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1. Overview 

The CydDC family of ABC transporters export the low molecular weight thiols glutathione 

and cysteine to the periplasm of a variety of bacterial species. The CydDC complex has 

previously been shown to be important for disulfide folding, motility, respiration, and 

tolerance to nitric oxide and antibiotics. In addition, CydDC is thus far unique amongst ABC 

transporters in that it binds a haem cofactor that appears to modulate ATPase activity. 

CydDC has a diverse impact upon bacterial metabolism, growth, and virulence, and is of 

interest to those working on membrane transport mechanisms, redox biology, aerobic 

respiration, and stress sensing/tolerance during infection. 

 

2. Regulation and assembly of the ABC transporter CydDC 

 

2.1 Identification and cloning of the cydDC genes 

By the early 1990s, the group of Bob Gennis had established by classical genetic techniques 

the presence and location on the E. coli chromosome of two structural genes encoding the 

cytochrome bd-type terminal oxidase [1], now often referred to as cytochrome bd-I following 

the discovery of a second bd-type oxidase in E. coli [2]. The bd-I encoding genes were named 

cydA and cydB, constituting an operon at 16.6 min (physical map position 785-788 bp [3]) on 

the chromosomal map. It is important to note that for many years the cytochrome bd-I 

complex was considered to be a two-subunit complex, but later sequencing studies and the 

crystal structure reveal a third small subunit [4]. A further gene, cydC
+
, annotated as involved 

in ‘cytochrome d assembly’ was also identified, remote from the cydAB locus at 19.2 min 

(938-943 bp) [5]. In brief, a strain lacking cytochrome bo′ was mutagenized and screened for 

mutants incapable of aerobic growth on non-fermentable substrates, other than those with 

mutations in cydAB. The strain (CG03) was used to map the newly identified gene, first by F-
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prime conjugation and then by P1 co-transductions. Reintroducing cyo genes on an F-prime 

episome carrying the cydAB operon failed to complement a cytochrome bd-I-deficient 

mutant, suggesting a new locus. The mutant showed no visible absorbance bands attributable 

to cytochrome bd-I but the spectrum was returned to wild-type characteristics by introducing 

cydC
+
 on an episome. Importantly, in vitro transcription/translation experiments and Western 

immunoblotting of cydC strain membranes showed the CydA and CydB subunits to be 

diminished in cydC membranes compared to the isogenic cydC
+
 strain [5]. Expression from a 

multicopy plasmid of the oxidase subunits in a cydC strain demonstrated that the b595 and b558 

haems were over-produced but the haem d component was absent. This led to the hypothesis 

that a likely role for CydC was biosynthesis of haem d and that, in the absence of this haem, 

the oxidase subunits are destabilised and therefore largely absent [5]. 

The cydC gene was independently described by Siegele et al. and named surB, its 

product being required for E. coli cells to exit (i.e. survive) stationary phase at 37 
o
C under 

aerobic conditions [6]. It was established that the severe temperature-sensitive defect in 

exiting stationary phase of surB1 mutants is due to the absence of terminal cytochrome 

oxidase activity and specifically to the presence of a defective cytochrome bd-I oxidase [7, 

8]. 

 Shortly after, we described a fourth cyd locus identified by an entirely different 

strategy. Allan Downie had screened survivors of nitrosoguanidine mutagenesis for loss of 

spectroscopically detectable cytochrome bd-I using the laborious method of individually 

examining colonies for the 630 nm band of cytochrome d in a Keilin-type hand spectroscope 

at 77 K. The mutation in one such mutant was mapped genetically and shown to be highly co-

transducible with aroA near 20 min on the E. coli chromosome [9]. Further mapping by F-

primes, co-transduction data and three-point crosses clearly established the following gene 

order: poxB – (zbj::Tn10) – cydC – cydD at 19.3 min. Furthermore, a gene implicated in the 
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ability to survive at elevated temperatures, htrD, was shown to be closely linked to cydC and 

cydD [10] and was later shown to be identical to cydD after correction for a missing G in the 

Delaney sequence [11].  

Resulting from this work was a useful selective medium, incorporating zinc and azide 

ions, to distinguish between Cyd
+
 and Cyd

-
 strains [9]. This was used during the first cloning 

of the cydC
+
 and cydD

+
 genes using a cosmid library and subsequent sub-cloning to give 

plasmids capable of complementing cydC and cydD mutants [12], demonstrating their joint 

presence on plasmids pRP33 and pRP39; restriction maps showed that the cloned fragment of 

the latter lies within the 19 min region of the Kohara map, consistent with earlier P1 mapping 

[9]. In vivo protein synthesis using these plasmids as templates demonstrated the formation of 

CydD and CydC with estimated molecular masses of 61 kDa and 59 kDa, respectively [12], 

whereas the actual molecular weights calculated from the primary sequences (Section 2.2) are 

65 kDa, and 63 kDa, respectively. 

The complete nucleotide sequence of the insert was obtained by manual Sanger 

sequencing [12]. The deduced amino acid sequences of CydD and CydC have 50% similarity 

and 27% identity. Hydropathy profiles showed both to be similar membrane proteins, the N-

terminal halves each forming six transmembrane helices. As detailed below, the C-terminal 

hydrophilic portions each contain an ATP-binding site. Thus CydDC was identified as the 

first known example of a bacterial heterodimeric ABC transporter. The structurally analogous 

HlyB protein, involved in export of haemolysin from E. coli, is a homodimer [13]. 

   Note that in certain bacteria the cydDC and cydAB genes are not well separated on the 

genome, as described here in E. coli, but are found as a single operon and expressed as a 

single transcript, as in Bacillus subtilis [14]. Furthermore, certain bacteria have oxidases 

resembling cytochrome bd-I at the level of gene sequence yet have no spectrally detectable 

haem d. It is therefore interesting to consider possible CydDC proteins in such cases. For 
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example, in Campylobacter jejuni, two genes (cj0081, cj0082), encoding proteins similar to 

those of the CydAB complex in E. coli, were identified from genome sequences [15]. 

However, spectroscopic studies of this oxidase, named CioAB (for cyanide-insensitive 

oxidase) [16], showed that the high-spin haems b558, b595 and the d-type haem, which are 

typical of bd-type oxidases, could not be detected in C. jejuni, suggesting that the enzyme 

was distinct. Furthermore, there are no obvious homologues of cydDC in C. jejuni. Although 

we cannot exclude the possibility of another ABC type transporter fulfilling CydDC 

functions, the apparent correlation between the lack of cytochrome d and a cognate ABC 

transporter is intriguing. Note that C. jejuni does not synthesise glutathione, an identified 

substrate of the E. coli CydDC system (Section 3.1). Other bacteria such as P. aeruginosa 

also possess a bd-type oxidase that lack the characteristic spectral features associated with the 

bd haems [17], and these constitute the CioAB (cyanide-insensitive oxidase) or “short Q-

loop” sub-family [18]. 

  Neither cydD nor cydC are essential genes as evidenced by the manners in 

which the mutants described above were isolated and used. Curiously, Eng et al. [19] 

describe E. coli cydC as an essential gene, without apparent justification, and, interestingly, a 

specific point mutation in an aspartic acid residue at the cytoplasm/membrane interface on 

helix II (cydC-D86V) restored production of a jet-fuel candidate, D-limonene. This study also 

suggested that cytochrome bd-I (i.e. CydABX) and CydDC do not always co-occur: 

computational analyses using the MicrobesOnline server [20] on 1965 genomes showed that 

highly conserved cydC genes are found in 407 species, but only 53 of these species also 

contained a cydB homologue. The presence of CydDC genes in so many genomes that do not 

encode cytochrome bd-I is surprising,  especially since an earlier study by Kranz and 

coworkers did not detect any species that encoded CydDC but lacked cytochrome bd-I (from 

33 bacterial genomes analysed) [21]. Furthermore, Kranz et al. highlighted six species that 
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encode cytochrome bd-I but not CydDC: Rickettsia prowazekii, Chlamidia tracomatis, 

Campylobacter jejuni, Porphyromonas ginigivalis, Aquifex aeolicus, and Thermotoga 

maritima: all of these species were reported to lack both CydDC and cytochrome bd-I in Eng 

et al. [19]. This suggests an issue with detection of cytochrome bd-I homologues in the 

genomics analysis by Eng et al., which is supported by the observation that none of the 

Geobacillus nor Mycobacterium species were found by Eng et al. to encode cytochrome bd-I, 

yet several papers report functional/structural studies on cytochrome bd-I from these 

organisms [4, 22, 23]. This perhaps reflects the challenging nature of assigning functional 

homologues using high-throughput bioinformatics pipelines, and highlights the need for 

caution when interpreting an apparent absence of genes from a given genome.   

