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The ability to acquire sufficient iron from the environment is essential for growth 

of most bacteria, including Escherichia coli and Shigella flexneri. In E. coli, the 

enterobactin-mediated iron acquisition system is the major way for the cells to get iron 

under iron-limiting conditions. Enterobactin is a siderophore that is synthesized and 

secreted in response to iron limitation to scavenge external ferric iron with high affinity. 

In this work, I showed that the alkyl hydroperoxide reductase (Ahp) system 

participates in cellular iron metabolism in both E. coli and S. flexneri. The Ahp system is 

composed of two proteins, AhpC and AhpF. AhpC detoxifies peroxides by converting 

peroxides to alcohol and water, and AhpF recycles AhpC.  

In this work, the data showed that the ahpC mutant synthesized and secreted 

much less enterobactin than the wild type E. coli and had a growth defect in low iron 

medium. AhpC influenced the first step of enterobactin biosynthesis by either facilitating 

the delivery of its substrate chorismate to the enterobactin biosynthesis pathway, or 

maintaining an optimal concentration of chorismate inside E. coli cells. 



 vi 

In E. coli, the data showed that deletion of both ahpF and the glutathione 

reductase gor affected iron uptake or utilization, but not enterobactin biosynthesis, 

indicating the role of AhpF and Gor in cellular iron metabolism is different from that of 

AhpC.  

In S. flexneri, the Ahp system was also found to be involved in cellular iron 

metabolism; however, AhpC was not required for major steps of S. flexneri virulence: 

invasion, intracellular replication or cell-cell spread. 

Overall, the Ahp system participated in multiple steps of cellular iron metabolism. 
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I. INTRODUCTION 

 

1. Cellular iron metabolism of E. coli 

 

1.1 SIDEROPHORE BIOSYNTHESIS 

Iron is required for the growth of E. coli. However, the concentration of soluble 

iron in aqueous and aerobic environments is as low as 10
-18

 M, which is not sufficient for 

bacterial growth (12). Furthermore, mammals have evolved a defensive mechanism 

against pathogenic bacteria by synthesizing iron-chelating proteins such as lactoferrin and 

transferrin, which push the free iron concentration to an extremely low level that does not 

support bacterial growth in the human host (100).  

To face these challenges, E. coli has evolved multiple ways to obtain sufficient 

iron to support growth under iron-limiting conditions. One major route for E. coli to 

survive under iron-limiting conditions involves production and secretion of high affinity 

ferric iron sequestering molecules named siderophores (5, 72, 117).  

Siderophores typically form hexadentate octahedral complexes with ferric iron 

molecules (72, 117). Based on the ligands that are used to coordinate with the ferric iron, 

siderophores can be classified into three major types: catechols, hydroxamates and mixed 

ligands such as alpha-hydroxycarboxylates (72, 117).  

  For a catechol siderophore, its three catechol moieties donate six oxygen atoms to 

coordinate with ferric iron (117). Hydroxamate siderophores use the oxygen and nitrogen 

atoms of three hydroxamate groups to bind ferric iron (117). The mixed ligand 

siderophores use a combination of nitrogen and oxygen atoms to coordinate with ferric 
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iron (117). Amino acids, dihydroxybenzoate, and citrate are common precursors for 

siderophore biosynthesis via non-ribosomal peptide synthetases (72, 117).    

E. coli, like other microorganisms, has its own siderophore biosynthesis and 

transport system. For most non-pathogenic E. coli strains, the only siderophore produced 

is a catechol siderophore, enterobactin (Ent), which is a cyclic trimer of 

dihydroxybenzylserine (DHBS) with an extremely high ferric complex stability constant 

of 10
49

 (5, 57, 74, 82, 86). Some pathogenic E. coli strains also produce a hydroxamate 

siderophore aerobactin, in addition to enterobactin (5, 51).  

There are six genes, entA-F, encoding enzymes for enterobactin biosynthesis from 

the precursor chorismate (Illustration 1) (19, 20, 40, 117, 125). The biosynthesis genes 

are located in three clusters. entCEBA are in one operon, entD is in an operon with fepA, 

encoding the outer membrane ferric-enterobactin (Fe-Ent) transporter, and entF is in the 

same operon as fes, encoding the Fe-Ent esterase that is used to break open Fe-Ent to 

release iron for cellular usage (20, 117).  

In the initial stage of enterobactin biosynthesis, the enzymes EntC, EntB and 

EntA convert chorismate to 2,3-dihydroxybenzoate (DHB) (Illustration 1). The remaining 

enzymes, EntD-F, together with the bifunctional enzyme EntB, convert DHB to 

enterobactin, which is secreted by the cells (Illustration 1) (20, 117).  

The isochorismate synthase (EntC), isochorismate lyase (EntB) and 

dihydrodihydroxybenzoate dehydrogenase (EntA) form a three-enzyme pathway 

functioning in the initial stage of enterobactin biosynthesis to convert chorismate to DHB 

(20, 117). EntC is a member of the superfamily that utilizes chorismate as the substrate 

and converts it to isochorismate. Chorismate and isochorismate are common precursors 

for synthesizing both enterobactin and menaquinone (15, 117). The isochorismate 

synthase activity of EntC is specific to the enterobactin biosynthesis pathway while 
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isochorismate synthesized for menaquinone biosynthesis is catalyzed by the 

isochorismate synthase MenF (21, 54, 55, 61).  

EntB, a bifunctional enzyme, has two domains. The N-terminal domain exhibits 

the isochorismate lyase activity that functions in the initial stage of enterobactin 

biosynthesis, converting isochorismate to 2,3-dihydro-2,3-DHB (36, 96, 117). Its C-

terminal domain, the peptidyl carrier protein (PCP) domain, functions in the late stage of 

enterobactin biosynthesis that accepts a DHB molecule by forming a DHB-S- 

pantetheinyl PCP thioester and carries it to EntF, which is the essential enzyme in the late 

stage of enterobactin biosynthesis (36, 108, 117).  

EntA is a member of the short-chain oxidoreductase family of proteins and 

catalyzes a NAD
+
-dependent oxidation reaction to convert 2,3-dihydro-2,3-DHB to DHB 

(60, 111, 117). It is shown to act like an alcohol dehydrogenase to oxidize the C3-

hydroxyl group of 2,3-diDHB to an intermediate that quickly aromatizes to generate 2,3-

DHB, which is then converted into enterobactin in the late stage of enterobactin 

biosynthesis (60, 111, 117). 

In the late stage of enterobactin biosynthesis, DHB is converted to enterobactin by 

the non-ribosomal peptide synthetase formed by EntBDEF. EntD is a member of the 4'-

phosphopantetheinyl (P-pant) transferase protein family and activates EntB and EntF by 

transferring a P-pant group to the PCP domain of EntB and EntF (56, 117).  

EntE is the 2, 3-dihydroxybenzoate-AMP ligase, which activates DHB by ATP-

dependent DHB acylation and transfers the DHB-AMP molecule to EntB’s PCP domain 

(27, 95, 117). EntB carries DHB to EntF, the key enzyme in the late stage of enterobactin 

biosynthesis (117). 

  EntF is a multi-functional protein containing four domains. The adenylation 

(A) domain activates L-serine and transfers it to the peptidyl carrier protein (PCP) 
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domain by forming a seryl-S-pantetheinyl PCP thioester. Then the condensation (C) 

domain carries out the condensation reaction using DHB-S-EntB as the donor and seryl-

S-PCP as the intramolecular acceptor, forming an amide bond and accumulates the DHB-

seryl-S-EntF thioester. DHB-Ser is transferred to the thioesterase (TE) domain, enabling 

a second round of amide bond formation at the PCP domain. After two more cycles, the 

assembled enterobactin is hydrolyzed with water at the TE domain and released (87, 97, 

117). The synthesized enterobactin molecules are secreted to the environment with the 

help of EntS, a Major Facilitator Superfamily exporter, and TolC, the multi-drug efflux 

pump (35). 

In E. coli, the enterobactin biosynthesis pathway is a branch of the shikimic acid 

pathway (Illustration 1). The shikimic acid pathway can be found in most 

microorganisms, fungi, and plants. It is not found in mammals, which makes it a potential 

target for antimicrobial drug design (23). The precursors for this pathway come from the 

central carbon metabolism pathways including glycolysis (phosphoenolpyruvate) and 

pentose phosphate pathway (erythrose-4-phosphate) (116). The shikimic acid pathway 

has many branches that lead to synthesis of a variety of products. The major route of this 

pathway converts erythrose-4-phosphate and phosphoenolpyruvate to chorismate via 

shikimate (9).  

An essential enzyme in this pathway, chorismate synthase, has an absolute 

requirement for reduced FMN as a cofactor (15, 26, 64). This enzyme is bifunctional in 

fungi where it carries a functional domain that can regenerate reduced FMN at the 

expense of NADPH, whereas in bacteria and plants, the enzyme is monofunctional, 

lacking the ability to regenerate the reduced FMN (26, 64). In Bacillus subtilis, YcnD, a 

member of a family of bacterial proteins that act as NADH- and/or NADPH-dependent 

oxidoreductases and an FMN-containing enzyme, can generate reduced FMN at the 



 5 

expense of NADH or NADPH (26). The reduced FMN is supplied to multiple cellular 

processes including chorismate synthase. However, no protein is identified in E. coli to 

recycle FMN for chorismate synthase. 

 In E. coli, chorismate is an important precursor for synthesizing many aromatic 

compounds including aromatic amino acids and folate, in addition to enterobactin (15, 

25, 38). Five types of chorismate-utilizing enzymes have been characterized in E. coli 

and these have different affinities for chorismate. These enzymes are: anthranilate 

synthase for synthesizing tryptophan (Km = 1.2 µM (7)), aminodeoxychorismate synthase 

for synthesizing folate (Km = 4.2 µM (115)), chorismate pyruvate-lyase for synthesizing 

ubiquinone (Km = 6.1 µM (104)), isochorismate synthase EntC (Km = 14 µM (61)), 

chorismate mutase for synthesizing phenylalanine (Km = 45 µM (24)), chorismate mutase 

for synthesizing tyrosine (Km = 92 µM (46)), and isochorismate synthase for synthesizing 

menaquinone (Km = 195 µM (21)). This indicates that chorismate would be preferentially 

directed down the tryptophan biosynthesis pathway under chorismate-limiting conditions. 

 

1.2 IRON UPTAKE AND UTILIZATION 

Secreted siderophores bind iron with very high affinity. The ferric iron bound 

enterobactin is recognized by the specific outer membrane iron transporter FepA and 

actively transported across the outer membrane through a conformational change of FepA 

(52, 63). The energy comes from the periplasmic energy-transducing protein complex 

TonB-ExbBD using the proton motive force (12). Once Fe-Ent reaches the periplasmic 

space, it is recognized and bound by a specific periplasmic binding protein FepB (12, 52). 

FepB shuttles Fe-Ent to the periplasmic side of the inner membrane where it interacts 

with an ATP-binding cassette transporter (ABC transporter) system: FepCDG (12, 52). 
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Through ATP hydrolysis, Fe-Ent molecules are transported across the inner membrane 

and reach the cytoplasm. Upon reaching the cytoplasm of the cell, iron must be 

dissociated from the siderophore for use in cellular processes (12). This dissociation is 

facilitated by the esterase Fes to hydrolyze the ester bonds of the internalized Fe-Ent 

together with the reduction of the siderophore associated ferric iron to ferrous iron that 

has a much lower affinity for the siderophore (14, 120). YqjH, a cytoplasmic FAD-

containing protein, acts as the Fe-Ent reductase, responsible for reducing the enterobactin 

bound ferric iron to ferrous iron (8, 69).  

In addition to the enterobactin-mediated iron acquisition system, E. coli also has 

the ability to transport xenosiderophores, including the fungal siderophore ferrichrome 

(Fc) that is transported by the Fhu system (13).  

Free ferrous iron gets transported through the inner membrane Feo system, 

consisting of FeoB, a permease and another two small proteins FeoA and FeoC (50). Low 

affinity iron transport systems, such as the manganese transporter MntH, also contribute 

to iron uptake in E. coli (12). Transported iron molecules are used as coenzymes or 

cofactors in multiple cellular processes such as the tricarboxylic acid (TCA) cycle (12).  

 

1.3 REGULATION OF IRON METABOLISM 

Iron is essential for bacterial growth; however, high iron concentration in the 

cytoplasm of the cell may cause damage to the cell through the ferric iron mediated 

Fenton reaction, where ferric iron reacts with molecular oxygen to yield highly damaging 

hydroxyl radicals. It is no surprise that iron metabolism is tightly regulated.  

In E. coli, iron metabolism genes are regulated by the global ferric-uptake 

regulator protein (Fur) (6, 41, 106). Fur is a homodimer and acts as a repressor in 
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response to the intracellular ferrous iron levels. Each monomer of Fur has an N-terminal 

helix-turn-helix DNA binding domain, which binds the major groove of iron responsive 

gene promoters at a conserved 19-bp inverted repeat sequence 

(GATAATGATAATCATTATC) called the "Fur box", and a C-terminal metal-binding 

domain that binds ferrous (Fe
2+

) iron (18). When the intracellular ferrous iron level is 

high, ferrous iron binds Fur and Fe-Fur binds at the promoter region of the iron 

responsive genes to turn off their transcription (62). When the intracellular ferrous level 

is low, there is insufficient iron available in the cytoplasm to bind Fur so that Fur no 

longer binds the promoters, and transcription is de-repressed (62).  

