69 cpxA24 (207) 

BW25113 F-, Δ(araD-araB)567, lacI+, ΔlacZ4787(::rrnB-3), λ-, 

rph-1, Δ(rhaD-rhaB)568, hsdR514 

(202, 258) 

TR10 MC4100 cpxA24 (123) 

JW1818 BW25113 htpX::kan (202) 

JW0953 BW25113 yccA::kan (202) 

JW0431 BW25113 ppiD::kan (202) 

JW0157 BW25113 degP::kan (202) 

JW3883 BW25113 cpxR::kan (202) 

JW2283 BW25113 nuoA::kan; KanR (202) 

RG349 E2348/69 (pMPM-nuoA-3×FLAG) This study 

RG351 E2348/69 cpxA24 (pMPM-nuoA-3×FLAG) This study 

RG350 E2348/69 cpxR::spc (pMPM-nuoA-3×FLAG) This study 

VT115 MC4100 (pcpxP-lux) This study 

VT123 MC4100 (pJW15) This study 

VT124 MC4100 (psdhC-lux) This study 

RG57 MC4100 (pnuoA-lux) (179) 

VT130 MC4100 cpxA::cam (pcpxP-lux) This study 

VT131 MC4100 cpxA::cam (psdhC-lux) This study 

VT132 MC4100 cpxA::cam (pJW15) This study 

VT133 MC4100 cpxA::cam (pnuoA-lux) This study 
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TC220 MC4100 (pTrc-nlpE) This study 

RG480 BW25113 ΔnuoA derivative of JW2283 (179) 

VT82 MC4100 (pBAD-CpxQ); Amp100 This study 

VT95 MC4100 (pBAD18); Amp100 This study 

VT175 BW25113 (pMPM-sdhC-6×His) This study 

Plasmids 

pFLP2 Broad host-range plasmid expressing the FLP 

recombinase from a temperature sensitive promote; 

AmpR  

(259) 

pJW15 Luminescence reporter vector plasmid (205) 

pJW15-pcpxP 

(pJW25) 

Luminescence reporter plasmid containing cpxP 

promoter; KanR
 

 

(207) 

pJW15-pnuoA Luminescence reporter plasmid containing nuoA 

promoter; KanR 

(179) 

pJW15-psdhC Luminescence reporter plasmid containing sdhC 

promoter; KanR 

(179) 

pMPM-K3 Low copy-number IPTG inducible cloning vector 

derived from pACYC184 and pBluescript; KanR  

(260) 

pMPM-NuoA-

3×FLAG 

pMPM-K3 derived IPTG inducible nuoA-3×FLAG 

expression vector; KanR  

(214) 

pTrc-nlpE High copy-number expression vector with IPTG 

inducible nlpE promoter derived from pTrc99A 

vector; AmpR  

This study 

pMPM-SdhC-6×His pMPM-K3 derived IPTG inducible sdhC-6×His 

expression vector; KanR 
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Table 2. Oligonucleotide primers used in this study 

Primer name Sequence 

nuoAFLAGFwd 5’-TTTTAAGCTTCTTTTGATGAGTA-3’ 

 

nuoAFLAGRev 5’-

TTTTTCTAGATTATTTATCATCATCATCTTTATAATCAATATCATG 

ATCTTTATAATCGCCATCATGATCTTTATAATCGCGTTGACGATT

AG CGATAC-3’  

K1 5’-CAGTCATAGCCGAATAGCCT-3’ 

PsdhCFwdCln 5’-TTTTGAATTCGGTCTACCACTAATAACTG-3’ 

PsdhCRevCln 5’-TTTTGGATCCATGGAGAATGGACGCTATC-3’ 

nlpE_NcoI_F 5’-CGCACCATGGTGAAAAAAGCGATAGTGACAG-3’ 

nlpE_WT_His_

HindIII_R 

5’-

TGCCAAGCTTTTAGTGGTGGTGGTGGTGGTGCTCGAGCTGCCCC

AAACTACTGCAATC-3’ 

pTrc99A_F 5’-GTTCTGGCAAATATTCTGAAA-3’ 

pTrc99A_R 5’-ATTTAATCTGTATCAGGCTGA-3’ 

P1cpxRFwd 5’-AACTATGCGCATCATTTGCTCC-3’ 

P1cpxR Rev 5’-CACATTAAATCGTTGGGCGGAT-3’ 

pBAD_fwd_pri

mer 

5’-ATGCCATAGCATTTTTATCC-3’ 

pBAD_rev_prim

er 

5’-GATTTAATCTGTATCAGG-3’ 

CpxQ synthesis 5’-

TAAGCAGAATTCTTTTCCTTGCCATAGACACCATCCCTGTCTTCC

CCCACATGCTGTGGGGGTTTTTTTTCTAGATGCTTA-3’ 

NuoAFwdCpxQ 5’-CGCTCATCACTGGGCATTC-3’  

NuoARevCpxQ 5’-CAACCGCCTACCAGCATCA-3’  

CyoAFwdCpxQ 5’-GCATTGCTACCGTGAATGAAATC-3’ 