 

2.2 Membrane topology of the CydDC complex 

A hydrophobicity analysis of the CydD (65 kDa) and CydC (63 kDa) proteins predicted that 

both subunits would have six transmembrane helices, with the C-terminal half of each 

polypeptide being hydrophilic and containing an ATP binding site [12]: this study was the 

first to recognise that CydDC was a likely ABC transporter. A significant proportion (c. 5%) 

of the E. coli genome has been reported to be occupied by ABC transporters, which have 

been categorised into 10 subfamilies [24]. This phylogenetic study placed CydD and CydC in 

group 6, along with the homodimeric MsbA lipid flippase involved in membrane biogenesis 

[25, 26]. A subsequent study presented a membrane topology model for CydDC, which 

predicted both subunits to be quite similar with six transmembrane regions separated by two 

major cytoplasmic loops, and both ends of each polypeptide chain were suggested to be 

located in the cytoplasm [27]. Topography modelling in the current review is consistent with 

this previous work, and has been used to highlight the Walker A motif that binds ATP, the 
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Walker B motif that interacts with magnesium, and a conserved histidine, glutamine, and 

aspartic acid that are part of the H-loop, Q-loop, and D-loop, respectively (Figure 1). 

 

2.3 Regulation of cydDC genes 

It is well known that the structural genes for ABC transporters and terminal oxidases in most 

bacteria are subject to strict and complex regulation at the transcriptional level [28, 29]. The 

regulation of cydDC was therefore investigated using a chromosomal (cydD-lacZ) fusion 

[30]. The operon is transcribed as a polycistronic message from a single transcriptional start 

site, independently of the upstream trxB. Transcription was independent of the carbon source 

for growth under aerobic conditions but declined as the oxygen transfer to the culture 

decreased. This is the converse of the well-known elevation of cydAB expression at lowered 

oxygen availability [28], an observation that is rationalised by the high oxygen affinity of the 

CydAB oxidase [31]. Anaerobic levels of (cydD-lacZ) fusion activity were lower and 

independent of Arc and FNR, the major regulators of cydAB expression. However, the 

inclusion in medium of anoxic electron acceptors (nitrite, nitrate, fumarate) elevated cydDC 

transcription in a manner dependent on FNR and NarL.  

Other studies have given apparently conflicting data: gene expression profiling 

showed a c. 2-fold increase under anoxic conditions in an fnr mutant [32] and potential FNR-

binding sites were recognised in the promoter region of cydDC [30, 32]. However, we 

suggested that FNR repression is indirect and mediated at the post-transcriptional level [30]. 

In agreement with this view, Boysen et al. [33] showed a marked decrease in the 5′-end 

portion of cydD mRNA on short-term induction of FnrS expression (c. 3-fold). Thus 

transcription of the cydDC operon of E. coli is negatively regulated, albeit modestly, by FnrS 

and cydDC mRNA is a direct target of FnrS [33]. 
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 Structural genes encoding bd-type oxidases and the cydDC genes encoding the ABC 

transporter have been identified in numerous other bacteria but the regulation of the cydDC 

operon has rarely been described. In Shewanella violacea, the bd-type oxidase is evident in 

difference spectra but only in cells grown under high hydrostatic pressure, although cydAB 

was expressed at all pressures tested. In contrast, cydC is depressed at atmospheric pressures 

but up-regulated strongly by high hydrostatic pressures [34]. The nucleotide sequence 

upstream of cydDC was described in further detail and putative binding sites for the NarL 

protein (which is part of a two-component regulatory system also containing the sensor 

protein NarX) were found [35]. In Brucella suis, another bacterium in which four cyd genes 

constitute a single operon, bd-type oxidase expression was not detected under aerobic 

conditions, although a slight induction was observed under microaerobiosis. At both oxygen 

concentrations, disruption of fnrN increased cydDCAB transcription levels. These results 

indicate that in contrast to the cytochrome cbb3-type oxidase in this organism, a bd-type 

oxidase is poorly expressed in vitro under microaerobic conditions and that fnrN regulator 

represses its expression [36].  

 In Mycobacterium smegmatis, cydAB and cydDC constitute two separate operons. 

Although cydAB is regulated by CRP and mutation of the identified CRP site abolishes cydA-

lacZ expression in response to hypoxia, regulation of cydDC is CRP-independent and its 

regulation is not understood [37]. Also, all cyd genes in Lactobacillus lactis, which are 

required for the organism’s haem-induced respiration-dependent mode of growth, appear to 

lack specific patterns of regulation [38]. 

 

2.4 Roles for CydDC in cytochrome assembly and haem metabolism 

The expression of CydDC is clearly linked to the incorporation of haem cofactors into a 

variety of periplasmic cytochromes as well as the bd-type respiratory oxidases. Early genetic 
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studies and biochemical studies on cydC (Section 2.1) revealed that a cydC strain and its 

isogenic parent were each capable of catalysing the in vitro synthesis of the subunits encoded 

by cydAB genes encoding cytochrome bd-I. However, the levels of subunits I and II in 

membranes from a cydC strain were very low and no incorporation of the subunit into the 

membrane was observed in a hemA mutant unable to synthesise haem [5]. These low levels of 

subunits were unexpected given earlier work with a hemA mutant in which apocytochromes 

are incorporated into the membrane [39, 40]. It appeared that the CydAB subunits were 

absent when protoporphyrin IX synthesis is blocked. This issue was re-examined by Williams 

[41] who showed that subunit I of CydAB is clearly present after immunoblotting membranes 

from both a cydD mutant and its parent, albeit at slightly lower levels in the former. They 

also demonstrated that a cydD mutation did not prevent expression from a cydA-lacZ fusion, 

showing that CydDC is not obligatory for expression of the structural genes.  

A possible role for CydDC is in haem d biosynthesis. Indeed, it has previously been 

suggested that export of the redox-active CydDC substrates may be required for the 

formation of the chlorin cofactor (i.e. haem d) in bd-type cytochromes [5, 42]. It is not known 

how the d-type haem in cytochrome bd-I is synthesised, although using hydroperoxidase 

catalase II from E. coli as a model it is likely to involve the oxidation of haem b to an 

oxoferryl species (FeIV=O) and formation of a porphyrin radical (compound I), followed by 

reduction to a ferric haem, hydroxylation of the C-ring, and cyclisation of the adjoining 

propionate [43].  It is conceivable that reducing power from GSH or cysteine may contribute 

to this process, although in the absence of insights into any enzymatic or autocatalytic 

mechanisms for incorporation of haem d into cytochrome bd-I it would be premature to 

speculate further on this topic.  

Other links with haem metabolism and processing have, however, been established. 