 

2. Cellular iron metabolism of S. flexneri 

S. flexneri is a gram-negative, intracellular pathogen that causes bacterial 

dysentery or shigellosis. The bacteria start their intracellular life cycle by gaining access 

to the basolateral side of the intestinal epithelial cell layer through M cells (78, 79). The 

bacteria then invade colonic epithelial cells from the basolateral side, followed by lysing 

the resulting vacuole and multiplying within the cytoplasm, spreading to adjacent cells 

via actin-based motility (78, 79). 

Similar to E. coli, iron is essential for S. flexneri to survive intracellularly (49, 

100). In order to obtain sufficient iron for their growth, S. flexneri has evolved a number 

of different iron transport systems including the siderophore-mediated iron uptake system 

Iuc, which synthesizes and transports a hydroxamate siderophore aerobactin, the 

ferrichrome transport system Fhu, and the ferrous iron transport systems Feo and Sit (49, 

78, 79). The enterobactin biosynthesis and transport genes in the S. flexneri strain SM100 

have a number of mutations that abolish its ability to synthesize or internalize 
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enterobactin (101). One of the mutations is the presence of an amber codon in entC, 

resulting in the synthesis of a small truncated protein that would be unlikely to possess 

any activity (101). Unlike Shigella dysenteriae, S. flexneri does not possess the ability to 

transport and utilize heme, which is an abundant iron source in the host (78, 79). 

 

3. Cellular reductase systems of E. coli and S. flexneri 

3.1 GOR AND TRX SYSTEMS  

Cellular reductase systems are important in maintaining the reduced state of the 

cytoplasm, where iron is found in the reduced (ferrous) form. 

There are two reductase systems, the glutathione and the thioredoxin systems 

(Illustration 2), that have overlapping functions in maintaining a reducing environment in 

the cytoplasm (2, 16, 91). The glutathione system is composed of the glutathione 

reductase (Gor), glutathione, and three glutaredoxins (16).  

Gor is a flavoprotein disulfide oxidoreductase that reduces the substrate at the 

expense of NADPH (16). Glutathione is synthesized in two steps by γ-L-glutamyl-L-

cysteine synthetase (GshA) and glutathione synthetase (GshB) (16, 91). In the cytoplasm 

of E. coli, reduced glutaredoxins recycle certain reductive enzymes like ribonucleotide 

reductase by reducing disulfide bonds formed at their active sites (16, 71). Then, oxidized 

glutaredoxins are recycled by the action of glutathione. Finally, Gor reduces oxidized 

glutathione to complete the catalytic cycle of the glutathione reductase system 

(Illustration 2) (16). It has been shown that in the presence of the thioredoxin reductase 

system, mutants deficient in glutathione biosynthesis or oxidized glutathione recycling do 

not show a growth defect when grown without supplemented glutathione (16). 
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The thioredoxin system is composed of thioredoxin reductase (TrxB) and two 

thioredoxins, TrxA and TrxC (16). Thioredoxin, similar to glutathione, recycle reductive 

enzymes and keep the cytoplasm in a reduced state (16, 91). The oxidized thioredoxins 

are recycled by the action of TrxB (Illustration 2). TrxB, like Gor, is also a member of the 

pyridine nucleotide-disulfide oxidoreductase family (119). E. coli TrxB is a homodimer 

and each monomer contains an FAD and one active disulfide (119). TrxB reduces 

thioredoxin at the expense of NADPH, which is regenerated from the pentose phosphate 

pathway (16, 119). For both TrxB and Gor, electrons are passed from NADPH to FAD, 

then to the active disulfide, and finally to the disulfide of thioredoxin or glutathione to 

regenerate reduced thioredoxin or glutathione (16, 119).  

In addition to the redundant functions, each reductase system also has its 

distinctive functions. The glutathione reductase system participates in arsenate resistance 

(75) and protection from oxygen-induced cell damage while the thioredoxin reductase 

system is reported to participate in iron-sulfur cluster biogenesis and reductive 

assimilation of selenite (91). 

 

3.2 AHP SYSTEM 

Deletion of both Gor and TrxB leads to very poor growth of the mutant in rich 

medium and the mutant quickly accumulates suppressor mutations. All suppressor 

mutations that have been mapped are in the ahpC gene (32).  

AhpC belongs to the alkyl hydroperoxide reductase (Ahp) system. In E. coli, the 

Ahp system consists of two proteins: a peroxiredoxin AhpC and a flavoprotein disulfide 

reductase AhpF (84). The Ahp system uses NADH, which is mainly derived from 

glucose oxidation, to convert hydrogen peroxide and other ROOH compounds to the 
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corresponding alcohols and water (47, 84). AhpF utilizes NADH to recycle the oxidized 

AhpC (47, 84).  

The Ahp system provides an important means of defense against the presence of 

peroxides, both in the environment and those generated within the cell, by detoxifying the 

peroxides (33, 47). In E. coli, Ahp is kinetically a more efficient scavenger of trace H2O2 

than is catalase and therefore is likely to be the primary scavenger of endogenous H2O2 

(103). The Ahp system can also protect bacterial cells against reactive nitrogen 

intermediates generated by S-nitrosoglutathione (GSNO) or host nitric oxide synthase 2 

(NOS2) (17).  

ahpC and ahpF are in the same operon. The ahpF gene can be co-transcribed with 

the upstream gene ahpC or transcribed alone. The only known regulation of the 

transcription of ahpC and ahpF is though the global oxidative stress activator OxyR in 

response to oxidative stress (110). 

AhpC is a homodimer and belongs to the 2-Cys peroxiredoxin family, with C46 

of one subunit attacking the peroxide substrate, being oxidized to a cysteine sulfenic acid 

and resolved by C165 of the other subunit (28, 48, 122). It has been shown that the C46S 

mutation in AhpC abolishes its peroxidase activity, while the C165S mutant maintains 

wild type peroxidase activity in vitro (28, 48). Results from in vitro assays also show that 

AhpC of Salmonella has a redox potential of -178 mV and shows a Kcat of 53 s
-1

 

independent of the type of hydroperoxide substrates (76). The Km values are about 100 

fold larger for t-butyl and cumene hydroperoxide compared to hydrogen peroxide and 

ethyl hydroperoxide (76). Furthermore, the oligomeric states in AhpC correlate with the 

oxidation-reduction states of AhpC. The reduced form of AhpC is exclusively decameric 

and disulfide bond formation results in a loss in stability for the decamer and dissociation 

to the dimeric form (77, 121). 
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AhpF, similar to Gor and TrxB, belongs to the family of pyridine nucleotide-

disulfide oxidoreductases (83, 85, 112). It recycles AhpC by channeling electrons from 

NADH to AhpC (83, 85). It has two domains, with the N-terminal domain being a protein 

disulfide oxidoreductase domain and C-terminal domain being a TrxB-like domain that 

shares 30% sequence identity with TrxB (10, 85). AhpF contains FAD as the co-factor 

and uses an intramolecular electron transfer route (10, 85). In many AhpF-deficient 

organisms, thioredoxin reductase and the thioredoxin system, or related reductase 

systems specific to a particular organism, can recycle AhpC (84). 

Suppressor mutations in ahpC were found to compensate for the loss of Gor and 

TrxB. The wild type ahpC gene coding region contains four direct repeats of TCT, and 

one type of frequently occurring suppressor mutant contains five repeats, which causes 

the addition of a single phenylalanine at position 38 (90). This suppressor is designated 

AhpC* (90). 

AhpC* does not maintain peroxidase activity, but it gains the ability to reduce 

glutathione from glutathionated proteins (90, 124). Unlike AhpC, AhpC* is always in a 

dimer form, allowing increased accessibility of the substrate to the active cysteine (90, 

124). The ability of AhpC* to recycle glutathione from glutathionylated proteins depends 

on C165 but not C46; the C165S mutation in AhpC* abolishes its ability to suppress the 

loss of Gor and TrxB, but C46S has no effect. AhpC*’s suppression ability also relies on 

the presence of GshA and the recycling protein AhpF (124). Not all suppressor mutants 

in ahpC lost the peroxidase activity. Some suppressor mutants in ahpC, such as 

ahpC
P161S

, still possess a wild type level of peroxidase activity while exhibiting in vivo 

disulfide reductase activity (32). 
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4. Purpose of this research 

Cellular reductase systems play important roles in multiple cellular processes such 

as oxidative stress response, biosynthesis of a variety of compounds such as 

deoxyribonucleotide synthesis, and energy generation (16, 91). Two housekeeping 

reductase systems, the glutathione and thioredoxin reductase systems, function 

redundantly to keep the cytoplasm of E. coli in a reduced state (16). Another reductase 

system, the Ahp system, functions to suppress the loss of the glutathione and thioredoxin 

reductase systems through genetic changes (32). Because iron exists primarily in the 

reduced (ferrous) form inside the cell, and cellular iron metabolism involves some 

oxidation-reduction reactions, this study was undertaken to determine the role of cellular 

reductase systems in cellular iron metabolism of E. coli and S. flexneri.  
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Illustration 1. Enterobactin biosynthesis pathway in the shikimic acid pathway of E. 

coli. 

In E. coli, the enterobactin biosynthesis pathway is a branch of the shikimic acid pathway 

(9). It starts with the metabolite chorismate derived from the shikimic acid pathway. 

There are six genes, entA-F, encoding enzymes for enterobactin biosynthesis in E. coli. 

EntC, the isochorismate synthase, converts chorismate to isochorismate; EntB, the 

isochorismatase, converts isochorismate to 2,3-dihydro-2,3-dihydroxybenzoate; and 
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EntA, the 2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase, converts 2,3-dihydro-2,3-

dihydroxybenzoate to DHB. EntDEF, together with the bifunctional enzyme EntB, 

convert DHB to enterobactin (117). The figure was modified from Wyckoff et al. 2001 

(123) with permission from the Journal of Bacteriology. 
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A. 

 

B. 

 

Illustration 2. The glutathione and thioredoxin reductase systems. 

The glutathione system (A) uses glutathione and glutaredoxin to keep the proteins in the 

reduced state in the cytoplasm of the cells (16). The thioredoxin system (B) uses 

thioredoxin (TrxA/C) to keep the proteins in the reduced state in the cytoplasm of the 

cells (16). 
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II. MATERIALS AND METHODS 

 

1. Bacterial strains and plasmids 

Table 1. Strains and plasmids  

Strains and plasmids                 Description                     Reference 

Strains 

DHB4  MC1000 (F
′
 lacI

q 
pro/λ

-
 ΔlacX74 galE galK thi 32                        

rpsL phoR ΔphoA(PvuII) ΔmalF3)                    

SMG96  DHB4 gor trxB ahpC*    32                                            

DH5αλpir  F
-
 Δ(lacZYA-argF)U169 recA1 endA1 hsdR1 53                          

                  supE44 thi-1 gyrA96 relA1 λ::pir                                                      

BW25113   F
-
 Δ(araD-araB)567 ΔlacZ4787(::rrnB-3) λ

-
  22                                  

   rph-1 Δ(rhaD-rhaB)568 hsdR514                                                     

ML100  BW25113 ahpC::kan     this work 

ML200  BW25113 ahpC::scar fes: kan   this work                                                           

ML300  BW25113 ahpC::kan entF::cam   this work 

ML400  BW25113 ahpC::scar feoB:kan   this work 

ML500  BW25113 ahpC::scar fepB:kan   this work 

ML600  BW25113 ahpF::scar trxB::kan   this work 

ML700  BW25113 ahpF::scar gor::kan   this work 

ML800  BW25113 gor::scar feoB::kan   this work 



 17 

Strains and plasmids                 Description                     Reference 

ML900  BW25113 ahpF::kan gshA::scar   this work 

BW25113ahpF BW25113 ahpF::kan     this work 

BW25113entF BW25113 entF::cam     this work 

BW25113gor  BW25113 gor::kan     this work 

BW25113trxB BW25113 trxB::kan     this work 

BW25113gshA BW25113 gshA::kan     this work 

BW25113fes  BW25113 fes::kan     this work 

BW25113feoB BW25113 feoB::kan     this work       

BW25113fepB BW25113 fepB::kan     this work 

ARM110  F
-
 IN(rrnD-rrnE)1 Nal

R
  entF::cam   68         

SM100  S. flexneri wild type serotype 2a Str
R 

(S. Seliger)  80 

SM100ahpC  SM100 ahpC::kan     this work 

SM193  SM100 sitA::cam feoB::dhfr iucD::Tn5  94 

 

Plasmids 

pWSK29  Low copy cloning vector, Amp
R   

30                                            

pAhpC  ahpC in pWSK29     this work 

pAhpC*  ahpC* in pWSK29     this work 

pAhpC
C46S

  ahpC
C46S

 in pWSK29     this work 

pAhpC
C165S

  ahpC
C165S

 in pWSK29     this work 

pCP410  entEBA in pACYC184, Tet
R
     81                                                          
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Strains and plasmids             Description                       Reference 

pEnt1   entCEBA in pWSK29     this work 

pEnt2   entC in pWSK29     this work 

pGor   gor in pWSK29     this work 

pGshA  gshA in pWSK29     this work 

pHM5  suicide vector, Amp
R
 Sucrose

S
   93                                             

pJS4700  entF in pGEMBlue, Amp
R
    109                                                                                                             

pQF50  Promoterless lacZ reporter plasmid, Amp
R
  118                                  

pAML23  ryhB-lacZ transcriptional fusion in pQF50  67                                

2.  Media, Reagents and Growth conditions 

All bacterial strains were stored at -80 °C in tryptic soy broth (TSB) with 20 % 

v/v glycerol. E. coli strains were cultured in Luria-Bertani (LB) broth (1% tryptone, 0.5% 

yeast extract, 1% sodium chloride) or in Tris-buffered minimal medium without added 

iron (T medium) (105) at 37 °C with aeration. S. flexneri strains were grown in LB broth 

or T medium at 30 °C (avoiding expression of the virulence genes) or on TSB agar plates 

containing 0.01% Congo red dye grown at 37 °C. The T medium was supplemented with 

0.4% glucose, 100 µg/ml thiamine and 20 µg/ml uracil for E. coli strains, or 0.4% 

glucose and 2 µg/ml nicotinic acid for S. flexneri strains. Where indicated, LB broth was 

supplemented with ferrous sulfate (100 µM), DHB (1 mM) or shikimate (200 µM), and T 

medium was supplemented with iron (10 µM FeSO4) or a mixture of phenylalanine, 

tryptophan, tyrosine (each at 20 µg/ml) and para-amino benzoic acid (PABA) (50 µg/ml). 