CyoARevCpxQ 5’-GGAGTTCATCACGGAGTTGGA-3’ 

SdhCFwdCpxQ 5’-CATCCGGTTCCCCATCAC-3’ 

SdhCRevCpxQ 5’-TGCCCACTGCAACAAAGGT-3’ 

GyrAFwdCpxQ 5’-CACCGCAACGCAAAACG-3’ 
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GyrARevCpxQ 5’-TGATGGAGATAACCCCTTTCGT-3’ 

sdhC_FW_pMP

M 

5’- TCAGGAATTCCCGTAGTCCCCAGGGAATA-3’ 

sdhC_RV_pMP

M 

5’-

AGCTCTAGATTAGTGGTGATGGTGATGATGCCATACGAGGACTC

CTGCGAGA-3’ 

M13F 5’-GTTTTCCCAGTCACGAC-3’ 

M13R 5’- CAGGAAACAGCTATGAC-3’ 

 

*Underlined sequences indicate restriction endonuclease cut sites (EcoRI: GAATTC, HindIII: 

AAGCTT, XbaI: TCTAGA)  

**P1 transduction strains were verified by PCR using gene-specific forward primers 

(P1genenameFwd) and K1 reverse primer that binds inside of the kanamycin resistance gene. 

 

  



 

 

58 

Table 3. Relative band quantification calculated using Fiji (ImageJ) software for Figure 

4.  

 

Time, 

min 

BW25113 WT BW25113 ΔcpxR BW25113 cpxA24 

0 1 1 1 

1 0.8736227 0.83863009 0.96293758 

5 0.71124593 0.75016512 0.72735328 

10 0.63119508 0.70426201 0.76737539 

20 0.49823794 0.64889856 0.44952824 

30 0.44765134 0.64664517 0.4140362 

45 0.35571218 0.47736897 0.24964914 

90 0.17522416 0.47630056 0.12982889 

120 0.15862961 0.52593341 0.11517807 

 

*Values represent relative quantification of the raw integrated density of the protein bands. 

**The closest value representative of the protein half-life is highlighted in bold. 

Table 4. Relative band quantification calculated using Fiji (ImageJ) software for Figure 

7.  

Time, 

min 

BW25113 

WT 

BW25113 

ΔyccA 

BW25113 

ΔppiD 

BW25113 

ΔdegP 

BW25113 

ΔhtpX 

0 1 1 1 1 1 

1 0.83374405 0.93688293 0.92098058 1.17040182 0.98632705 

5 0.48192521 0.85176136 1.26342534 0.82381517 0.97774228 

10 0.43805059 0.69154062 0.89942415 0.8361925 0.71405932 

20 0.42149411 0.43980649 0.75259634 0.56177711 0.47764135 

30 0.39400127 0.32036319 0.50968982 0.41197194 0.30520641 

45 0.15763557 0.20774653 0.29886143 0.32736466 0.23410971 

90 0.12271766 0.1318082 0.12956625 0.22191997 0.22272972 

120 0.08679674 0.12842055 0.07468993 0.2274992 0.16344538 

 

*Values represent relative quantification of the raw integrated density of the protein bands. 

**The closest value representative of the protein half-life is highlighted in bold. 
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Figure 1. Transcription of the sdh operon encoding the succinate dehydrogenase complex 

is regulated by the Cpx stress response. Overnight cultures of wildtype E.coli MC4100 or a 

cpxA::cam mutant harbouring 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℃ with shaking. The luminescence and the OD600 were measured every 

hour for the duration of 7 hr and a final measurement was taken at 24 hr. 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 

harbouring either pJW15 (vector control) or the pnuoA::lux, psdhC::lux or pcpxP::lux reporter 

D 

E CpxR consensus sequence: 
5′-GTAAA(N5)GTAAA-3’ 
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plasmids. Luminescence was determined by imaging the luminescence of the strains grown on 

LB media plates for 24 hrs. (E) Schematic representation of the sdhC promoter region of 

BW25113 E. coli indicating the locations of the putative CpxR, ArcA, Fur and CRP-cAMP 

binding sites. Numbers indicate distances of the most upstream bp in each site from the 

transcription start site (+1) in base pairs. +, upstream; -, downstream; BS, binding site.  
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Figure 2. SDH activity is reduced by excessive activation or absence of the functional Cpx 

response. Wildtype MC4100, cpxR::kan, cpxA24 and MC4100 harbouring NlpE 

overexpression plasmid (pTrc-nlpE) were subcultured from their overnight cultures 1:50 into 

5mL fresh LB and grown to OD600 ~0.5 at 37℃ with shaking. 1mL samples, standardized to 

the same optical density OD600, were pelleted, and cell pellets were resuspended in 200µL of 

ice-cold SDH Assay Buffer (Abcam). Samples were prepared as per manufacturers’ protocol, 

A 

B 
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loaded into a 96-well plate, and mixed with 50µL of SDH reaction mix (Abcam). (A) Assay 

data showing reduction of the DCIP artificial electron acceptor, accompanied by the colour 

change of the dye from blue to colourless (A600). Absorbance at 600nm was measured every 

minute for 30 minutes at 25°C with shaking using the Cytation5TM 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.
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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 harbouring 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 hours of incubation at 37℃.  
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Figure 4. The Cpx response affects NuoA-3×FLAG protein levels. Wildtype BW25113 and 

the cpxR or cpxA24 mutants containing the pMPM-nuoA-3×FLAG expression vector were 

grown in 25mL LB at 37°C with shaking to an OD600 of 0.5. 0.1mM IPTG was then added to 

induce nuoA-3×FLAG expression, and bacteria were grown until an OD600 of 1.0 was reached. 