First, the ATPase activity of purified CydDC is modulated by haem (see Section 3.2). 
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Second, CydD is required for assembly of periplasmic cytochrome c, as well as cytochrome 

bd in E. coli. Periplasmic fractions from anaerobically grown E. coli showed the clear 

spectral signature of cytochrome c (absorbance of the reduced form at 550 nm) in the wild-

type strain but not the isogenic cydD mutant [44]. Since thioredoxin reductase is encoded by 

a gene (trxB) adjacent to cydDC, and TrxB is required for periplasmic cytochrome c 

assembly in certain bacteria, its role in cytochrome c formation in E. coli was checked, but 

cytochrome c levels in a trxB cydD
+
 strain were at wild-type levels [44]. Finally, cytochrome 

b562 is not assembled in a cydD mutant [45]. 

Given the finding that both cytochromes bd and c are affected in a cydD mutant, a 

reasonable hypothesis is that the CydDC transporter might be involved in export of haems to 

the periplasm or outer membrane face. Transmembrane haem movements are likely to be 

slow in the absence of a transporter [46] but direct measurements of haem transport are 

frustrated by the self-aggregation of haem and non-specific interactions with cell 

components. We [47] used [
14

C] haemin solubilised in alkali and in the presence of bovine 

serum albumin (BSA) as a high-affinity carrier. Since sequence homologies suggest that 

CydDC is an exporter in the intact cell, everted, energised membranes were used, which were 

hypothesised to take up haemin in vitro. In membranes from both cydD and wild-type strains, 

uptake of haemin (or its binding to membrane vesicles) were independent of the presence of 

ATP or an energising substrate (lactate) and thus do not support an ABC-driven uptake 

mechanism in cells. Chase experiments with unlabelled haemin-BSA failed to displace label 

suggesting that the labelled haem was either specifically bound to membrane protein or had 

entered the lumen of the vesicle [47]. 

During attempts to clone cydDC, candidate plasmids were assessed for their ability to 

restore assembly of a bd-type oxidase in a cydD mutant, and a variability in the effectiveness 

of the cloned genes to restore wild type oxidase levels was noted [12]. Moreover, in addition 
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to the elevated levels of cytochrome d, we noted an unusual and distinctive absorbance signal 

that appeared as a shoulder to the 560 nm peak of the b-type cytochromes. This species was 

variable in level and unstable. This component (‘P-574’ named for the visible absorbance 

maximum) was more evident in anaerobically grown cells, rendered cells reddish in colour, 

suggestive of the formation of haem compound(s), and was formed even when bd-type 

oxidase assembly was abolished by cydAB mutations [48]. The lability of P-574 was 

exploited to determine its spectrum in the absence of other stable haem compounds. The 

freeze-thaw-labile P-574 had distinctive maxima at 574 and 448 nm in reduced minus 

oxidised difference spectra. Despite showing that P-574 formation is dependent upon haem 

synthesis, its chemical nature and significance for CydDC function remain unclear [48]. The 

identity of P-574 remains unclear, but one possibility is that it represents the association of 

haem with over-expressed CydDC subunits, but not oxidase subunits. 

This proposal has an interesting parallel with assembly of certain nitrous oxide 

reductase (Nos proteins) in bacteria such as Paracoccus denitrificans. Here, a tricistronic 

nosD, -F, -Y gene arrangement is thought to encode an ABC transporter complex. NosD is 

transported by the Sec system and NosD-L fusion proteins have been reported [49]. It is 

speculated that NosD acts as a scaffold for copper centre assembly, dependent on keeping the 

copper atom in a reduced state [50]. Might CydDC act as a scaffold for haem d or 

cytochrome bd-I assembly?  

In summary, it seems likely that cytoplasmic ATP hydrolysis is used to drive an 

unknown periplasmic process, similar to the essential role of the Ccm complex in periplasmic 

cytochrome c biogenesis [51]. The precise role of CydDC requires further research. 
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3. Reductant export, kinetic modulation, and structural insights  

 

3.1 Export of reduced glutathione and cysteine by CydDC 

The demonstration that the periplasm of an E. coli cydDC knockout mutant is over-oxidising 

[45] provided the first robust evidence that this complex exported reductants. This finding 

was recently verified by demonstrating that loss of CydDC diminished the extracytoplasmic 

thiol content, and overexpression of CydDC decreased the reduced thiol pool in the 

cytoplasm [52]. These observations complemented earlier in vitro studies that demonstrated 

CydDC-mediated export of cysteine via import of 
35

S-labelled cysteine into everted 

membrane vesicles prepared from wild type and cydDC E. coli strains [53]. Addition of the 

ATP transition state analogue sodium orthovanadate abolished transport of cysteine [53], 

providing good evidence that this process was energy dependent. Note that E. coli possesses 

other L-Cys exporters; an inducible L-Cys/L-Cys shuttle system plays an important part in 

oxidative stress tolerance through provision of a reducing equivalent to the periplasm [54]. 

Since substrate promiscuity is a well-known phenomenon amongst ABC transporters, 

it was hypothesised that CydDC might also transport the tripeptide glutathione (L-γ-

glutamylcysteinylglycine, GSH), a major regulator of cellular redox poise [55]. Uptake of 

[
35

S]-labelled GSH into everted membrane vesicles was shown to be dependent upon both 

CydDC and ATP, confirming this tripeptide as a substrate for CydDC. The transport rate for 

GSH by CydDC was five-fold higher than that of cysteine and, given the abundance of GSH 

in the bacterial cytoplasm, it is likely that GSH is the main substrate for CydDC. Later work 

reported that the addition of GSH and cysteine both stimulated the ATPase activity of 

purified CydDC [56], further supporting a role in reductant export. However, while robust 

evidence exists for GSH as a CydDC substrate, other data point to the complexity of the 

process. Eser (ref 42) examined the effects of mutating cydD, ggt (encoding periplasmic -
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glutamyl transpeptidase) and mdhA (encoding a multidrug resistant-like ABC transporter) 

that might influence the concentration of periplasmic GSH pools. However, none of these 

mutations affected the ability of glutaredoxin 3 (GrxCp) to promote disulfide bond formation 

[57]. These data suggest the existence of more than one route for GSH export in E. coli. 

Several studies link transmembrane GSH fluxes with extracellular oxidative stress. 

GSH efflux from E. coli is promoted by extracellular superoxide anion but this process is not 

dependent on CydDC [58]. Note that GSH plays crucial roles in oxidative stress protection 

[59] and so the export of this compound by CydDC is of interest. 

 

3.2 Modulation of ATPase kinetics by reductants and haem 

Over two decades ago, cydDC strains of E. coli were shown to accumulate a novel haem 

compound P-574 in the periplasm and membrane fractions [48] (Section 2.4). Together with 

the previously identified role in haem incorporation into cytochrome bd-I [5], this suggested 

that haem might be a substrate for CydDC export, although later experiments with everted 

vesicles could not demonstrate a haem export function for CydDC [47]. Later work 

subsequently showed that purified CydDC displayed an absorption peak at 410-412nm, and 

pyridine haemochrome analyses indicated the presence of a bound b-type haem with a 

CydDC:haem ratio of 5:1 [56]. This bound haem could be reduced and oxidised, and a CO 

ligand was shown to bind to the reduced CydDC:haem complex. Addition of both haemin 

and GSH/cysteine had synergistic stimulatory effects upon the ATPase activity of the 

complex, indicating a functional role for the haem cofactor. The purified CydDC complex 

showed a basal ATPase activity of 100 nmol Pi/min/mg protein, and addition of GSH and 

cysteine elicited a 3-4-fold increase in activity. The addition of up to 1 µM haemin elicited a 

4-fold increase in ATPase rate, and co-incubation of 1 µM haemin and 5 mM GSH, for 

example, produced a synergistic rate stimulation of 8-fold. 
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In addition to GSH and cysteine, a variety of reduced thiol compounds were also 

shown to activate CydDC ATPase activity, including DTT, β-mercaptoethanol, 

homocysteine, and methionine. Control experiments with S-substituted/non-thiol analogues 

and protoporphyrin (i.e. haem lacking the central iron) did not elicit rate stimulation, and 

inclusion of non-thiol reductants actually decreased the ATPase rate. This strongly suggested 

the need for thiol groups or an iron-containing tetrapyrrole for rate stimulation to occur. One 

intriguing exception to this was that histidine elicited a 2-fold increase in ATPase rate, which 

was elevated to an eight-fold rate enhancement by inclusion of 1 µM haemin. Given that both 

histidine and reduced thiol compounds can act as axial ligands to haem, this might suggest 

that the haem-ligating capacity of reduced thiols is a contributory factor to the rate 

enhancements observed for GSH and cysteine in Yamashita et al [56]. 