The iron chelator ethylenediamine-N,N'-bis(2-hydroxyphenylacetic acid) (EDDA) (34), 

deferrated by the method of Rogers (92), was added where indicated.  



 19 

Antibiotics were added at the following concentrations: ampicillin (50 µg/ml), 

chloramphenicol (30 µg/ml), kanamycin (50 µg/ml), and tetracycline (12.5 µg/ml). 

 

3. Mutant constructions 

The strains BW25113ahpF, BW25113trxB, BW25113gshA, BW25113fes,  

BW25113 feoB, and BW25113fepB were constructed by bacteriophage P1 transduction 

of the ahpF, trxB, gshA, fes, feoB, fepB mutations from corresponding strains of the Keio 

collection (3) into E. coli strain BW25113. The strain BW25113entF was derived by 

bacteriophage P1 transduction of the entF mutation from ARM110 into E. coli strain 

BW25113.  

Strains ML100 and ML300 were derived by allelic exchange of ΔahpC::kan from 

the ahpC mutant of the Keio collection (3) into BW25113 and BW25113entF, 

respectively. BW25113gor was also derived by allelic exchange of Δgor::kan from the 

gor mutant of the Keio collection (3) into BW25113. The allelic exchange was done as 

follows: ΔahpC::kan was amplified from the ahpC mutant of the Keio collection (3) with 

primers P1 and P2 (Table 2) using Platinum® Pfx DNA polymerase (Invitrogen, 

Carlsbad, CA). The product was digested with XbaI and XhoI, and cloned into pHM5 

digested with XbaI and XhoI. Primers P3 and P4 (Table 2) were used to amplify the 

Δgor::kan region of the gor mutant from the Keio collection (3) for cloning into the 

EcoRV site of pHM5. pHM5ahpC and pHM5gor were transformed into DH5αλpir, and 

subsequently introduced into BW25113 or BW25113entF by triparental mating (37). 

pHM5ahpC was also introduced into SM100 by triparental mating for constructing 

SM100ahpC. The mutants were isolated as described previously (66).  
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BW25113ahpC::scar, BW25113ahpF::scar, BW25113gor::scar, and 

BW25113gshA::scar were constructed by excising the Kan
R
 cassette in the corresponding 

strains via FLP-FRT mediated site-specific recombination as previously described (3). 

ML200, ML400 and 500 were constructed by bacteriophage P1 transduction of the fes, 

feoB and fepB mutations from the fes, feoB and fepB mutants of the Keio collection (3) 

into BW25113ahpC::scar. ML600 and ML 700 were constructed by P1 transduction of 

the trxB and gor mutations from the trxB and gor mutants of the Keio collection (3) into 

BW25113ahpF::scar. ML800 was constructed by P1 transduction of the feoB mutation 

from the feoB mutant of the Keio collection (3) into BW25113gor::scar. ML900 was 

constructed by P1 transduction of the ahpF mutation from the ahpF mutant of the Keio 

collection (3) into BW25113gshA::scar. All constructs were confirmed by DNA 

sequencing.   

 

4. DNA manipulations 

4.1  OLIGONUCLEOTIDES AND POLYMERASE CHAIN REACTION 

Oligonucleotides used in this study are listed in Table 2. Primers were designed 

using Clone Manager software (Sci-Ed Software, Cary, NC), and purchased from Sigma 

(St. Louis, MO) or Invitrogen (Carlsbad, CA). Oligonucleotides were resuspended in 

sterile Milli-Q (Millipore, Billerica, MA) purified H2O to a final concentration of 20 µM 

and stored at -20 °C. Taq polymerase (Qiagen, Valencia, CA) was used for screening and 

the indicated high fidelity DNA polymerases were used for cloning. Enzymes were used 

according to the manufacturer’s instructions. Briefly, PCR reactions contained template, 

either 1 µl of purified plasmid or 1 µl of 1:50 diluted overnight bacterial culture, 1 µM of 

each primer (Table 2), 1 X supplied reaction buffer, 200 µM of each dNTP, and 1 µl of 
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enzyme in a reaction volume of 50 µl. PCR reactions were performed in a PTC-200 

Peltier Thermal Cycler (MJ Research, Inc., Watertown, MA). 

Table 2. Primers 

Primer                                 Sequence                                                 

P1   5’-CGAGCTCCCAGATCGTCCATCAGTTTCTCATTG-3’                          

P2   5’-CTCTAGACAGCTTCTGCCCTTCAGTCTTC-3’ 

P3   5’-GTGTGTAGCATGGGGTTAAGTGT-3’    

P4   5’-TCCAGCAATAGCCCGCTT-3’ 

P5   5’-CTCTAGACAGGCAGGCACTGAAGATACCAAAG-3’                         

P6   5’-CGAGCTCAGCACCCGAAGAATTAGGTGAATTTCC-3’      

P7   5’-AGAAGGGCGTTGCGGTAGAG-3’ 

P8   5’-CAGTTCGTCGAGCGTTAAATGG-3’    

P9   5’-AGAAGGGCGTTGCGGTAGAG-3’  

P10   5’-GCCAGCGGGTGAATGGAATG-3’  

P11   5’-CGGCTGACTTTACTTTCGTATCCCCGACCGAAC-3’   

P12   5’-GTTCGGTCGGGGATACGAAAGTAAAGTCAGCCG-3’ 

P13   5’-CTTCTCACCCAGGTGAAGTTTCCCCGGCTAAAT-3’    

P14   5’-ATTTAGCCGGGGAAACTTCACCTGGGTGAGAAG-3’ 

P15   5’-TCTAGACGTGCCGGAGTAATTG-3’ 

P16   5’-CTCGAGTGAACTGATAGCGGAAAC-3’ 

P17   5’-TTTCTGTCAGGCGTGTTTTTC-3’ 

P18   5’-ATTGTAGGCCTGCACATATGG-3’ 
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Primer                                 Sequence                                                 

Real-time RT-PCR 

entC_forward    5’-CAGCAGACCATGGCAACACTT-3’ 

entC_reverse    5’-GCGGTACGGCGACATAAAGA-3’ 

entC_probe    6FAM-5’-CGCCCAATCGCTTT-3’-MGBNFQ 

4.2 PLASMID CONSTRUCTION 

To construct pAhpC and pAhpC*, the ahpC and ahpC* genes of strains 

BW25113 and SMG96, respectively, were amplified with Platinum® Pfx DNA 

polymerase using primers P5 and P6 (Table 2). Each PCR fragment was digested with 

XbaI and XhoI and inserted into pWSK29 digested with XbaI and XhoI. pEnt1 

(entCEBA), pEnt2 (entC), pGor, and pGshA were constructed by amplifying the genes 

from E. coli strain BW25113 with Platinum® Pfx DNA polymerase using primers P7 and 

P8 (Table 2) for entCEBA, primers P9 and P10 (Table 2) for entC, primers P15 and P16 

(Table 2) for gor, and primers P17 and P18 (Table 2) for gshA. Each PCR fragment was 

cloned into the EcoRV site of pWSK29. All constructs were confirmed by DNA 

sequencing. 

Site-directed mutagenesis was used to replace each of the two cysteine residues in 

AhpC with serine. The plasmid pAhpC
C46S

 was constructed by splice overlap extension 

PCR as described by Ho et al. (44) with Platinum® Pfx DNA polymerase using primers 

P5, P6, P11 and P12 (Table 2). The plasmid pAhpC
C165S

 was constructed using primers 

P13 and P14 (Table 2) with Phusion Hotstart thermostable proofreading DNA 

polymerase (NEB, Ipswich, MA) following the QuikChange site-directed mutagenesis 

protocol (Stratagene, Clara, CA). All constructs were confirmed by DNA sequencing. 
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4.3 DNA ISOLATION, DIGESTION, LIGATION, AND TRANSFORMATION 

Plasmid DNA was isolated from cells using the GenElute® plasmid prep kit 

(Sigma, St. Louis, MO) following the manufacturer’s instructions. DNA fragments were 

isolated from agarose gels using the GenElute® gel extraction kit (Sigma, St. Louis, MO) 

following the manufacturer’s instructions. Isolated DNA was eluted H2O and stored at -

20 °C. 

All restriction digestions were performed following the manufacturer’s directions. 

Restriction enzymes and DNA size markers were purchased from New England Biolabs, 

Ipswich, MA. The sizes of the DNA fragments were estimated using the X DNA-HaeIII 

and  DNA-HindIII digests. Ligations were performed by incubating DNA fragments 

with T4 DNA ligase (Fisher Scientific, Pittsburgh, PA), according to the manufacturer’s 

directions, and recombinant plasmids were transformed into the appropriate strain. 

Ligation products or plasmid DNA was introduced into CaCl2 competent E. coli 

strain DH5α by heat shock transformation as previously described (99). To transform 

bacteria, 10 µl ligation mixture or 2.5 µl plasmid DNA (50-100 ng) was added to CaCl2 

competent bacteria and incubated on ice for up to 30 minutes. The bacteria were heat 

shocked at 42 °C for 45 seconds, followed by 2-minute incubation on ice. The bacteria 

were inoculated into 850 µl LB broth. After 1-hour incubation at 37°C, transformed 

bacteria were isolated by plating the culture on LB agar with the appropriate antibiotics. 

4.4 DNA SEQUENCING 

All constructed plasmids and cloned DNA fragments were confirmed by DNA 

sequencing. Sequencing was performed at the University of Texas at Austin DNA 

sequencing facility using an ABI 3130 sequencer (Applied Biosystems, Foster City, CA) 

and automated dye termination procedure. All sequences were analyzed using the Bl2seq 
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program from http://www.ncbi.nlm.nih.gov. The referenced E. coli and S. flexneri 

genome sequences were obtained from http://www.ecocyc.org.  

5. Growth analysis in LB broth 

Overnight cultures were diluted into 30 ml LB broth to an OD650 of approximately 

0.02. Growth was monitored at 1 h intervals by measuring the absorbance at 650 nm for 7 

h. 

 

6. Iron metabolism assays 

6.1  BIOASSAY 

For ent
+
 strains, 1.6 X 10

3 
cfu/ml of bacterial cells were added to molten LB agar 

containing 0.8 mg/ml EDDA or 0.5 mM 2,2'-dipyridyl (DIP) and allowed to solidify. For 

ent
-
 strains, 4.8 X 10

3 
cfu/ml of bacterial cells were added to molten LB agar containing 

0.2 mg/ml EDDA and allowed to solidify. Iron sources (5 µl volume) were spotted onto 

the surface of the agar, and the diameter of the zone of growth around each iron source 

was measured after 24 h incubation at 37 °C. Iron sources used were: 10 µM purified 

enterobactin (generously provided by K. N. Raymond, UC Berkeley), 10
9
 cells/ml 

BW25113 as a source of enterobactin and related catechols, 10
9 

cells/ml SM100 as the 

aerobactin source, 0.8 mM Fc (Sigma, St. Louis, MO) and 10 mM FeSO4 (25 mM FeSO4 

for ent
-
 strains). 

6.2 SENSITIVITY ASSAYS 

To measure sensitivity to iron chelation by EDDA (or DIP), overnight cultures 

were diluted 1:600 into 5 ml LB broth containing EDDA concentrations ranging from 0 
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to 2.5 mg/ml EDDA (or 0 to 0.8 µM of DIP) and grown with aeration at 37 °C for 8 h, 

and optical density (OD650) was measured. 

To measure sensitivity to arsenate, overnight cultures were diluted 1:200 in 5 ml 

LB broth containing sodium arsenate concentrations ranging from 0 to 8 µM and grown 

with aeration at 37 °C for 7 h, and optical density (OD650) was measured. 

To measure sensitivity to cumene hydroperoxide, 100 µl overnight cultures of 

each strain were mixed with 3 ml of LB top agar and poured onto LB plates. 10 µl of 5 % 

cumene hydroperoxide was spotted on a sterile paper disc that is place in the center of the 

plate. After 24 h incubation at 37 °C, and the diameters of the killing zone of bacteria 

were measured. 

6.3 COLONY SIZE ASSAY 

Approximately 50 cfu were plated on LB plates containing 0.5 mM FeSO4. For 

each strain, sizes of 15 colonies were measured after incubation at 37 °C for 24 h. 

6.4 GROWTH ANALYSIS UNDER IRON-LIMITING CONDITIONS 

Bacteria were grown overnight in LB broth, centrifuged and resuspended in the 

same volume of saline and diluted to an OD650 of 0.01 in T medium (105). Where 

indicated, 10 µM FeSO4, 20 µg/ml phenylalanine, 20 µg/ml tryptophan, 20 µg/ml 

tyrosine and 50 µg/ml para-aminobenzoic acid were added. Cultures were grown at 37 °C 

with aeration for E. coli strains and at 30 °C (avoiding expression of virulence genes) for 

S. flexneri strains. The growth was monitored by measuring OD650 over 16 hours. 
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6.5  DETECTION OF CATECHOLS AND ENTEROBACTIN 

For detection of enterobactin production, bacterial from overnight cultures were 

streaked on Chrome Azurol S (CAS) plate and incubated at 37 °C for 24 h. Siderophore 

producing strains showed a color change upon utilization of iron from the plates. CAS 

plates were prepared as described by Schwyn and Neilands (102). 