100µg of chloramphenicol was added to inhibit protein synthesis, and 1mL samples were taken 

at 0 (before addition) 1, 5, 10, 20, 30, 45, 90 and 120 min after addition. Samples were loaded 

onto a 10% SDS polyacrylamide gel. NuoA-3×FLAG and alkaline phosphatase (PhoA) protein 

levels were determined via western blotting. 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. Relative band quantification was 

performed using band intensity analysis in ImageJ. The protein stability assay data were fit 
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with a one-phase exponential decay curve to determine protein half-life using the Prism v7.0c 

(GraphPad) software.  
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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-
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buffered saline (PBS), and standardized to an OD600 of 1.0 in phosphate buffered saline. 10μL 

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 hr 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). 
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Figure 6. NuoA-3×FLAG protein levels are altered by deletion of several Cpx-regulated 

protein folding and degrading factors. Wildtype BW25113 and the mutants with the 

indicated gene deletions containing the pMPM-nuoA-3×FLAG expression vector were 

subcultured in 25mL fresh LB and grown at 37℃ to an OD600 of 0.35. 0.1mM IPTG was added 

to induce nuoA-3×FLAG transcription and bacteria were grown for an additional 30 minutes. 

Samples were loaded onto a 12% SDS polyacrylamide gel. NuoA-3×FLAG and RNA 

Polymerase (RNAP) protein levels were determined via western blotting. 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.  
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Figure 7. Turnover of NuoA-3×FLAG proteins is affected by deletion of several Cpx-

regulated protein folding and degrading factors. Wildtype BW25113 E. coli and strains 

with indicated gene deletions containing the pMPM-nuoA-3×FLAG expression vector were 

subcultured in 25mL LB at 37°C with shaking to an OD600 of 0.5. 0.1mM IPTG was then added 

to induce nuoA-3×FLAG expression for 30 minutes. 100µg of chloramphenicol was added to 

inhibit protein synthesis, and 1mL samples were taken at 0 (before addition) 1, 5, 10, 20, 30, 

45, 90 and 120 min after addition. Samples were loaded onto a 15% SDS polyacrylamide gel. 

NuoA-3×FLAG and RNA polymerase protein levels were determined via western blotting. 

RNAP protein levels served as a loading control. Protein bands were detected using the Bio-
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Rad ChemiDoc MP imaging system. The experiment was performed in biological triplicate for 

the strains lacking protein folding and degrading factors, whereas the wildtype stability assay 

was only performed once and needs to be replicated. 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.  
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Figure 8. Model of interaction between the CpxQ sRNA and sdhC mRNA. (A) The CpxQ 

sRNA is predicted to bind within the open reading frame of the sdhC mRNA. The interaction 

between CpxQ sRNA and sdhC mRNA was predicted using IntraRNA software (218–221). 

Putative R1 and R2 seed regions of CpxQ are labeled yellow and blue, respectively. (B) 

Predicted minimum free energy secondary structure of sdhC mRNA. The structure is coloured 

by base-pairing probability, where 0 is low and 1 is high probability. The putative CpxQ 

binding site is indicated. Prediction of minimum free energy structure was performed using 

RNAfold Web Server provided by The ViennaRNA Web Services (224). 

A 

B 
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Figure 9. Overexpression of CpxQ sRNA affects the stability of sdhC mRNA. Strains of 

E.coli MC4100 carrying either arabinose-inducible empty pBAD18 vector, or the same vector 

expressing CpxQ sRNAwere subcultured into fresh LB medium after overnight growth in LB 

medium and grown with shaking at 37°C to a final OD600 of 0.35 to 0.4. 0.2% L-arabinose was 

used for CpxQ induction from the pBAD-CpxQ vector and all strains were grown for an 

additional 10min. RNA isolation, cDNA library generation and qPCR were performed as 

described in the Materials and Methods section. Data correspond to the mean values from three 

biological replicates in technical triplicates each. Error bars depict standard deviations (SDs). 

Statistical analyses were performed using Student’s unpaired t-test,  a P value of less than 0.05 

was considered significant and represented by a *. Ns, not significant.    
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Figure 10. 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, as well as upregulation of the sRNA synthesis. 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. The increased production of the CpxQ 

sRNA causes stabilization of the sdhC transcript through the unknown mechanism. OM, outer 

membrane; PG, peptidoglycan; PP, periplasm; CP, cytoplasm; 5’P, 5’ monophosphate; Q, 

quinone; QH2, quinol; H+, proton; NAD, nicotinamide adenine dinucleotide; FAD, flavin 

adenine dinucleotide; H2O, water; O2, molecular oxygen.  
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