 

3.3 Structural investigations into the CydDC complex 

The CydDC complex was first purified in 2014 using a DDM-solubilisation approach to 

solubilise his-tagged CydDC for subsequent affinity chromatography [56]. This provided the 

purified sample that enabled the identification of bound haem (Section 3.2), with the purified 

protein having a deep brown colour. Subsequent gel-filtration of this sample resolved two 

main oligomeric states, with a larger complex eluting with a 26:1 ratio of CydDC:haem, and 

a smaller complex with a 5:1 ratio of CydDC:haem. This suggests that haem binding causes a 

disaggregation of CydDC. 

 Purified CydDC was reconstituted into E. coli lipids and two dimensional crystals 

were obtained for cryo-electron microscopy (cryo-EM) analyses. This work revealed arrays 

of dimeric units in ‘up’ and ‘down’ orientations, reflecting electron densities of CydDC 

heterodimers in the crystal lattice. With regard to the native oligomeric state in the 

membrane, it is worth considering that CydDC may associate with other membrane 
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complexes. Indeed, a study on Francisella tularensis membranes has reported that the CydC 

subunit co-migrates with the CydA and CydB subunits of cytochrome bd-I using Blue Native 

SDS-PAGE [60], and the authors suggest that this provides evidence to support the existence 

of a 235 kDa CydABCD complex. This remains the only evidence for such a complex, and 

biochemical and structural work in this area will hopefully reveal further insights. While 

cryo-EM and Blue Native PAGE have provided useful insights into the overall structure of 

the CydDC complex and potential interaction partners, a crystal structure remains elusive, so 

herein we call upon structural modelling approaches to discuss the role of individual residues 

in catalysis and cofactor binding. 

Early random mutagenesis studies on cytochrome bd-I yielded the first mutant allele 

of CydD, named cydD1, that was suggested to be non-functional due to an inability to 

support the assembly of the cytochrome bd-I respiratory oxidase [9]. The two point mutations 

in cydD1 were later identified as G319D and G429E [27], and the crystal structure of the 

lipid A flippase MsbA from Vibrio cholera [61], a close structural homologue of CydD, was 

used to provide structural insights into why mutation of residues in the Walker A and B 

motifs in CydD resulted in loss of function [27]. The G429 residue was found to be close to a 

conserved aspartate, so it was postulated that substitution for a glutamate (also positively 

charged) could cause structural disruptions in the Walker A motif. The G319 residue was 

found to be buried at the bottom of the hydrophobic pocket, and it was postulated that 

mutation of this residue may impact upon conformational changes during the catalytic cycle. 

Indeed, dramatic conformational changes are key to catalytic mechanism of ABC 

transporters, and the CydDC complex has only previously been modelled in an ‘outward 

open’ conformation [62]. Hence, it was of interest to investigate structural models for CydDC 

in different conformations. 
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The alternating access model for the transport of substrates across membranes by 

transporter complexes [63] describes a mechanism involving initial formation of a 

substrate:transporter complex, which then triggers a conformational change within the 

transporter that exposes the substrate binding site at the other side of the membrane. The 

bound substrate is then able to dissociate from the transporter complex into the second 

environment in a controlled fashion, never freely permitting substrate movement through the 

membrane, as allowed through channel proteins. It was proposed that there are three 

conformational states including ‘inwardly open’, a ‘midpoint’ whereby the binding site is 

unable to access or interact with either side of the membrane, and finally an ‘outward open’ 

state that permits substrate release from the binding pocket [64]. Hence, it was of interest to 

investigate CydDC in different conformational states using modelling approaches. 

The CydDC complex has been modelled previously [62] using the SAV1866 

multidrug ABC transporter from Staphylococcus aureus (PDBid = 2HYD, [65]) as a 

template. However, with this approach it was possible to model only an outwardly open 

conformation. Hence, in an attempt to model multiple conformations, polypeptide sequences 

for CydC and CydD were submitted to the Phyre2 server [66] for structural modelling, and an 

outward open conformation was produced using the human ABCB8 transporter (PDBid = 

5OCH, chain H) that has a slightly higher % sequence identity with CydD (23%) compared to 

2HYD (22%). The model for CydD was superposed onto chain H (of 5OCH) and the model 

for CydC was superposed onto chain G (of 5OCH), and bound ADP from the 5OCH structure 

was shown to fit into the nucleotide-binding domains (NBDs) of the CydDC model adjacent 

to the Walker A motifs (Figure 2A, left hand panel). Using a similar approach, a structural 

model for an inward-open conformation was also generated using the TM287/TM288 

transporter from Thermotoga maritima (3QF4) as a template [67] (Figure 2A, right hand 

panel). One of the most important structural questions to be asked pertains to where haem 
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may interact with CydDC. Since this bound cofactor has the spectral characteristics of a b-

type haem [56], and is therefore ligated by a histidine residue, it was of interest to identify 

potential ligands on the CydDC models. Hence, all histidine sidechains in CydDC are shown 

in Figure 2A and key residues in the periplasm and nucleotide-binding domains are labelled 

in the right-hand model. 

 It has previously been postulated that His51 on CydD may be a potential ligand for 

haem due to the periplasmic location (for a potential redox-sensing role) and the favourable 

hydrostatic environment for haem binding [62]. However, recent work in the Shepherd lab 

has demonstrated that purified CydDC H51A
CydD

 still retains a significant amount of bound 

haem [68], discounting the involvement of this residue in the axial ligation of haem. There is, 

however, another periplasmic histidine in CydD at position 284 (Figure 2A) that remains a 

potential ligand to participate in a periplasmic redox sensing role. However, the jury is still 

out on the location of haem ligation, as the full-length CydDC sequences contain 22 fully-

conserved histidine residues across the four closest homologues (E. coli, Salmonella enterica, 

Klebsiella pneumoniae, Shigella sonnei, Citrobacter portucolensis). Hence, all the histidine 

residues shown on Figure 2A are conserved and are therefore potential haem ligands, which 

will lead to an exciting mutagenesis study in future. Given the profound effects that haem 

binding has upon ATP hydrolysis [56], the location of histidine residues in the NBDs have 

been annotated in detail on Figure 2B, which may allow a productive focus in the first 

instance. Aside from the residues H542
CydD

 and H531
CydC

, which are part of the conserved H-

loops involved in ATP hydrolysis, the remaining histidine residues annotated in Figure 2B 

seem like plausible candidates for haem ligation.  

  

4. Physiological impact of CydDC 
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4.1 Protein disulfide folding 

It has been hypothesised that the pleiotropic phenotype of cydDC strains results largely from 

the disruption of disulfide folding in the periplasm [55]. Indeed, sensitivity of the cydDC 

mutant to benzylpenicillin was attributed to misfolding of the disulfide-containing Penicillin-

Binding Protein 4, and lack of motility was suggested to result from a defective P-ring motor 

protein (also disulfide-containing) [53], especially since exogenous addition of cystine 

(oxidised cysteine) had previously been shown to correct a motility defect in a dsbB mutant 

[69]. Complementation of cydDC strains with exogenous reductant largely complemented 

those phenotypes that are associated with defective disulfide folding [55]. 