To quantitatively measure extracellular catechol concentrations, overnight 

cultures in LB broth were centrifuged; the cells were resuspended in the same volume of 

saline and then diluted 1:500 into T medium. The cultures were grown with aeration at 37 

°C for 24 h. Catechols were assayed by a modification of the method of Arnow as 

follows (1). The culture was centrifuged and 0.5 ml of 0.5 N HCl was added to 0.5 ml of 

supernatant, followed by 0.5 ml of nitrite-molybdate (10% sodium nitrate and 10% 

sodium molybdate) and 0.5 ml 1 N NaOH. The intensity of the red color, indicative of the 

presence of catechol, was determined by measuring the absorbance at 515 nm. Samples 

were normalized to OD650 of the original culture and the amount of catechol expressed as 

1 Arnow unit = 1000 X OD515 / OD650.  

Direct detection of enterobactin in the supernatant was performed by a 

modification of the method of Furrer (35) as follows. Bacteria were grown the same as 

the Arnow assay. Fifty ml of bacterial cultures were centrifuged and the supernatant was 

collected and acidified by adding 250 µl of concentrated HCl, followed by extraction 

with 1/8 of the volume of ethyl acetate, twice. The extracts were dried using the Vacuum 

SpeedVac
® 

System and analyzed by liquid chromatography–mass spectrometry (LC-MS) 

at the University of Texas at Austin Protein and Metabolite Analysis Facility. For LC-

MS, the flow rate was 0.15 mL/min and fractions were monitored at a wavelength of 220 

nm. 
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6.6 MEASUREMENT OF TOTAL CELLULAR IRON CONTENT 

Overnight LB broth cultures were centrifuged, resuspended in an equal volume of 

saline and then diluted 1:500 into 25 ml LB broth or T medium and grown with aeration 

at 37 °C for 12 h (LB broth) or 24 h (T medium). 4 X10
9
 cells from each sample were 

collected, washed once with saline and lysed by adding an equal volume of concentrated 

HNO3. The homogenized sample was analyzed in an Agilent 7500ce inductively-coupled 

plasma mass spectrometer (ICP-MS) at the University of Texas at Austin School of 

Geological Sciences. 

6.7 BETA-GALACTOSIDASE ASSAY 

Overnight cultures of cells carrying lacZ transcriptional fusions were diluted 

1:100 and grown with aeration at 37°C for 3 h in LB broth containing EDDA and 50 

µg/ml of ampicillin. β-galactosidase was measured as described by Miller (70). 

6.8 IN VITRO COMPETITION ASSAY 

Overnight cultures of the wild type (BW25113) and ahpC mutant (ML100) were 

centrifuged and resuspended in the same volume of saline. Equal numbers of cells (1.25 

X 10
8
 cfu) of each strain were mixed in 50 ml T medium and grown with aeration at 37 

°C for 18 h. Each strain (2.5 X 10
8
 cfu) was also grown individually in T medium under 

the same conditions. Total bacterial growth was monitored by diluting and plating in 

triplicate on LB agar every 2 hours. The growth of the ahpC mutant in the mixture was 

determined by patching the colonies from LB agar to LB agar containing kanamycin, and 

the growth of wild type was determined by subtraction of the number of Kan
R
 colonies 

from the total.  
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Overnight cultures of the wild type (BW25113) and ahpF, gor mutant (ML700) 

were centrifuged and resuspended in saline in the same volume. Equal numbers of cells 

of each strain were mixed in 5 ml LB broth with and without 1.2 mg/ml EDDA and 

grown with aeration at 37 °C for 24 h, and total bacterial growth was determined by 

plating in triplicate on LB agar. The growth of the ahpF, gor mutant was determined by 

patching the colonies from LB agar to LB agar containing kanamycin, and the growth of 

wild type was determined by subtraction of the number of Kan
R
 colonies from the total. 

 

7. Real-time RT-PCR  

 

Cultures were grown in T medium with aeration at 37°C to an OD650 = 0.1. RNA 

was isolated using the RNeasy mini kit (Qiagen, Valencia, CA) and treated with DNase I 

(Invitrogen, Carlsbad, CA) to eliminate genomic DNA. The RNA was quantified using 

an ND-1000 spectrophotometer (NanoDrop, Wilmington, DE), and a total of 2 μg of 

RNA was used to make cDNA by using the High-Capacity cDNA reverse transcription 

kit (Applied Biosystems, Carlsbad, CA). cDNA was diluted 1:10 in nuclease-free H2O, 

and 2.5 μl of diluted cDNA was used as the template in a 25 μl real-time PCR mixture. 

TaqMan Universal master mix (Applied Biosystems, Carlsbad, CA) was used for all real-

time PCRs. Primers and probes were designed using Primer Express (Applied 

Biosystems, Carlsbad, CA), and the probes used were labeled with 6-carboxyfluorescein 

(6-FAM) and minor groove-binding nonfluorescent quencher (MGBNFQ). Reactions 

were performed in an Applied Biosystems (Carlsbad, CA) 7300 real-time PCR system 
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under standard reaction conditions. All data were normalized to the level of dksA cDNA 

in the sample. Primers and probes are listed in Table 2. 

 

8. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) and Western immunoblots 

After growing overnight at 37°C with aeration, 1 X 10
9
 bacteria cells were 

collected by centrifugation, resuspended in 75 µl SDS–PAGE sample buffer and boiled 

for 5 min. Five µl of each sample was loaded onto a 12 % acrylamide gel. Following 

electrophoresis, the gels were either stained with Coomassie blue (31) or electroblotted 

for 1.5 h at 45 V onto Hybond ECL nitrocellulose (Amersham Pharmacia Biotech, Little 

Chalfont, Buckinghamshire, England) (114). Western immunoblots were reacted with α-

AhpC rabbit polyclonal primary antibody (generously provided by L. Poole, Wake Forest 

University School of Medicine) and horseradish peroxidase (HRP)-conjugated goat anti-

rabbit IgG (Bio-Rad Laboratories, Hercules, CA) secondary antibody (diluted 1:10,000). 

Signal was detected by developing the blot with a Pierce enhanced chemiluminescence 

(ECL) detection kit (Pierce, Rockford, IL). 

 

 

9. Plaque assay 

The plaque assay was performed as previously described (39, 45). Approximately 

10
3
 exponential phase Shigella grown in LB broth were added to confluent monolayers of 

Henle cells cultured in 6 well polystyrene plates. Bacteria were centrifuged onto the 

monolayers for 10 minutes at 700 x g in a Centra GP8 centrifuge, and then incubated for 

45 minutes in a 5% CO2 atmosphere at 37°C. Monolayers were then washed with 1 X 
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PBS-D, and then overlaid with MEM containing 0.3 % glucose and 20 μg/ml gentamicin 

to kill any extracellular bacteria. After 72 h incubation, wells were washed with 1X PBS-

D and stained with Wright-Giemsa. Plaques are scored for number, size and clarity, as 

these features correlate with efficiency of Shigella to grow within the eukaryotic cytosol 

and propagate to adjacent cells. 
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III. RESULTS 

 

1. Role of AhpC in iron metabolism of E. coli 

 

1.1 PHENOTYPES OF THE REDUCTASE MUTANTS 

Cellular reductase systems participate in multiple cellular processes. To determine if 

cellular reductase systems had any role in cellular iron metabolism, a mutant strain gor, 

trxB, ahpC* (SMG96) carrying deletions in each of the two reductase genes of the 

glutathione and thioredoxin reductase systems, was used and tested for defects in iron 

metabolism. The results from the EDDA sensitivity assay showed that the mutant strain 

SMG96 had increased sensitivity to iron chelation by EDDA compared to its parent strain 

(Fig. 1). In the bioassay, SMG96 also showed reduced ability to use different iron sources 

including enterobactin, ferrichrome and ferrous sulfate (Table 3). These results suggest 

that there is a connection between the cellular reductase systems and cellular iron 

metabolism of E. coli.  
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Figure 1. SMG96 showed an increased sensitivity to EDDA. 

The strains used were: wild type (DHB4) and gor, trxB, ahpC* (SMG96). Strains were 

grown in LB broth containing EDDA for 8 h, and their optical densities (OD650) were 

measured. Data presented are the means of at least three independent experiments, and 

error bars represent 1 standard deviation. **: P<0.01, determined by Student’s t-test, 

compared to wild type. 
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                    Diameter of the growth zone (mm) around
a
 

    Strain
b
 E. coli

c
 Fc

d
 Fe

e
 

WT(DHB4) 38±5 23±3 33±4 

ΔtrxB,Δgor,ahpC* 11±4
**

  0
**

  0
**

 

Table 3. SMG96 showed an increased EDDA sensitive phenotype. 

a 
Data are expressed as the diameter of the growth zone around each iron source ± 1 

standard deviation and are the means of at least three independent experiments. 
**

: 

P<0.01 by Student’s t- test compared to wild type. 

b
 the wild type and the mutant were tested with 0.8 mg/ml EDDA and 1.6 X 10

3
 cells/ml 

were seeded.  

c
 E. coli: 5 µl of 10

9 
cells/ml BW25113 as a source of enterobactin and related catechols. 

d
 Fc: 5 µl of 0.8 mM ferrichrome. 

e
 Fe: 5 µl of 10 mM FeSO4. 
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It has been noted, however, that SMG96 carries a suppressor mutation in the 

ahpC gene in addition to the deletions in gor and trxB. Through a codon expansion, the 

altered ahpC, designated ahpC*, encodes a protein that can generate reduced glutathione 

in the absence of Gor or TrxB (90).   

To determine the genetic basis for the reduced growth in low iron medium and 

separate possible effects from each of the mutations, single deletions in gor, trxB, and 

ahpC were constructed in strain BW25113. Each of the mutations was verified by PCR 

and DNA sequencing, and the mutant phenotypes were confirmed where possible. The 

gor mutant had increased arsenate sensitivity as expected (Fig. 2), and the ahpC mutant 

was more sensitive to cumene hydroperoxide compared to wild type (Fig. 3). All of the 

mutants grew the same as the parental strain BW25113 in rich medium (LB broth), 

indicating there were no pleiotropic effects associated with any of the mutations (Fig. 4). 
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Figure 2. BW25113gor had increased arsenate sensitivity. 

Strains used were: wild type carrying the empty vector (BW25113/pWSK29), gor 

carrying the empty vector (BW25113gor/pWSK29), and gor carrying the wild type gor 

(BW25113gor/pGor). Strains were grown in LB broth containing sodium arsenate at the 

indicated concentrations for 7 h, and their optical densities were measured. This is a 

representative of two repeats. 
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Figure 3. Deletion of ahpC resulted in increased sensitivity to cumene 

hydroperoxide. 

Strains used were: wild type (BW25113) and ahpC (ML100). Data presented are the 

means of at least three independent experiments, and error bars represent 1 standard 

deviation. **: P<0.01, determined by Student’s t-test, compared to wild type. 
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Figure 4. Single reductase mutants grew identical as the wild type E. coli in LB. 

The strains used were: wild type (BW25113), ahpC (ML100), gor (BW25113gor), and 

trxB (BW25113trxB). Bacteria were diluted into 30 ml LB broth to a starting OD650 of 

0.02, and growth was monitored at 1h intervals by measuring the absorbance at 650 nm. 

This is a representative of two repeats. 
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These single reductase mutant strains were tested in a bioassay and EDDA 

sensitivity assay. The results showed that deletion of gor or trxB did not result in 

increased EDDA sensitivity (Fig. 5) or reduced ability to use different iron sources (Table 

4). However, a deletion in ahpC made the strain more sensitive to EDDA chelation (Fig. 

5, 6) and reduced its ability to use iron sources compared to the wild type (Table 4). Both 

the increased EDDA sensitivity and reduced ability to use provided iron sources were 

restored by providing the ahpC mutant with the wild type ahpC gene on a low copy 

plasmid (Fig. 7, Table 5). However, providing the ahpC mutant with ahpC* on the 

plasmid could not restore its wild type phenotype in either the bioassay or the EDDA 

sensitivity assay (Fig. 7, Table 5). The ahpC mutant carrying pAhpC* was also tested by 

western blot analysis to confirm that the protein was produced. The result showed that the 

strain carrying ahpC* produced a comparable level of protein compared to the strain 

carrying the wild type ahpC on the plasmid (Fig. 15). These results suggest that AhpC 

but not Gor or TrxB plays a role in cellular iron metabolism. It also suggests that deletion 

of ahpC or change of ahpC to ahpC* results in reduced growth in the presence of an iron 

chelator. It is still possible that loss of both Gor and TrxB could affect iron metabolism, 

but it is not possible to test this since the double mutant accumulates suppressor 

mutations.  
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                   Diameter of the growth zone (mm) around
a
 

 

Table 4. AhpC was required for wild type growth in low iron medium. 

a 
Data are expressed as the diameter of the growth zone around each iron source ± 1 

standard deviation and are the means of at least three independent experiments. 
**

: 

P<0.01 by Student’s t- test compared to wild type. 

b
 the wild type and the mutants were tested with 0.8 mg/ml EDDA and 1.6 X 10

3
 cells/ml 

were seeded.  

c
 E. coli: 5 µl of 10

9 
cells/ml BW25113 as a source of enterobactin and related catechols. 

d
 Fc: 5 µl of 0.8 mM ferrichrome. 

e
 Fe: 5 µl of 10 mM FeSO4. 

f
: Ent: 5 µl of 10 µM of purified enterobactin.  

   Strain
b
 E. coli

c
 Fc

d
 Fe

e
 Ent

f
 

WT 29±2 15±1 28±4 18±1 

ΔahpC 19±3
**

  0
**

  0
**

  0
**

 

Δgor 27±3 13±1 27±3  

ΔtrxB 27±4 12±2 30±3  
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Figure 5. AhpC was required for wild type growth in low iron medium. 

Strains used were: wild type (BW25113), ahpC (ML100), gor (BW25113gor) and trxB 

(BW25113trxB). Data presented are the means of at least three independent experiments, 

and error bars represent 1 standard deviation. **: P<0.01, determined by Student’s t-test, 

compared to wild type. 
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Figure 6. Deletion of ahpC resulted in a growth defect in low iron medium. 

Strains used were: wild type (BW25113) and ahpC (ML100). Strains were grown in LB 

broth with or without 0.8 mg/ml EDDA and the growth was monitored for 10 h. This is a 

representative of two repeats.  
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                     Diameter of the growth zone (mm) around
a
 

 

Table 5. Providing wild type ahpC complemented low iron phenotype of the ahpC 

mutant in the bioassay. 

a 
Data are expressed as the diameter of the growth zone around each iron source ± 1 

standard deviation and are the means of at least three independent experiments. 
**

: 

P<0.01 by Student’s t- test compared to wild type. 

b
 the wild type and the mutant were tested with 0.8 mg/ml EDDA and 50 µg/ml 

ampicillin, 1.6 X 10
3
 cells/ml were seeded.  

c
 E. coli: 5 µl of 10

9 
cells/ml BW25113 as a source of enterobactin and related catechols. 

d
 Fc: 5 µl of 0.8 mM ferrichrome. 

e
 Fe: 5 µl of 10 mM FeSO4. 

  

    Strain
b
 E. coli

c
 Fc

d
 Fe

e
 

WT/vector 32±1 17±2 33±2 

ΔahpC/vector 19±4
**

  0
**

  0
**

 

ΔahpC/pAhpC 32±1 17±2 32±2 

ΔahpC/pAhpC* 16±5
**

  0
**

  0
**
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Figure 7. Providing wild type ahpC complemented low iron phenotype of the ahpC 

mutant in the EDDA sensitivity assay. 

The strains used were: wild type (BW25113) carrying the empty vector (pWSK29), ahpC 

(ML100) carrying the empty vector (pWSK29), ahpC carrying the wild type ahpC gene 

(pAhpC) and ahpC carrying the ahpC* gene (pAhpC*). Strains were grown in LB broth 

containing 50 µg/ml ampicillin and indicated concentrations of EDDA for 8 h, and their 

optical densities (OD650) were measured. Data presented are the means of at least three 

independent experiments, and error bars represent 1 standard deviation. **: P<0.01, 

determined by Student’s t-test, compare to wild type. 
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Interestingly, all of the mutants grew identical to the wild type in LB containing 

another type of iron chelator, 2,2'-dipyridyl (DIP) (Fig. 8). All of the mutants also 

showed no difference in using different iron sources in the bioassay using DIP as the only 

iron chelator (Table 6). DIP is thought to preferentially bind ferrous iron, suggesting that 

the defect in the ahpC mutant is in competition for ferric but not ferrous iron. 
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               Diameter of the growth zone (mm) around
a
 

 

Table 6. Single reductase mutants did not show an increased sensitivity to the 

ferrous iron chelator DIP. 

a 
Data are expressed as the diameter of the growth zone around each iron source ± 1 

standard deviation and are the means of at least three independent experiments. 
 

b
 the wild type and the mutants were tested with 0.5 mM DIP and 1.6 X 10

3
 cells/ml were 

seeded.  

c
 E. coli: 5 µl of 10

9 
cells/ml BW25113 as a source of enterobactin and related catechols. 

d
 Fc: 5 µl of 0.8 mM ferrichrome. 

e
 Fe: 5 µl of 10 mM FeSO4. 

  

     Strain
b
 E.coli

c
 Fc

d
 Fe

e
 

WT 25±2 27±2 22±1 

ΔahpC 26±3 27±2 23±3 

Δgor 25±2 26±1 23±1 

ΔtrxB 21±3 23±2 19±4 
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Figure 8. Single reductase mutants did not show an increased sensitivity to the 

ferrous iron chelator DIP. 

Strains used were: wild type (BW25113), ahpC (ML100), gor (BW25113gor) and trxB 

(BW25113trxB). Strains were grown in LB broth containing DIP at the indicated 

concentrations for 7 h at 37 °C, and their optical densities (OD650) were measured. Data 

presented are the means of at least three independent experiments, and error bars 

represent 1 standard deviation.   
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The growth defect of the ahpC mutant was not only observed in medium containing 

the iron chelator EDDA but also in minimal, low-iron medium lacking any chelator. 

When grown in T medium without added iron, the ahpC mutant grew more slowly and 

plateaued at a lower cell density than wild type (Fig. 9A). This suggests that the defect is 

not likely due to some nonspecific effects of the presence of the iron chelator EDDA, but 

indicates a problem with cellular iron metabolism when deleting ahpC. 
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A. 

B. 
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Figure 9. Deletion of ahpC resulted in reduced growth in minimal medium and was 

restored by addition of iron.  

Strains used were: wild type (BW25113) and ahpC (ML100). Strains were grown in 

minimal T medium without (A) and with (B) 10 µM FeSO4 and their growth was 

monitored for 16 h. Data presented are the means of three independent experiments, and 

error bars represent 1 standard deviation. 
**

: P<0.01 by Students t-test compared to wild 

type.  
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To confirm the low iron growth phenotype in the ahpC mutant was solely due to iron 

starvation, the wild type and ahpC mutant were tested in the EDDA sensitivity assay with 

or without added iron to see if addition of iron can suppress the mutant’s phenotype. The 

result showed that without exogenous iron, the ahpC mutant grew to a significantly lower 

optical density than wild type, whereas with added iron, the ahpC mutant grew to the 

same final optical density as the wild type (Fig. 10). Addition of exogenous iron also 

restored growth of the ahpC mutant to the wild type level in T medium (Fig. 9B). These 

results indicate that the low iron growth defect is due to iron starvation in the mutant 

cells. 
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Figure 10. The growth defect of the ahpC mutant was restored by addition of iron in 

medium containing EDDA. 

The wild type (BW25113) and ahpC (ML100) strains were grown for 8 h in LB broth 

containing EDDA with and without 100 µM added FeSO4. Data presented are the means 

of at least three independent experiments, and error bars represent 1 standard deviation. 

**: P<0.01, determined by Student’s t-test, compared to wild type. 
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Reduced growth in low iron suggests that the ahpC mutant is more iron starved and 

might, therefore, have lower internal iron levels. To determine the intracellular iron levels 

in the wild type and ahpC mutant, a plasmid containing an iron-regulated promoter was 

used to assess the level of available iron in the cells. The reporter plasmid has a 

transcriptional fusion of the ryhB promoter (67), which is iron regulated via Fur, with 

lacZ. Thus transcription of lacZ increases as iron levels decrease. In the presence of 

EDDA, the β-galactosidase activity was significantly higher in the ahpC mutant than the 

wild type (Fig 11), suggesting that the ahpC mutant had a lower level of internal iron 

available to Fur under iron-limiting conditions.  
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Figure 11. The ahpC mutant showed a lower level of internal iron available to Fur 

upon iron starvation. 

The strains used were: wild type (BW25113) and ahpC mutant (ML100), containing the 

empty vector (pQF50) or ryhB-lacZ fusion (pAML23). Strains were grown to early 

stationary phase in LB broth containing ampicillin and the indicated concentrations of 

EDDA, and β-galactosidase activity was measured. Data are expressed as Miller units ± 1 

standard deviation and are the means of at least three independent experiments. **: 

P<0.01, determined by Student’s t-test compared to wild type.  
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The decrease in available intracellular iron to Fur in the ahpC mutant could be due to 

a reduction in the total cellular iron levels. To determine the total cellular iron content in 

the wild type and ahpC mutant, inductively-coupled plasma mass spectroscopy was used 

to measure iron content of the wild type and ahpC cells under iron-limiting conditions. 

The result (measured only once) showed that the ahpC mutant had a total cellular iron 

content of 7.68 X 10
-6

 µg/10
9
cells, which was reduced relative to the 17.4 X 10

-6
 

µg/10
9
cells measured in the wild type. The total cellular iron content of the wild type and 

ahpC were the same in iron-rich conditions, 86.52 X 10
-6

 µg/10
9
cells and 89.52 X 10

-6
 

µg/10
9
cells, respectively. This indicates that the ahpC mutant had lower total cellular iron 

content than the wild type when grown under iron-limiting conditions. 

 

1.2 CHARACTERIZATION OF AHPC 

Results from the previous section indicated that deletion of ahpC led to an iron 

starvation phenotype. AhpC is a member of the two-cysteine peroxiredoxin family (73). 

Its function in detoxifying peroxides depends on its C46 but not on its C165 residue. In 

contrast, AhpC* requires C165 but not C46 to generate reduced glutathione in the 

absence of cellular reductases Gor and TrxB (28, 48, 122). To further characterize the 

role of AhpC and its cysteines in cellular iron metabolism of E. coli, single cysteine 

mutants of AhpC were constructed on a low copy plasmid and put into the ahpC mutant 

to test in iron metabolism assays. The cysteine mutants showed the expected results when 

tested in the cumene hydroperoxide sensitivity assay in that the C46 mutant of AhpC had 

a significantly increased killing zone while the C165 mutant had a killing zone similar to 

wild type (Fig. 12). When both cysteine mutants were tested in iron metabolism assays, 

the result showed that mutation in either C46 or C165 in AhpC resulted in an increased 
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sensitivity to EDDA and reduced ability to use provided iron sources in the bioassay (Fig. 

13, Table 7).  

To determine if the plasmids carrying either ahpC_C46S or ahpC_C165S had a 

dominant negative phenotype, these plasmids were also tested in the wild type 

background in iron metabolism assays. The results showed that wild type strains carrying 

either ahpC_C46S or ahpC_C165S showed no differences in the assays tested compared 

to the wild type strain carrying the wild type ahpC on the plasmid (Fig. 14, Table 7), 

suggesting no dominant negative phenotype for the two cysteine mutants of ahpC. Strains 

carrying these plasmids were also tested by western blot analysis to confirm that these 

AhpC cysteine mutants were synthesized at the same level as the wild type ahpC on the 

plasmid. The results showed that strains carrying either ahpC_C46S or ahpC_C165S had 

similar levels of AhpC protein as the strain carrying the wild type ahpC plasmid (Fig. 

15). This suggests that the inability of the two cysteine mutants of ahpC to suppress the 

mutant phenotype in the ahpC mutant is not due to lack of expression of the proteins, but 

rather lacking a cysteine residue that is important for its participation in iron metabolism. 

The fact that both cysteine residues are required for participation of AhpC in cellular iron 

metabolism suggests AhpC’s role in iron metabolism is distinct from its peroxidase 

activity or the reductase activity of AhpC*, each of which relies on one of the two 

cysteine residues.   

To test whether the peroxidase activity of AhpC plays a role in cellular iron 

metabolism, the wild type and ahpC mutant were tested in the colony size assay under 

high iron conditions, where high extracellular iron concentration may increase 

intracellular iron levels and increase the possibilities of the ferric iron coupled Fenton 

reactions that generate damaging hydroxyl radicals. If the peroxidase activity of AhpC is 

important for its participation in iron metabolism, the growth defect of the ahpC mutant 
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should not be restored under high iron conditions, where a combination of peroxides and 

hydroxyl radicals will further reduce the fitness of the mutant cells in this situation. 

However, the ahpC mutant had an average colony size of 2.5±0.1 mm and showed no 

significant difference from the size of the wild type strain 2.5±0.1 mm in a colony size 

assay on LB plate containing 0.5 mM FeSO4. This result and the result that addition of 

0.1 mM iron restored ahpC’s growth defect in the EDDA sensitivity assay (Fig. 10) 

suggest that the peroxidase activity of AhpC is not sufficient for AhpC’s involvement in 

cellular iron metabolism. 
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Figure 12. Cys mutants of ahpC showed expected sensitivity to cumene 

hydroperoxide. 

Strains used were: wild type (BW25113) and ahpC (ML100) carrying empty vector 

(pWSK29), ahpC (pAhpC), ahpC
C46S

 (pAhpC
C46S

) or ahpC
C165S 

(pAhpC
C165S

). Data are 

expressed as mm ± 1 standard deviation and are the means of at least three independent 

experiments. **: P<0.01, determined by Student’s t-test compared to wild type.  
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                        Diameter of the growth zone (mm) around
a
 

 

Table 7. Cys 46 and 165 of AhpC were both required for resistance to EDDA 

chelation. 

a 
Data are expressed as the diameter of the growth zone around each iron source ± 1 

standard deviation and are the means of at least three independent experiments. 
**

: 

P<0.01 by Student’s t- test compared to wild type. 

b
 the wild type and the mutant were tested with 0.8 mg/ml EDDA and 50 µg/ml 

ampicillin, 1.6 X 10
3
 cells/ml were seeded.  

c
 E. coli: 5 µl of 10

9 
cells/ml BW25113 as a source of enterobactin and related catechols. 

d
 Fc: 5 µl of 0.8 mM ferrichrome. 

e
 Fe: 5 µl of 10 mM FeSO4. 