Disulfide bond formation plays a critical role in the stability of numerous proteins, 

especially those that are secreted (for an overview, see[70]). In the bacterial periplasm, there 

are two main pathways for disulfide bond formation: disulfide oxidation and disulfide 

isomerisation. Disulfide oxidation is catalysed by the DsbAB system [71] and disulfide 

isomerisation is catalysed by the DsbCD system [72]. It has previously been hypothesised 

that reduced thiol-containing CydDC substrates can contribute to the reduction of protein 

disulfides [53, 55], and that electrons evolved during subsequent DsbAB-mediated disulfide 

oxidation can be channelled into the terminal oxidases of the respiratory chain [73]. This is 

particularly interesting as loss of CydDC function was first described to abolish the assembly 

of the terminal oxidase cytochrome bd-I [5], and exogenous addition of the CydDC-

substrates GSH and cysteine was later shown to be restore haem incorporation into 

cytochrome bd-I in a cydD strain [52]. Together, these observations indicate that CydDC-

mediated respiratory oxidase assembly can provide an electron sink for Dsb-mediated 

disulfide oxidation, and the CydDC substrates GSH and cysteine may also have a more direct 

role in disulfide isomerisation (reviewed in [74]). 
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4.2 Roles of CydDC and cytochrome bd in virulence  

Since cydDC mutants do not synthesise cytochrome bd, and both cydDC and cydAB mutants 

display diverse and sometimes overlapping phenotypes, it is important but difficult to 

differentiate between oxidase deficiency per se and the additional defects in cydDC mutants. 

These problems are discussed in [29]. Thus, while all cydAB mutants (to our knowledge) lack 

spectroscopically detectable cytochrome bd, fail to survive as robustly as wild-type cells in 

stationary phase [6, 7], and are sensitive to various inhibitors (cyanide, azide, Zn(II) ions) and 

oxidative stress, cydDC mutants additionally show low levels of other cytochromes, 

particularly periplasmic haemproteins, and have a more oxidised periplasm.  

As discussed in Section 3.1, cydDC mutants fail to export glutathione and cysteine to 

the periplasm and this results in a more oxidised periplasm. However, what is not clear is 

why bd-type oxidase assembly is inhibited by these defects. Among plausible hypotheses are 

the following: 

 CydDC exports to the periplasm haem(s) to be immediately assembled onto outward-

facing CydAB subunit regions (although we have failed to detect bulk transmembrane 

movements of haem; [47]). However, the finding that haem stimulates the ATPase activity 

of purified CydDC as well as reductants is intriguing (Section 3.2). 

 CydDC positions haems at periplasmic sites such as chaperones for oxidase assembly. 

 The oxidised periplasm is incompatible with haem-handling and –assembling processes. 

 CydDC exports to the periplasm components thus far unidentified, in addition to the 

reductants glutathione and cysteine. 

It has been frequently reported that the presence of bd-type oxidases is correlated with 

bacterial virulence. For example, growth of Mycobacterium sp. at low oxygen tensions 

thought to enhance expression of a bd-type oxidase also enhances invasion [75]. Furthermore, 

a positive correlation has been shown between bd-type oxidase expression and Shigella 
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flexneri virulence [76]. Because cydDC mutants share all phenotypes of cydAB mutants, but 

have additional defects, the abrogation of bacterial virulence and pathogenicity evident in 

cydAB mutants would be expected to be shared by cydDC mutants, although this has been 

less frequently tested. Mutations in aarD, a cydD homologue in Providencia stuartii, caused 

a 32-fold increase in resistance to gentamycin [77]. Interestingly, mutations in aarE, a ubiA 

homologue and thus involved in respiratory ubiquinone biosynthesis, also led to high-level 

aminoglycoside resistance [78] consistent with the requirement for respiratory chain function 

in aminoglycoside uptake [79]. A Brucella abortus cydC mutant created by a Tn5 transposon 

insertion was virtually incapable of intracellular replication in murine macrophages and a 

HeLa cell line and also exhibited impaired virulence in BALB/c mice [80]. A further study of 

a virulent strain used unmarked knockout mutants in cydD and cydC. Mutation in either gene 

caused sensitivity to metal ions, oxidative stress and low pH and, significantly, a growth 

defect in RAW264.7 cells and attenuation in mice [81]. Both cydC and cydD mutants 

exhibited significant attenuation of virulence when assayed in murine macrophages or in 

BALB/c mice and were readily cleared from spleens by 4 weeks post-inoculation. Inoculated 

mice showed no splenomegaly, which indicates that the mutants are highly attenuated [82]. In 

contrast, a cydC mutant of Moraxella catarrhalis, while being defective in growth rates and 

oxidative stress tolerance, did not display a difference in a murine pulmonary clearance 

model . The mutation in the mutant studied may however merely alter transcription levels of 

cydC [83].  

 

4.3 Perturbations resulting from loss of CydDC 

The loss of a functional CydDC transporter yields a pleiotropic phenotype, including loss of 

haem insertion in bd-type cytochromes as described earlier [5, 9, 41], and periplasmic 

cytochromes c and b562 are also less abundant in cydDC mutants [44, 45]. In addition, the 
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periplasm of cells lacking CydDC were found to be over-oxidised [8], consistent with a later 

study where CydDC overexpression diminished the cytoplasmic reduced thiol content [52], 

although the cytoplasm of cells lacking CydDC were not ‘over-reducing’. Strains lacking 

CydDC have also been shown to exhibit sensitivity to benzylpenicillin and loss of motility 

[53], which was hypothesised to be due to defective disulfide folding of penicillin binding 

protein 4 and the P-ring flagellar protein, respectively.  

To further characterise the pleiotropic cydDC phenotype, transcriptomics was used to 

demonstrate a dramatic up-regulation of a range of transcripts in a cydD strain involved in 

protein degradation pathways, protein chaperones, β-oxidation of fatty acids, and transcripts 

involved in nitrate/nitrite reduction [52]. The upregulation of protein degradation pathways 

and fatty acid β-oxidation were proposed to be involved in the re-balancing of metabolic flux 

into the Krebs cycle through elevation of succinyl CoA and pyruvate production, 

respectively. The up-regulation of nitrate reductase nap genes in the cydD strain was also 

interesting, as these systems are usually induced only during anaerobic conditions. However, 

the expression of CydDC has previously been shown to be induced by nitrate/nitrate under 

the control of the transcription factors NarL, NarP, and FNR [30], and in a cydD mutant that 

cannot assemble bd-type oxidases it seems logical that the Nap system is up-regulated to 

compensate for an inability to oxidise reduced ubiquinol via bd-type respiratory oxidases. 

 

4.4 Tolerance to nitric oxide 

CydDC has recently been shown to protect E. coli against nitric oxide (NO) [52], a toxic free 

radical produced by the host immune system in response to bacterial infection. Since CydDC 

expression is required for the assembly of cytochrome bd-I [5, 9], which was known to 

promote growth and survival in the presence of NO [52, 84], it was anticipated that CydDC 

expression would promote NO tolerance indirectly via facilitating cytochrome bd-I assembly. 
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In addition, as the reduced thiols that are exported by CydDC may react with incoming NO 

(to form S-nitrosothiols), it was hypothesised that CydDC would provide protection from NO 

beyond the involvement of cytochrome bd-I. This hypothesis was tested via growth of 

knockout strains in the presence of NO-donor compounds, and CydDC was confirmed to 

provide protection against NO beyond the contribution to assembly of cytochrome bd-I. This 

has led to the generation of a model for the role of CydDC in NO tolerance, as well as 

disulphide folding and respiratory oxidase assembly (Figure 3). These insights highlight the 

potential importance of CydDC-mediated reductant export in stress tolerance of pathogenic 

E. coli strains during infection. 

 

5. Conclusions 

The CydDC ABC-type transporter of Escherichia coli was the first heterodimeric exporter of this 

class to be described in prokaryotes. The cydDC genes are widely distributed in bacteria but their 

precise functions are still unresolved. The genes are sometimes found in an operon with cydABX that 

encodes a bd-type terminal oxidase and this, coupled with the loss of bd-type oxidase assembly and 

function in CydDC mutants, identifies CydDC as crucial to this respiratory complex. Current 

hypotheses favour the view that the CydDC system transports reducing molecules to the periplasm, 

notably glutathione and cysteine; these, together with other reduced thiol compounds, also stimulate 

the ATPase activity of the isolated CydDC complex. We lack unambiguous evidence that CydDC 

may transport haem outwards for periplasmic cytochrome assembly, but there are tantalising clues to 

suggest a direct involvement of haem with CydDC function. Given the importance of cytochrome bd-I 

assembly, and of direct CydDC-catalysed reactions with nitric oxide, for bacterial virulence and 

pathogenesis, future studies should aim to elucidate fully the function of CydDC. 
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Figure Legends 

Figure 1 – Membrane topology modelling for CydD and CydC. 

Membrane topology models for CydD (A) and CydC (B) were produced using the Protter 

online tool [85]. Transmembrane helices are numbered sequentially with Roman numerals, 

and the conserved motifs in the nucleotide-binding domains are colour coded and annotated 

on the figure. 

Figure 2 – Structural modelling of the CydDC complex. 

Polypeptide sequences for CydC and CydD were submitted to the Phyre2 server [66], and a 

structural model in an ‘outward open’ conformation (left hand side) was produced using the 

human ABCB8 transporter (PDBid = 5OCH, chain H) as a template. Using a similar 

approach, a structural model for an ‘inward-open’ conformation was also generated using the 

TM287/TM288 transporter from Thermotoga maritima (3QF4) as a template [67] (right hand 

side). All histidine sidechains are shown (they are potential ligands to haem – shown in centre 

of the figure panel) and key residues in the periplasm and nucleotide-binding domains are 

labelled in the right-hand panel. Bound ADP is shown as spheres and Walker A motifs are 

shown in red. B) The nucleotide-binding domain of the inward open model from panel A is 

shown, with conserved motifs highlighted in colour and annotated in the key. Abbreviations: 

ICLs, intracytoplasmic loops; NBDs, nucleotide-binding domains; TMDs, transmembrane 

domains. 

Figure 3 – Model for the multiple roles for the CydDC complex. 

CydDC activity is required for cofactor assembly in bd-type oxidases (red), which is probably 

mediated by the reduced substrates (GHS and cycteine) as their exogenous addition can 

restore bd-type oxidase assembly [52], although  direct delivery of haem from CydDC cannot 

yet be ruled out (red dashed line). Haem cofactors are shown as red rhomboids with black 

dots. CydDC provides additional protection against NO beyond that provided by cytochrome 
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bd-I, and it is hypothesised that the reduced substrates form S-nitroso adducts (R-S-N=O) that 

sequester NO and diminish entry into the cytoplasm (blue). It is hypothesised that the reduced 

substrates may control gating of the CydDC complex through reduction of bound haem 

cofactors (cyan). Finally, has been hypothesised that CydDC provides a role in disulphide 

assembly [53] (purple), chiefly because loss of cydDC genes affects phenotypes that rely 

upon disulphide assembly (e.g. motility, penicillin sensitivity).  

 

 

 

 

 

  



26 
 

References 

 

[1] Calhoun MW, Newton G and Gennis RB. Physical map locations of genes encoding 

components of the aerobic respiratory chain of Escherichia coli. J Bacteriol 1991;173:1569-

1570. 

[2] Sturr MG, Krulwich TA and Hicks DB. Purification of a cytochrome bd terminal oxidase 

encoded by the Escherichia coli app locus from a Dcyo Dcyd strain complemented by genes 

from Bacillus firmus OF4. J Bacteriol 1996;178:1742-1749. 

[3] Komine Y, Adachi T, Inokuchi H and Ozeki H. Genomic organization and physical 

mapping of the transfer-RNA genes in Escherichia coli K12. J Mol Biol 1990;212:579-598. 

[4] Safarian S, Rajendran C, Mueller H, Preu J, Langer JD, Ovchinnikov S, et al. Structure of 

a bd oxidase indicates similar mechanisms for membrane-integrated oxygen reductases. 

Science 2016;352:583-586. 

[5] Georgiou CD, Hong F and Gennis RB. Identification of the cydC locus required for 

expression of the functional form of the cytochrome d terminal oxidase complex in 

Escherichia coli. J Bacteriol 1987;169:2107-2112. 

[6] Siegele DA, Imlay KR and Imlay JA. The stationary-phase-exit defect of cydC (surB) 

mutants is due to the lack of a functional terminal cytochrome oxidase. J Bacteriol 

1996;178:6091-6096. 

[7] Siegele DA and Guynn LJ. Escherichia coli proteins synthesized during recovery from 

starvation. J Bacteriol 1996;178:6352-6356. 

[8] Goldman BS, Gabbert KK and Kranz RG. The temperature-sensitive growth and survival 

phenotypes of Escherichia coli cydDC and cydAB strains are due to deficiencies in 

cytochrome bd and are corrected by exogenous catalase and reducing agents. J Bacteriol 

1996;178:6348-6351. 



27 
 

[9] Poole RK, Williams HD, Downie JA and Gibson F. Mutations affecting the cytochrome 

d-containing oxidase complex of Escherichia coli K12 - Identification and mapping of a 4
th

 

locus, cydD. J Gen Microbiol 1989;135:1865-1874. 

[10] Delaney JM and Georgopoulos C. Physical Map Locations of the trxB, htrD, cydC, and 

cydD Genes of Escherichia coli. J Bacteriol 1992;174:3824-3825. 

[11] Delaney JM, Wall D and Georgopoulos C. Molecular characterization of the Escherichia 

coli htrD gene: cloning, sequence, regulation, and involvement with cytochrome d oxidase. J 

Bacteriol 1993;175:166-175. 

[12] Poole RK, Hatch L, Cleeter MWJ, Gibson F, Cox GB and Wu GH. Cytochrome bd 

biosynthesis in Escherichia coli - the sequences of the cydC and cydD genes suggest that they 

encode the components of an ABC membrane transporter. Mol Microbiol 1993;10:421-430. 

[13] Higgins CF. ABC transporters - from microorganisms to man. Ann Rev Cell Biol 

1992;8:67-113. 

[14] Winstedt L, Yoshida KI, Fujita Y and von Wachenfeldt C. Cytochrome bd biosynthesis 

in Bacillus subtilis: Characterization of the cydABCD operon. J Bacteriol 1998;180:6571-

6580. 

[15] Parkhill J, Wren BW, Mungall K, Ketley JM, Churcher C, Basham D, et al. The genome 

sequence of the food-borne pathogen Campylobacter jejuni reveals hypervariable sequences. 

Nature 2000;403:665-668. 

[16] Jackson RJ, Elvers KT, Lee LJ, Gidley MD, Wainwright LM, Lightfoot J, et al. Oxygen 

reactivity of both respiratory oxidases in Campylobacter jejuni: the cydAB genes encode a 

cyanide-resistant, low-affinity oxidase that is not of the cytochrome bd type. J Bacteriol 

2007;189:1604-1615. 



28 
 

[17] Cunningham L, Pitt M and Williams HD. The cioAB genes from Pseudomonas 

aeruginosa code for a novel cyanide-insensitive terminal oxidase related to the cytochrome 

bd quinol oxidases. Mol Microbiol 1997;24:579-591. 

[18] Forte E, Borisov VB, Vicente JB and Giuffre A. Cytochrome bd and gaseous ligands in 

bacterial physiology. Adv Microb Physiol 2016;71:171-234. 

[19] Eng T, Demling P, Herbert RA, Chen Y, Benites V, Martin J, et al. Restoration of 

biofuel production levels and increased tolerance under ionic liquid stress is enabled by a 

mutation in the essential Escherichia coli gene cydC. Microb Cell Fact 2018;17:e159. 