  

     Strain
b
 E. coli

c
 Fc

d
 Fe

e
 

WT/vector 28±3 10±1 29±2 

WT/pAhpC 30±2 10±1 29±2 

WT/ pAhpC_C46S 26±2  7±2 22±3 

WT/pAhpC_C165S 29±2  8±2 23±2 

ΔahpC/vector 14±2
**

  0
**

    0
**

 

ΔahpC/pAhpC 29±1  7±2 26±2 

ΔahpC/pAhpC_C46S  6±1
**

  0
**

  4±1
**

 

ΔahpC/pAhpC_C165S 24±2  0
**

  5±1
**
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Figure 13. Cys 46 and 165 of AhpC were both required for resistance to EDDA 

chelation. 

The strains used were: wild type (BW25113) carrying the empty vector (pWSK29), and 

ahpC (ML100) carrying the empty vector (pWSK29), ahpC (pAhpC), ahpC
C46S

 

(pAhpC
C46S

) or ahpC
C165S

 (pAhpC
C165S

). Optical densities (OD650) were measured after 8 

h growth in LB broth containing EDDA and ampicillin. Data presented are the means of 

at least three independent experiments, and error bars represent 1 standard deviation. 
**

: 

P<0.01 by Students t- test compared to wild type. 
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Figure 14. Cys 46 and 165 of AhpC did not show a dominant negative phenotype. 

The strains used were: wild type (BW25113) carrying the empty vector (pWSK29), ahpC 

(pAhpC), ahpC
C46S

 (pAhpC
C46S

) or ahpC
C165S 

(pAhpC
C165S

). Optical densities (OD650) 

were measured after 8 h growth in LB broth containing EDDA and ampicillin. Data 

presented are the means of at least three independent experiments, and error bars 

represent 1 standard deviation. 
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A. 

 

 

 

 

B. 
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Figure 15. AhpC cysteine mutations and AhpC* were synthesized at wild type or 

higher levels. 

A. Protein samples from equal numbers of cells (6 X 10
7
) grown to late stationary phase 

were separated on a 12% SDS-PAGE gel and visualized by Coomassie blue staining. 

AhpC is indicated by the arrow.  

B. Strains used were: wild type carrying the empty vector (BW25113/pWSK29), ahpC 

carrying the empty vector (ML100/pWSK29), and ahpC (ML100) carrying wild type 

ahpC (pAhpC), ahpC* (pAhpC*), ahpC
C46S

 (pAhpC
C46S

) or ahpC
C165S 

(pAhpC
C165S

). 

Cells were lysed in sample buffer and subjected to SDS-PAGE and Western 

immunoblotting with α-AhpC rabbit polyclonal primary antibody and horseradish 

peroxidase-conjugated goat anti-rabbit IgG secondary antibody.
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Enterobactin-mediated iron acquisition is the primary mechanism for E. coli to 

acquire ferric iron under iron-limiting conditions. To determine the effects of AhpC in the 

presence and absence of intrinsically produced enterobactin, the entF mutant, BW25113 

entF, which lacks the ability to synthesize enterobactin but can use externally provided 

enterobactin, was compared to an entF, ahpC double mutant in the EDDA sensitivity 

assay. The result showed that there was no significant difference in growth between the 

ahpC mutant and ahpC wild type in the entF genetic background (Fig. 16) and loss of 

enterobactin production abrogated the advantage of the AhpC
+
 strain in low iron. This 

suggests that AhpC may participate in enterobactin-mediated iron acquisition. 
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Figure 16. Loss of enterobactin production abrogated the advantage of the AhpC
+
 

strain in low iron. 

The strains used were: BW25113entF and BW25113entF, ahpC. Optical densities 

(OD650) were measured after 8 h growth in LB broth containing EDDA at indicated 

concentrations. Data presented are the means of at least three independent experiments, 

and error bars represent 1 standard deviation.   
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The Feo system is the major transporter for ferrous iron in E. coli. Previous result 

from the DIP sensitivity assay suggested that AhpC was not involved in ferrous iron 

acquisition. To confirm AhpC is not involved in ferrous iron acquisition, the ahpC 

deletion mutation was introduced into feoB and fepB genetic background and the 

resulting double mutants were tested in the iron metabolism assays. Deletion of feoB 

abolished the major ferrous iron transport system in E. coli and deletion of fepB abolished 

cells ability to transport Fe-Ent. The results from the bioassay showed that the ahpC, feoB 

double mutant had a reduced ability to use different iron sources compared to the feoB 

mutant alone while the ahpC, fepB mutant showed no difference compared to the fepB 

mutant alone (Table 8). Comparing to the feoB and fepB mutants respectively, the ahpC, 

feoB but not the ahpC, fepB mutant showed a reduced growth in the EDDA sensitivity 

assay and the reduced growth was restored to the ahpC
+
 level by addition of iron (Fig. 

17). These results and the fact that the ahpC, fepB mutant still possesses a functional 

ferrous iron transport system suggest that AhpC is not involved in ferrous iron 

acquisition. 

To determine if deletion of ahpC affected intracellular iron levels in the absence of 

either the functional enterobactin transport system or the functional ferrous iron transport 

system, expression of the ryhB-lacZ promoter was used to determine the intracellular iron 

available to Fur in the ahpC, feoB and ahpC, fepB mutants compared to feoB and fepB 

mutants, when grown in medium containing EDDA. The results showed that deletion of 

ahpC in the feoB but not in the fepB genetic background showed a significant increase in 

beta-glycosidase activity (Fig. 18), indicating a reduction of available iron to Fur in the 

ahpC, feoB mutant compared to the feoB mutant upon iron starvation. The result that no 

difference in intracellular iron levels was found between the ahpC, fepB and fepB mutants 

supports that AhpC is not involved in ferrous iron acquisition. The difference in 
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sensitivity to EDDA between the fepB mutant and feoB mutant supports the idea that 

enterobactin-mediated iron acquisition system is the major system for the cells to get iron 

under iron-limiting condition and disruption of the system makes the cells more sensitive 

to chelation by EDDA. This result and the result of Figure 16 also suggest that a 

functional enterobactin-mediated iron acquisition system is required for the participation 

of AhpC in cellular iron metabolism.  
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                       Diameter of the growth zone (mm) around
a
 

 

 

                        Diameter of the growth zone (mm) around
f
 

     Strain
g
 E.coli Fc Fe

h
 

ΔfepB 0 23±2 21±3 

ΔahpCΔfepB 0 25±2 15±2 

 

Table 8. AhpC did not participate in Feo-mediated ferrous iron acquisition. 

a 
Data are expressed as the diameter of the growth zone around each iron source ± 1 

standard deviation and are the means of at least three independent experiments. 
**

: 

P<0.01 by Student’s t- test compared to wild type feoB. 

b
 the mutants were tested with 0.8 mg/ml EDDA and 1.6 X 10

3
 cells/ml were seeded.  

c
 E. coli: 5 µl of 10

9 
cells/ml BW25113 as a source of enterobactin and related catechols. 

d
 Fc: 5 µl of 0.8 mM ferrichrome. 

e
 Fe: 5 µl of 10 mM FeSO4. 

f
 Data are expressed as the diameter of the growth zone around each iron source ± 1 

standard deviation and are the means of at least three independent experiments. 

g
 the mutants were tested with 0.2 mg/ml EDDA and 4.8 X 10

3
 cells/ml were seeded. 

h
 Fe: 5 µl of 25 mM FeSO4. 

  

    Strain
b
 E.coli

c
 Fc

d
 Fe

e
 

ΔfeoB  26±2 11±1 11±2 

ΔahpC ΔfeoB  15±2
**

  0
**

  0
**
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C.    

      

Figure 17. AhpC did not participate in Feo-mediated ferrous iron acquisition. 

Strains used were: wild type (BW25113), ahpC (ML100), fepB (BW25113fepB), ahpC, 

fepB (ML500), feoB (BW25113feoB), and ahpC, feoB (ML400). Optical densities 

(OD650) were measured after 8 h growth in LB broth containing EDDA at the indicated 

concentrations. Iron was added at the final concentration of 100 µM where indicated. One 

representative experiment was shown for each assay.  
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Figure 18. ahpC, feoB but not ahpC, fepB showed a lower level of internal iron 

available to Fur upon iron starvation. 

Strains used were: fepB (BW25113fepB), ahpC, fepB (ML500), feoB (BW25113feoB), 

and ahpC, feoB (ML400), all of which carried the ryhB-lacZ fusion (pAML23). Strains 

were grown to early stationary phase in LB broth containing the indicated concentrations 

of EDDA, and β-galactosidase activity was measured. Data are expressed as Miller units 

± 1 standard deviation and are the means of at least three independent experiments.  

A. **: P<0.01 and *: P<0.05, determined by Student’s t-test compared to BW25113 feoB.  
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In addition to playing a specific role in enterobactin-mediated iron acquisition, AhpC 

may also have a general role in cellular iron metabolism. To test this, the entF and ahpC, 

entF mutants were tested with the bioassay. The results showed that the ahpC, entF 

double mutant showed no difference in using different iron sources in a bioassay 

compared to the entF mutant alone (Table 9). Providing the entF and ahpC, entF mutants 

with a S. flexneri cosmid pKLS971 (94), which carried the S. flexneri iuc operon, allowed 

the mutants to synthesize and use aerobactin. Both the entF and ahpC, entF mutants 

carrying the cosmid were tested in the bioassay. The result showed that, in the entF 

genetic background, deletion of ahpC showed no reduced ability to use aerobactin. These 

results suggest that AhpC does not have a general role in iron metabolism and 

participation of AhpC in cellular iron metabolism requires a functional enterobactin-

mediated iron acquisition system. 

AhpC could play a role either in synthesis of enterobactin or in transport and use of 

the ferri-siderophore. To determine whether the deletion of ahpC affected the production 

of enterobactin, the wild type and ahpC mutant were tested in an Arnow assay to 

determine the extracellular catechol concentrations under iron-limiting conditions. The 

result showed that the ahpC mutant produced significantly less catechols than the wild 

type, and the difference is significant when the cells reached late stationary phase (Table 

10). This result suggests that AhpC participates in enterobactin biosynthesis or secretion. 

The Arnow assay of the ahpC mutant detects total catechols including enterobactin 

and some of its precursors and breakdown products. To confirm there was a reduction in 

production of enterobactin in the ahpC mutant, the same samples from the Arnow assays 

of the wild type and ahpC mutant were tested with LC-MS. Supernatants of the wild type 

strain showed a peak at 29 minutes, the expected retention time for enterobactin, whereas 

the ahpC mutant did not have a corresponding peak (Fig. 19A). The fraction containing 
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the peak from the wild type strain was further analyzed by MS. The m/z ratio matched 

enterobactin (Fig. 19B). This result confirms that deletion of ahpC leads to reduced 

production of enterobactin under iron-limiting conditions, indicating AhpC being 

required for wild type enterobactin biosynthesis or secretion.  
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Figure 19. The ahpC mutant produced less enterobactin than the wild type. 

A. C18 chromatography of supernatants of the wild type (solid line) and the ahpC mutant 

(dotted line). 

B. Mass spectrometry of the fraction from the wild type strain containing the peak at 29 

min from LC. Enterobactin (molecular weight: 669.55 g/mol) is indicated.   



 76 

It has been previously shown that deletion of fepB or entF in the ahpC genetic 

background enabled the corresponding double mutants to behave similar to the fepB or 

entF single mutants under low iron conditions (Fig. 16 and 17A). However, both of the 

double mutants, ahpC, fepB and ahpC, entF, still showed significant lower extracellular 

catechols concentrations under iron-limiting conditions compared to fepB and entF 

respectively (Table 10).  

This result suggests that the functional enterobactin-mediated iron acquisition system 

is required for AhpC to participate in iron metabolism, and disruption of the enterobactin-

mediated iron acquisition system by disrupting either the enterobactin biosynthesis (entF) 

or Fe-Ent transport (fepB) ―suppresses‖ the ahpC’s low iron growth phenotype, even 

though in these genetic backgrounds the presence and absence of AhpC still show a 

significant difference in extracellular catechols concentrations. 

To confirm that the absence of AhpC and its important cysteine residues lead to a 

reduction in the extracellular catechols, cysteine mutants of AhpC and other mutants 

containing the deletion of ahpC were also tested in the Arnow assay. The results 

confirmed that reduction of extracellular catechols correlated with the absence of AhpC 

or mutation of its functional cysteine residues (Table 10).  
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                      Diameter of the growth zone (mm) around
a 

 

Table 9. AhpC participated in enterobactin metabolism. 

a 
Data are expressed as the diameter of the growth zone around each iron source ± 1 

standard deviation and are the means of at least three independent experiments.  

b
 the mutants were tested with 0.2 mg/ml EDDA and 4.8 X 10

3
 cells/ml were seeded.  

c
 E. coli: 5 µl of 10

9 
cells/ml BW25113 as a source of enterobactin and related catechols. 

d
 Fc: 5 µl of 0.8 mM ferrichrome. 

e
 Fe: 5 µl of 25 mM FeSO4. 

f
 Ent: 5 µl of 10 µM purified enterobactin. 

g
 S. flexneri: 5 µl of 10

9 
cells/ml SM100 as the aerobactin source. Strains tested in the 

plates were entF and ahpC, entF both carrying the aerobactin cosmid (pKLS971). 