[20] Dehal PS, Joachimiak MP, Price MN, Bates JT, Baumohl JK, Chivian D, et al. 

MicrobesOnline: an integrated portal for comparative and functional genomics. Nucleic 

Acids Res 2010;38:D396-D400. 

[21] Kranz RG, Beckett CS and Goldman BS. Genomic analyses of bacterial respiratory and 

cytochrome c assembly systems: Bordetella as a model for the System II cytochrome c 

biogenesis pathway. Res Microbiol 2002;153:1-6. 

[22] Berney M, Hartman TE and Jacobs WR. A Mycobacterium tuberculosis cytochrome bd 

oxidase mutant Is hypersensitive to bedaquiline. Mbio 2014;5: 

[23] Forte E, Borisov VB, Davletshin A, Mastronicola D, Sarti P and Giuffre A. Cytochrome 

bd oxidase and hydrogen peroxide resistance in Mycobacterium tuberculosis. Mbio 2013;4: 

[24] Linton KJ and Higgins CF. The Escherichia coli ATP-binding cassette (ABC) proteins. 

Mol Microbiol 1998;28:5-13. 

[25] Polissi A and Georgopoulos C. Mutational analysis and properties of the msbA gene of 

Escherichia coli, coding for an essential ABC family transporter. Mol Microbiol 

1996;20:1221-1233. 



29 
 

[26] Zhou Z, White KA, Polissi A, Georgopoulos C and Raetz CRH. Function of Escherichia 

coli MsbA, an essential ABC family transporter, in lipid A and phospholipid biosynthesis. 

FASEB J 1998;12:A1284-A1284. 

[27] Cruz-Ramos H, Cook GM, Wu GH, Cleeter MW and Poole RK. Membrane topology 

and mutational analysis of Escherichia coli CydDC, an ABC-type cysteine exporter required 

for cytochrome assembly. Microbiology-(UK) 2004;150:3415-3427. 

[28] Fu HA, Iuchi S and Lin ECC. The requirement of ArcA and FNR for peak expression of 

the cyd operon in Escherichia coli under microaerobic conditions. Mol Gen Genet 

1991;226:209-213. 

[29] Poole RK and Cook GM. Redundancy of aerobic respiratory chains in bacteria? Routes, 

reasons and regulation. Adv Microb Physiol 2000;43:165-224. 

[30] Cook G, Membrillo-Hernandez J and Poole R. Transcriptional regulation of the cydDC 

operon, encoding a heterodimeric ABC transporter required for assembly of cytochromes c 

and bd in Escherichia coli K-12: regulation by oxygen and alternative electron acceptors. J 

Bacteriol 1997;179:6525-6530. 

[31] D'mello R, Hill S and Poole RK. The cytochrome bd quinol oxidase in Escherichia coli 

has an extremely high oxygen affinity and two oxygen-binding haems: Implications for 

regulation of activity in vivo by oxygen inhibition. Microbiology-(UK) 1996;142:755-763. 

[32] Constantinidou C, Hobman JL, Griffiths L, Patel MD, Penn CW, Cole JA, et al. A 

reassessment of the FNR regulon and transcriptomic analysis of the effects of nitrate, nitrite, 

NarXL, and NarQP as Escherichia coli K12 adapts from aerobic to anaerobic growth. J Biol 

Chem 2006;281:4802-4815. 

[33] Boysen A, Moller-Jensen J, Kallipolitis B, Valentin-Hansen P and Overgaard M. 

Translational regulation of gene expression by an anaerobically induced small non-coding 

RNA in Escherichia coli. J Biol Chem 2010;285:10690-10702. 



30 
 

[34] Tamegai H, Kawano H, Ishii A, Chikuma S, Nakasone K and Kato C. Pressure-regulated 

biosynthesis of cytochrome bd in piezo- and psychrophilic deep-sea bacterium Shewanella 

violacea DSS12. Extremophiles 2005;9:247-253. 

[35] Tamegai H, Chikuma S, Ishi M, Nakasone K and Kato C. The narQP genes for a two-

component regulatory system from the deep-sea bacterium Shewanella violacea DSS12. 

DNA Sequence 2008;19:308-312. 

[36] Loisel-Meyer S, de Bargues MPJ, Kohler S, Liautard JP and Jubier-Maurin V. 

Differential use of the two high-oxygen-affinity terminal oxidases of Brucella suis for in vitro 

and intramacrophagic multiplication. Infect Immun 2005;73:7768-7771. 

[37] Aung HL, Berney M and Cook GM. Hypoxia-activated cytochrome bd expression in 

Mycobacterium smegmatis is Cyclic AMP Receptor Protein dependent. J Bacteriol 

2014;196:3091-3097. 

[38] Pedersen MB, Garrigues C, Tuphile K, Brun C, Vido K, Bennedsen M, et al. Impact of 

aeration and heme-activated respiration on Lactococcus lactis gene expression: Identification 

of a heme-responsive operon. J Bacteriol 2008;190:4903-4911. 

[39] Haddock BA and Schairer HU. Electron-transport chains of Escherichia coli - 

reconstitution of respiration in a 5-aminolevulinic acid-requiring mutant. Eur J Biochem 

1973;35:34-45. 

[40] Kranz RG and Gennis RB. Immunological investigation of the distribution of 

cytochromes related to the 2 terminal oxidases of Escherichia coli in other Gram-negative 

bacteria. J Bacteriol 1985;161:709-713. 

[41] Bebbington KJ and Williams HD. Investigation of the role of the cydD gene-product in 

production of a functional cytochrome-d oxidase in Escherichia coli. FEMS Microbiol Lett 

1993;112:19-24. 



31 
 

[42] Goldman BS and Kranz RG. ABC transporters associated with cytochrome c biogenesis. 

Res Microbiol 2001;152:323-329. 

[43] Obinger C, Maj M, Nicholls P and Loewen P. Activity, peroxide compound formation, 

and heme d synthesis in Escherichia coli HPII catalase. Arch Biochem Biophys 1997;342:58-

67. 

[44] Poole RK, Gibson F and Wu GH. The cydD gene-product, component of a heterodimeric 

ABC transporter, is required for assembly of periplasmic cytochrome c and of cytochrome bd 

in Escherichia coli. FEMS Microbiol Lett 1994;117:217-224. 

[45] Goldman BS, Gabbert KK and Kranz RG. Use of heme reporters for studies of 

cytochrome biosynthesis and heme transport. J Bacteriol 1996;178:6338-6347. 

[46] Light WR and Olson JS. Transmembrane movement of heme. J Biol Chem 

1990;265:15623-15631. 

[47] Cook GM and Poole RK. Oxidase and periplasmic cytochrome assembly in Escherichia 

coli K12: CydDC and CcmAB are not required for haem-membrane association. 

Microbiology-(UK) 2000;146:527-536. 

[48] Cook GM, Cruz-Ramos H, Moir AJG and Poole RK. A novel haem compound 

accumulated in Escherichia coli overexpressing the cydDC operon, encoding an ABC-type 

transporter required for cytochrome assembly. Arch Microbiol 2002;178:358-369. 

[49] van Spanning RJM. (2011) in Nitrogen cycling in bacteria: molecular analysis (Moir, J. 

W. B., ed.), pp. p135, Caister Academic Press, York 

[50] Hein S and Simon J. Bacterial nitrous oxide respiration: electron transport chains and 

copper transfer reactions. Adv Microb Physiol 2019;75:In press. 

[51] Christensen O, Harvat EM, Thony-Meyer L, Ferguson SJ and Stevens JM. Loss of ATP 

hydrolysis activity by CcmAB results in loss of c-type cytochrome synthesis and incomplete 

processing of CcmE. FEBS J 2007;274:2322-2332. 



32 
 

[52] Holyoake LV, Hunt S, Sanguinetti G, Cook GM, Howard MJ, Rowe ML, et al. CydDC-

mediated reductant export in Escherichia coli controls the transcriptional wiring of energy 

metabolism and combats nitrosative stress. Biochem J 2016;473:693 - 701. 

[53] Pittman MS, Corker H, Wu GH, Binet MB, Moir AJG and Poole RK. Cysteine is 

exported from the Escherichia coli cytoplasm by CydDC, an ATP-binding cassette-type 

transporter required for cytochrome assembly. J Biol Chem 2002;277:49841-49849. 

[54] Ohtsu I, Wiriyathanawudhiwong N, Morigasaki S, Nakatani T, Kadokura H and Takagi 

H. The L-Cysteine/L-Cystine shuttle system provides reducing equivalents to the periplasm 

in Escherichia coli. J BiolChem 2010;285:17479-17487. 

[55] Pittman MS, Robinson HC and Poole RK. A bacterial glutathione transporter 

(Escherichia coli CydDC) exports reductant to the periplasm. J Biol Chem 2005;280:32254-

32261. 

[56] Yamashita M, Shepherd M, Xie H, Postis V, Nyathi Y, Booth WI, et al. Structure and 

function of the bacterial heterodimeric ABC transporter CydDC: stimulation of the ATPase 

activity by thiol and heme compounds. J Biol Chem 2014;289:23177–23188. 

[57] Eser M, Masip L, Kadokura H, Georgiou G and Beckwith J. Disulfide bond formation 

by exported glutaredoxin indicates glutathione's presence in the E. coli periplasm. Proc Natl 

Acad Sci USA 2009;106:1572-1577. 

[58] Smirnova GV, Muzyka NG, Ushakov VY, Tyulenev AV and Oktyabrsky ON. 

Extracellular superoxide provokes glutathione efflux from Escherichia coli cells. Res 

Microbiol 2015;166:609-617. 

[59] Wongsaroj L, Saninjuk K, Romsang A, Duang-nkern J, Trinachartvanit W, 

Vattanaviboon P, et al. Pseudomonas aeruginosa glutathione biosynthesis genes play 

multiple roles in stress protection, bacterial virulence and biofilm formation. PLoS One 

2018;13: 



33 
 

[60] Dresler J, Klimentova J and Stulik J. Francisella tularensis membrane complexome by 

blue native/SDS-PAGE. J Proteomics 2011;75:257-269. 

[61] Chang G. Structure of MsbA from Vibrio cholera: a multidrug resistance ABC 

transporter homolog in a closed conformation. J Mol Biol 2003;330:419-430. 

[62] Shepherd M. The CydDC ABC transporter of Escherichia coli: new roles for a reductant 

efflux pump. Biochem Soc Trans 2015;43:908-912. 

[63] Jardetzky O. Simple allosteric model for membrane pumps. Nature 1966;211:969-70. 

[64] Weyand S, Shimamura T, Beckstein O, Sansom MSP, Iwata S, Henderson PJF, et al. 

The alternating access mechanism of transport as observed in the sodium-hydantoin 

transporter Mhp1. J Synchrot Radiat 2011;18:20-23. 

[65] Dawson RJP and Locher KP. Structure of a bacterial multidrug ABC transporter. Nature 

2006;443:180-185. 

[66] Kelley LA, Mezulis S, Yates CM, Wass MN and Sternberg MJE. The Phyre2 web portal 

for protein modeling, prediction and analysis. Nat Protoc 2015;10:e845. 

[67] Hohl M, Briand C, Gruetter MG and Seeger MA. Crystal structure of a heterodimeric 

ABC transporter in its inward-facing conformation. Nat Struct Mol Biol 2012;19:395-402. 

[68] Yorke J. The CydDC ABC transporter of Escherichia coli: new roles for a reductant 

efflux pump. MSc Thesis, University of Kent 2016; 

[69] Dailey FE and Berg HC. Mutants in disulfide bond formation that disrupt flagellar 

assembly in Escherichia coli. Proc Natl Acad Sci USA 1993;90:1043-1047. 

[70] Hatahet F, Boyd D and Beckwith J. Disulfide bond formation in prokaryotes: history, 

diversity and design. BBA-Proteins Proteomics 2014;1844:1402-1414. 

[71] Missiakas D, Georgopoulos C and Raina S. Identification and characterization of the 

Escherichia coli gene DsbB, whose product is involved in the formation of disulfide bonds in 

vivo. Proc Natl Acad Sci USA 1993;90:7084-7088. 



34 
 

[72] Missiakas D, Schwager F and Raina S. Identification and characterization of a new 

disulfide isomerase-like protein (Dsbd) in Escherichia coli. EMBO J 1995;14:3415-3424. 

[73] Bader M, Muse W, Ballou DP, Gassner C and Bardwell JCA. Oxidative protein folding 

is driven by the electron transport system. Cell 1999;98:217-227. 

[74] Holyoake LV, Poole RK and Shepherd M. The CydDC family of transporters and their 

roles in oxidase assembly and homeostasis. Adv Microb Physiol 2015;66:1-53. 

[75] Bermudez LE, Petrofsky M and Goodman J. Exposure to low oxygen tension and 

increased osmolarity enhance the ability of Mycobacterium avium to enter intestinal epithelial 

(HT-29) cells. Infect Immun 1997;65:3768-3773. 

[76] Way SS, Sallustio S, Magliozzo RS and Goldberg MB. Impact of either elevated or 

decreased levels of cytochrome bd expression on Shigella flexneri virulence. J Bacteriol 

1999;181:1229-1237. 

[77] Macinga DR and Rather PN. aarD, a Providencia stuartii homologue of cydD: Role in 

2'-N-acetyltransferase expression, cell morphology and growth in the presence of an 

extracellular factor. Mol Microbiol 1996;19:511-520. 

[78] Paradise MR, Cook G, Poole RK and Rather PN. Mutations in aarE, the ubiA homolog 

of Providencia stuartii, result in high-level aminoglycoside resistance and reduced expression 

of the chromosomal aminoglycoside 2 '-N-acetyltransferase. Antimicrob Agents Ch 

1998;42:959-962. 

[79] Taber HW, Mueller JP, Miller PF and Arrow AS. Bacterial uptake of aminoglycoside 

antibiotics. Microbiological Rev 1987;51:439-457. 

[80] Truong QL, Cho YJ, Barate AK, Kim S and Hahn TW. Characterization and protective 

property of Brucella abortus cydC and looP mutants. Clin Vaccine Immunol 2014;21:1573-

1580. 



35 
 

[81] Truong QL, Cho Y, Park S, Park BK and Hahn TW. Brucella abortus mutants lacking 

ATP-binding cassette transporter proteins are highly attenuated in virulence and confer 

protective immunity against virulent B. abortus challenge in BALB/c mice. Microb Pathog 

2016;95:175-185. 

[82] Truong QL, Cho Y, Park S, Kim K and Hahn TW. Brucella abortus cydC cydD and 

cydCpurD double-mutants are highly attenuated and confer long-term protective immunity 

against virulent Brucella abortus. Vaccine 2016;34:237-244. 

[83] Nagy YI, Hussein MMM, Ragab YM and Attia AS. Isogenic mutations in the Moraxella 

catarrhalis CydDC system display pleiotropic phenotypes and reveal the role of a palindrome 

sequence in its transcriptional regulation. Microbiol Res 2017;202:71-79. 

[84] Shepherd M, Achard MES, Idris A, Totsika M, Phan M-D, Peters KM, et al. The 

Cytochrome bd-I terminal oxidase of uropathogenic Escherichia coli augments survival 

during infection. Sci Rep 2016;6:35285. 

[85] Omasits U, Ahrens CH, Mueller S and Wollscheid B. Protter: interactive protein feature 

visualization and integration with experimental proteomic data. Bioinformatics 2014;30:884-

886. 

 

  



36 
 

Figure 1 

  



37 
 

Figure 2 

 



38 
 

Figure 3 

 

 

 