  

    Strain
b
 E. coli

c
 Fc

d
 Fe

e
 Ent

f
 S. flexneri

g
 

ΔentF 32±2 22±2 15±1 20±1 24±2 

ΔahpCΔentF 31±2 22±2 13±2 20±1 24±2 
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             Strain Arnow units 

WT  35±6 

ΔahpC  12±5 ** 

ΔentF 183±66 

ΔahpCΔentF 100±29 * 

  

ΔfeoB   53±15 

ΔahpC ΔfeoB   30±11* 

ΔfepB 159±27 

ΔahpC ΔfepB 112±13* 

  

WT/ pAhpC_C46S  22±6 

ΔahpC/pAhpC_C46S   5±4* 

WT/pAhpC_C165S  18±7 

ΔahpC/pAhpC_C165S   9±5* 

 

Table 10. Deletion of ahpC resulted in reduced catechol production. 

Culture supernatant from bacteria grown to late stationary phase (24 h) in minimal 

medium was assayed by the method of Arnow (2) to determine the catechol 

concentration. Data presented are the averages of at least three independent experiments, 

and error bars represent 1 standard deviation. 
**

: P<0.01 by Student’s t- test, *: P<0.05 by 

Student’s t- test. Strains containing the ahpC deletion were compared to the isogenic 

parental strains. 
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The fact that the wild type and ahpC mutant had similar level of total cellular iron in 

rich medium suggests that AhpC is not involved in iron transport or utilization. To 

confirm that deletion of ahpC did not lead to a less efficient transport or use of the ferri-

siderophore, a competition assay was used. If the defect of the ahpC mutant is in 

transport or utilization of enterobactin, the ahpC mutant should be outcompeted by wild 

type in a competition, even though both strains have equal access to the pool of secreted 

siderophore. To test this, equal numbers of the wild type and ahpC mutant were 

inoculated together or grown separately in T medium, and their growth was monitored. 

The result showed that the wild type and ahpC strains reached the same final density 

when mixed, whereas the ahpC mutant showed a reduced growth compared to the wild 

type when grown separately (Fig. 20). This indicates that the impaired growth in the 

ahpC mutant in low iron is not due to a defect in enterobactin uptake or utilization. 
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Figure 20. The ahpC mutant competed equally well with the wild type in vitro. 

The wild type (BW25113) and ahpC (ML100) strains were grown in a 1:1 mix (A) or 

separately (B) in T medium, and the numbers of each strain were determined by dilution 

and plating at the indicated times. Data presented are the means of three measurements 

and the significance was determined by Student’s t-test. **: p<0.01 compared to wild 

type. 
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Enterobactin utilization involves release of iron from enterobactin, which requires the 

action of the esterase Fes (14) and the reductase YqjH (8, 69). Compared to wild type, 

deletion of yqjH alone showed a mild reduction in growth under iron-limiting conditions 

(69), while in the entF genetic background, the fes, yqjH double mutant showed 

significantly reduced ability to use provided iron sources in the bioassay compare to the 

fes mutant (Elizabeth E. Wyckoff, unpublished data). To confirm AhpC is not involved in 

enterobactin utilization, the ahpC, fes double mutant and the fes mutant were tested in the 

EDDA sensitivity assay. If AhpC is involved in enterobactin utilization, an ahpC, fes 

double mutant should show a further reduced growth in the presence of EDDA. 

The result of the EDDA sensitivity assay showed that there was no difference 

between the two strains in all EDDA concentrations tested (Fig. 21). The result confirms 

that AhpC’s role in cellular iron metabolism is not in enterobactin mediated iron uptake 

and utilization.  
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Figure 21. AhpC was not involved in enterobactin utilization. 

Strains used were: fes (BW25113fes) and ahpC, fes (ML200). The strains were grown in 

LB broth containing EDDA for 8 h, and optical densities (OD650) were measured. Data 

presented are the means of at least three independent experiments, and error bars 

represent 1 standard deviation.  
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Previous results suggest that AhpC participates in enterobactin biosynthesis or 

secretion. Enterobactin biosynthesis in E. coli can be divided into two main stages: the 

early steps synthesize 2,3-dihydroxybenzoic acid (DHB), and later reactions produce 

enterobactin from DHB and serine (Illustration 1). The amount of DHB produced can be 

assessed by the Arnow assay using a strain blocked in the conversion of DHB to 

enterobactin (i.e., an entF mutant). Previous results of the Arnow assay showed a 

significant reduction in catechols secreted by the ahpC, entF double mutant compared to 

the entF strain when grown in T medium (Table 10), suggesting AhpC is involved in 

DHB production. The intermediate product DHB was then tested for its ability to 

suppress the increased EDDA sensitivity of the ahpC mutant. The result from the EDDA 

sensitivity assay showed that addition of DHB was able to restore wild type growth of the 

ahpC mutant in the presence of EDDA (Fig. 22). This supports that AhpC participates in 

the early stage of enterobactin biosynthesis. 
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Figure 22. Addition of DHB suppressed the increased EDDA sensitivity of the ahpC 

mutant.  

The strains used were the wild type (BW25113) and ahpC (ML100). The strains were 

grown in LB broth containing EDDA with or without 1 mM DHB for 8 h, and optical 

densities (OD650) were measured. Data presented are the means of at least three 

independent experiments, and error bars represent 1 standard deviation. **: P<0.01, 

determined by Student’s t-test compared to wild type.  
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Serine is the substrate for EntF in the late stage of enterobactin biosynthesis. Addition 

of extra serine was shown to increase enterobactin production (98). Since serine is only 

known to be involved in the late stage of enterobactin biosynthesis, it is likely that 

addition of serine only benefits the late stage of enterobactin biosynthesis. To determine 

if the benefit of addition of serine can suppress the mutant phenotype in the ahpC mutant, 

the wild type and ahpC mutant were tested in iron metabolism assays without and with 

serine. Addition of serine did not restore the growth of the ahpC mutant in the EDDA 

sensitivity assay (Fig. 23), nor did it restore the ability of the ahpC mutant to use 

provided iron sources in a bioassay (Table 11). These results support that AhpC does not 

participate in the late stage of enterobactin biosynthesis.  
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A. 

                       Diameter of the growth zone (mm) around
a
 

 

B. 

                       Diameter of the growth zone (mm) around
a
 

      Strain
f
 E. coli Fc Fe 

WT 30±3 26±2 32±2 

ΔahpC 21±2
*
 10±1

**
 20±2

**
 

WT + Ser 31±2 29±2 35±2 

ΔahpC+ Ser 21±1
**

  8±1
**

 22±2
**

 

 

Table 11. Addition of serine did not suppress ahpC’s mutant phenotype in the 

bioassay. 

a 
Data are expressed as the diameter of the growth zone around each iron source ± 1 

standard deviation and are the means of at least three independent experiments. 
**

: 

P<0.01, 
*
: P<0.05 by Student’s t- test compared to wild type. 

b
 the mutants were tested with 0.8 mg/ml EDDA and 30 mM serine, 1.6 X 10

3
 cells/ml 

were seeded.  

c
 E. coli: 5 µl of 10

9 
cells/ml BW25113 as a source of enterobactin and related catechols. 

d
 Fc: 5 µl of 0.8 mM ferrichrome. 

e
 Fe: 5 µl of 10 mM FeSO4. 

f
 the mutants were tested with 0.8 mg/ml EDDA and 15 mM serine, 1.6 X 10

3
 cells/ml 

were seeded. 

  

     Strain
b
 E. coli

c
 Fc

d
 Fe

e
 

WT 36±3 28±2 35±2 

ΔahpC 27±3
*
 10±2

**
 12±3

**
 

WT+ Ser 38±3 29±2 36±2 

ΔahpC+ Ser 31±2
*
 11±1

**
 16±2

**
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Figure 23. Addition of serine did not suppress ahpC’s reduced growth in the EDDA 

sensitivity assay. 

Strains used were: wild type (BW25113) and ahpC (ML100). The strains were grown in 

LB broth containing EDDA with or without 30 mM serine for 8 h, and optical densities 

(OD650) were measured. This is a representative of two repeats.  
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The early stage of enterobactin biosynthesis is composed of three enzymatic reactions 

including converting chorismate to isochorismate by the isochorismate synthase EntC, 

converting isochorismate to 2,3-dihydro-2,3-dihydroxybenzoate by the isochorismatase 

EntB and converting 2,3-dihydro-2,3-dihydroxybenzoate to DHB by the 2,3-dihydro-2,3-

dihydroxybenzoate dehydrogenase EntA (Illustration 1). To determine which reaction is 

impaired in the ahpC mutant, plasmids carrying various combinations of each genes were 

tested for the ability to suppress the increased EDDA sensitivity in the ahpC mutant using 

the EDDA sensitivity assay. As a negative control and to confirm that AhpC was not 

involved in the late stage of enterobactin biosynthesis, the plasmid carrying entF, which 

participated in the conversion of DHB to enterobactin, was included. The result showed 

that the plasmid carrying entF could not suppress the increased EDDA sensitivity in the 

ahpC mutant, while a plasmid carrying the entABC genes suppressed the increased 

EDDA sensitivity in the ahpC mutant (Fig. 24AB).  

The result of the EDDA sensitivity assay also showed that a plasmid carrying only the 

entC gene was able to suppress the increased EDDA sensitivity in the ahpC mutant, 

while a plasmid carrying entAB failed to do so (Fig. 24CD). Thus, enhanced expression 

of entC was sufficient to suppress the effect of the ahpC mutation. The plasmids pEntF 

and pEntBA were tested with the CAS assay to determine if they could complement 

deletion of entF and entB respectively to exclude the possibility that these genes are not 

functionally expressed. The result showed that the plasmids complemented entF and entB 

respectively in the CAS assay (Fig. 25), suggesting failure to suppress the ahpC mutant 

was not due to lack of expression of the protein(s) from the plasmids.  

Surprisingly, in the bioassay, plasmids carrying either entC or entCBA were not able 

to fully restore the ability of the ahpC mutant to use different iron sources (Table 12). 
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This could be due to differences in assay sensitivity where the bioassay may be less 

sensitive in reflecting suppression compared to the EDDA sensitivity assay.   

The result of the Arnow assay showed that the ahpC mutant carrying the plasmid 

containing either entCBA or entC had wild type level of extracellular catechols under 

iron-limiting conditions, while the ahpC mutant carrying either entF or entBA still had a 

significant reduction in extracellular catechols compared to wild type carrying the 

corresponding plasmid (Table 13).  

The result of the Arnow assay (Table 13) and the result of the EDDA sensitivity assay 

(Fig. 24) indicate that the ability of suppression correlates with the ability to restore wild 

type level of catechol production. Since EntC is the first enzyme in the enterobactin 

biosynthesis pathway, the fact that the plasmid carrying entC only is able to suppress 

ahpC’s mutant phenotype suggests that AhpC is involved in the first step of enterobactin 

biosynthesis. Hence, the role of AhpC in enterobactin biosynthesis is either to increase 

expression of entC, to enhance EntC activity or to increase the availability of EntC 

substrate. 
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C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Extra copies of entC suppressed the increased EDDA sensitivity of the 

ahpC mutant. 

The strains used were the wild type (BW25113) and ahpC (ML100), carrying the empty 

vector (pWSK29), the entCEBA genes (pEnt1), the entF gene (pJS4700), the entC gene 
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(pEnt2) and the entEBA genes (pCP410). The strains were grown in LB broth containing 

EDDA and appropriate antibiotics for 8 h, and optical densities (OD650) were measured. 

Data presented are the means of at least three independent experiments, and error bars 

represent 1 standard deviation. **: P<0.01, determined by Student’s t-test compared to 

wild type.  
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Figure 25. pEntF and pEntBA complemented entF and entB respectively. 

Bacterial from overnight cultures were streaked on Chrome Azurol S (CAS) plate and 

incubated at 37 °C for 24 h. Siderophore producing strains showed a color change upon 

obtaining iron from the plates.  

Strains used were: 

1: BW25113entF/pWSK29 

2:BW25113entF/pEntF 

3: BW25113entB/pWSK29 

4:BW25113entB/pEntBA 
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                       Diameter of the growth zone (mm) around
a
 

  

Table 12. entC did not suppress the increased EDDA sensitivity of the ahpC mutant 

in the bioassay. 

a 
Data are expressed as the diameter of the growth zone around each iron source ± 1 

standard deviation and are the means of at least three independent experiments. 
**

: 

P<0.01, 
*
: P<0.05 by Student’s t- test compared to wild type. 

b
 the strains were tested with 0.8 mg/ml EDDA and appropriate antibiotics, 1.6 X 10

3
 

cells/ml were seeded.  

c
 E. coli: 5 µl of 10

9 
cells/ml BW25113 as a source of enterobactin and related catechols. 

d
 Fc: 5 µl of 0.8 mM ferrichrome. 

e
 Fe: 5 µl of 10 mM FeSO4. 

  

     Strain
b
 E. coli

c
 Fc

d
 Fe

e
 

WT/vector 28±3 10±1 29±2 

ΔahpC/vector 14±2
**

 0
**

 0
**

 

WT/pEntCEBA 32±5 14±2 30±1 

ΔahpC/pEntCEBA 22±8 0
**

 0
**

 

WT/pEntF 29±3 15±4 26±7 

ΔahpC/pEntF 21±3
*
 6±4

*
 8±6

*
 

WT/pEntC 30±2 10±1 27±1 

ΔahpC/pEntC 14±2
**

 0
**

 0
**

 

WT/pEntEBA 18±2 10±1 1±2 

ΔahpC/pEntEBA 2±3
**

 0
**

 4±3 
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       Strain Arnow units Able to suppress the 

increase EDDA 

sensitivity? 

WT/pEntCEBA 326±37  

ΔahpC/pEntCEBA 428±87 yes 

WT/pEntF 74±10  

ΔahpC/pEntF 40±7* no 

WT/pEntC 125±40  

ΔahpC/pEntC 138±9 yes 

WT/pEntEBA 18±5  

ΔahpC/pEntEBA 7±3* no 

 

Table 13. The ability to suppress the increased EDDA sensitivity correlated with the 

ability to restore wild type level of catechol production. 

Culture supernatant from bacteria grown to late stationary phase (24 h) in minimal 

medium was assayed by the method of Arnow (2) to determine the catechol 

concentration. Data presented are the averages of at least three independent experiments, 

and error bars represent 1 standard deviation. *: P<0.05, determined by Student’s t-test 

compared to wild type. 
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The result that additional copies of entC alleviated the poor growth of the ahpC 

mutant in the EDDA sensitivity assay could indicate reduced expression EntC in the 

mutant. To determine whether AhpC affected the transcription of entC, real-time RT-

PCR was performed to measure entC mRNA levels in the presence or absence of AhpC. 

There was no significant difference at the entC transcription level in the presence or 

absence of AhpC under iron-limiting conditions. The relative expression of entC in the 

ahpC mutant was 1.05±0.63, P=0.87 compared to wild type by Student’s t-test. Thus, 

AhpC was not involved in regulation of entC expression.  

The result that additional copies of entC alleviated the poor growth of the ahpC 

mutant in the EDDA sensitivity assay could indicate reduced availability of EntC’s 

substrate in the mutant. If EntC’s substrate chorismate is reduced in the ahpC mutant, 

increasing the concentration of its substrate chorismate or the chorismate precursor 

shikimate might increase enterobactin production and alleviate iron starvation. Since 

chorismate is a very unstable metabolite, I used shikimate in the EDDA sensitivity assay. 

The result showed that addition of shikimate was able to suppress the growth defect of 

the ahpC mutant in the EDDA sensitivity assay (Fig. 26). This result supports the model 

that AhpC participates in enterobactin biosynthesis at the first step catalyzed by EntC 

through manipulating the availability of its substrate chorismate. 
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Figure 26. Addition of shikimate suppressed the increased EDDA sensitivity of the 

ahpC mutant. 

Strains used were: wild type (BW25113) and ahpC (ML100). The strains were grown in 

LB broth containing EDDA with or without 200 µM shikimate for 8 h, and optical 

densities (OD650) were measured. Data presented are the means of at least three 

independent experiments, and error bars represent 1 standard deviation. **: P<0.01, 

determined by Student’s t-test compared to wild type. 
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Providing extra copies of entC suppressed the increased EDDA sensitivity in the 

ahpC mutant grown in rich medium containing EDDA and increased the level of 

extracellular catechols to wild type levels. However, the ahpC mutant carrying entC on a 

plasmid still showed reduced growth in T medium compared to the wild type carrying 

entC on a plasmid (Fig. 27A). During growth in minimal medium, EntC may be 

competing with other enzymes in the shikimic acid pathway for the essential metabolite 

chorismate. To determine whether the reduced synthesis of enterobactin could be 

alleviated by reducing competition for chorismate, a mixture of the aromatic amino acids 

and PABA, all of which are synthesized from chorismate, was added to T medium. 

Adding the mixture enabled both the ahpC mutant and the ahpC mutant carrying entC on 

a plasmid to grow to the wild type level in T medium (Fig 27BC). Addition of the 

mixture also enabled the ahpC mutant to produce a comparable level of extracellular 

catechols compared to the wild type with addition of the mixture (Table 14).  

It is also interesting to note that none of the supplements was able to restore wild type 

growth in the ahpC mutant when added individually in minimal medium, suggesting that 

multiple enzymes are competing with EntC for access to chorismate. These results 

support the model that AhpC participates in DHB synthesis through increasing the access 

of EntC to its precursor chorismate or maintaining the availability of chorismate for 

EntC.   
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Figure 27. Supplying a mixture of aromatic amino acids and PABA but not each 

individual component restored wild type growth of the ahpC mutant in 

T medium.  

A-C: Strains were grown in T medium and growth was monitored by measuring the 

optical density at 650 nm over 14 hours. Data presented are the means of at least three 

independent experiments, and error bars represent 1 standard deviation. 

A. The strains used were: wild type (BW25113) and ahpC (ML100), carrying entC 

(pEnt2). **: P<0.01, determined by Student’s t-test compared to wild type.  

B. The strains used were: wild type (BW25113) and ahpC (ML100). T medium was 

supplemented with a mixture of aromatic amino acids and para-amino benzoate. 

C. The strains used were: wild type (BW25113) and ahpC (ML100), carrying entC 

(pEnt2). T medium was supplemented with a mixture of aromatic amino acids and para-

amino benzoate. 

D. The strains used were: wild type (BW25113) and ahpC (ML100). T medium was 

supplemented with each of the mixture of PABA, Trp, Tyr, and Phe and growth was 

monitored by measuring the OD650 over 24 hours. A representative experiment was 

shown. 
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 Arnow units 

WT + supplement 151±34 

ΔahpC + supplement 221±12 

WT/pEntC + supplement 245±25 

ΔahpC/pEntC+ supplement 254±20 
 

Table 14. Addition of PABA and aromatic amino acids restored wild type 

production of catechols. 

Culture supernatant from bacteria grown to late stationary phase (24 h) in minimal 

medium was assayed by the method of Arnow (2) to determine the catechol 

concentration. Data presented are the averages of at least three independent experiments, 

and error bars represent 1 standard deviation.   
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Glutathione is a common cellular reducing agent that is involved in multiple cellular 

processes such as zinc and copper homeostasis and resistance (42). It has also been 

shown that glutathione is a key component of the cytoplasmic labile iron pool and 

possesses a buffering role for cytoplasmic ferrous iron (43). Thus, glutathione could be 

also involved in cellular iron metabolism. 

Since AhpC is a peroxiredoxin that possesses the disulfide reduction ability, and both 

of its reactive cysteines are important for its participation in cellular iron metabolism, it is 

possible that providing the ahpC mutant with another reducing agent such as glutathione 

might suppress the mutant’s low iron growth phenotype. To test this, 5 mM reduced 

glutathione was added to the medium in the iron metabolism assays. The results showed 

that addition of glutathione was able to suppress the reduced ability of the ahpC mutant 

to use provided iron sources in the bioassay (Table 15) but did not suppress the defect of 

the ahpC mutant in either the EDDA sensitivity assay (Fig. 28) or the Arnow assay. The 

wild type supplemented with glutathione still had a significantly higher amount of 

extracellular catechols than the ahpC mutant supplemented with glutathione, 46±6 and 

15±3 Arnow units respectively. The results suggest that exogenous glutathione can 

suppress the loss of AhpC under certain conditions, but the suppression is not via 

increasing production of catechols.  

Deletion of gshA should block the biosynthesis of glutathione while gshA expressed 

from the plasmid should also change intracellular glutathione levels. However, neither a 

gshA mutant nor a strain carrying gshA on the plasmid showed any difference in iron 

metabolism assays compared to wild type (Table 16, Fig. 29), suggesting intrinsic 

glutathione levels were not important to benefit cells under iron-limiting conditions. 

To determine if the suppression by addition of glutathione in the bioassay was due to 

reduction of ferric iron in the medium, a feoB mutant was introduced in the ahpC and 
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wild type genetic background. If the ability of glutathione to suppress is due to reduction 

of external ferric iron to ferrous iron, which will be transported via the Feo-mediated 

ferrous transport system, the ahpC, feoB double mutant should abolish such suppression 

by glutathione. The result showed that the ahpC, feoB double mutant still showed 

restored ability to use provided iron sources with addition of glutathione in the bioassay 

compared to the feoB mutant (Table 17). This indicates that the mechanism for addition 

of glutathione to suppress the loss of AhpC is not through reducing ferric iron to make it 

more soluble and hence available for the cells. Thus, glutathione itself could be an iron 

carrier. 

To test if the ability of glutathione to suppress the ahpC’s mutant phenotype in the 

bioassay was due to the glutathione acting as an iron carrier, the S. flexneri strain SM193 

was used and tested in the bioassay in the presence and absence of glutathione. This 

strain has mutations in each of its iron transport systems: aerobactin biosynthesis, and 

both ferrous iron transporters Sit and Feo. Thus, the strain grows poorly, even in LB 

broth, in the absence of a usable siderophore. The addition of glutathione to the bioassay 

medium increased the ability of the bacteria to use iron (Table 18). This suggests that 

glutathione could be an iron carrier, but a high concentration of iron was required, 

suggesting that it does not have a high affinity for free iron. Iron concentration is 

estimated to be at low µM range in LB. Hence, in the EDDA sensitivity assay, this 

relatively low concentration of iron may prevent the suppression by glutathione from 

happening.   
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                 Diameter of the growth zone (mm) around
a
 

 

Table 15. Glutathione suppressed increased EDDA sensitivity of the ahpC mutant in 

the bioassay. 

a 
Data are expressed as the diameter of the growth zone around each iron source ± 1 

standard deviation and are the means of at least three independent experiments. *: P<0.05 

and
 **

: P<0.01 by Student’s t- test compared to wild type. 

b
 the strains were tested with 0.8 mg/ml EDDA, 1.6 X 10

3
 cells/ml were seeded.  

c
 E. coli: 5 µl of 10

9 
cells/ml BW25113 as a source of enterobactin and related catechols. 

d
 Fc: 5 µl of 0.8 mM ferrichrome. 

e
 Fe: 5 µl of 10 mM FeSO4. 

  

    Strain
b
 E. coli

c
 Fc

d
 Fe

e
 

WT 29±4 14±3 21±2 

ΔahpC 18±4
*
 3±3

**
 2±2

**
 

WT + glutathione 27±1 20±3 21±2 

ΔahpC+ glutathione 26±2 23±1 25±1 
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                     Diameter of the growth zone (mm) around
a
 

    Strain
b
 E. coli

c
 Fc

d
 Fe

e
 

WT 30±2 25±3 14±2 

ΔgshA 27±4 24±3 14±1 

ΔgshA/pGshA 29±3 25±3 18±3 

 

Table 16. Glutathione levels were not involved in increased sensitivity to EDDA. 

a 
Data are expressed as the diameter of the growth zone around each iron source ± 1 

standard deviation and are the means of at least three independent experiments.  

b
 the strains were tested with 0.8 mg/ml EDDA, 1.6 X 10

3
 cells/ml were seeded.  

c
 E. coli: 5 µl of 10

9 
cells/ml BW25113 as a source of enterobactin and related catechols. 

d
 Fc: 5 µl of 0.8 mM ferrichrome. 

e
 Fe: 5 µl of 10 mM FeSO4. 
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Figure 28. Glutathione did not suppress increased EDDA sensitivity of the ahpC 

mutant in the EDDA sensitivity assay. 

Strains used were: wild type (BW25113), and ahpC (ML100). The strains were grown in 

LB broth containing EDDA with or without 5 mM reduced glutathione for 8 h at 37 °C, 

and optical densities (OD650) were measured. A representative experiment was shown. 
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Figure 29. Glutathione levels were not involved in increased sensitivity to EDDA. 

Strains used were: wild type (BW25113), ahpC (ML100), and gshA (BW25113gshA). 

The strains were grown in LB broth containing EDDA for 8 h, and optical densities 

(OD650) were measured. A representative experiment was shown. 
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                      Diameter of the growth zone (mm) around
a
 

  

Table 17. Glutathione’s suppression ability was not dependent on FeoB. 

a 
Data are expressed as the diameter of the growth zone around each iron source ± 1 

standard deviation and are the means of at least three repeats. 
**

: P<0.01 by Student’s t- 

test compared to wild type. 

b
 the strains were tested with 0.8 mg/ml EDDA, 1.6 X 10

3
 cells/ml were seeded.  

c
 E. coli: 5 µl of 10

9 
cells/ml BW25113 as a source of enterobactin and related catechols. 

d
 Fc: 5 µl of 0.8 mM ferrichrome. 

e
 Fe: 5 µl of 10 mM FeSO4. 

 

  

     Strain
b
 E. coli

c
 Fc

d
 Fe

e
 

WT 20±2 9±1 13±2 

ΔahpC 10±1
**

 0
**

 0
**

 

ΔfeoB 22±2 8±1 14±2 

ΔahpC ΔfeoB 13±2
**

 0
**

 0
**

 

WT + glutathione 27±2 15±2 20±2 

ΔahpC+ glutathione 23±3 12±2 18±2 

ΔfeoB+ glutathione 27±1 18±1 21±2 

ΔahpC ΔfeoB+ glutathione 28±1 23±1 24±1 
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Table 18. Glutathione increased the ability of SM193 to obtain iron.  

2 X 10
4
 cells of SM193 were mixed with 25 ml melted LB agar with or without 5 mM 

reduced glutathione. 5 µl of different concentrations of FeSO4 were spotted.  

a
: After 24 h incubation at 37 °C, the zone of growth around each concentration of FeSO4 

was measured. Data are the means of three independent experiments and expressed as the 

diameter of the growth zone in mm ± 1 standard deviation. 
**

: P<0.01 by Student’s t- test 

compared to SM193 without glutathione. 

 

  

 without glutathione with glutathione 

25 mM FeSO4 14±2
a
 20±1

**
 

10 mM FeSO4 13±2 15±1 

1 mM FeSO4 0 0 
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2. Role of AhpF in cellular iron metabolism in E. coli 

 

2.1 PHENOTYPES OF THE REDUCTASE MUTANTS 

AhpF recycles AhpC at the expense of NADH. To determine if the ahpF deletion 

shows a phenotype comparable to that of the ahpC deletion in iron metabolism assays, an 

ahpF mutant was constructed and compared to the wild type strain. The result of the 

bioassay showed that the ahpF mutant had a reduced ability to use different iron sources 

(Table 19), but the level of reduction is not as great as the ahpC mutant. In contrast, there 

was no difference between the ahpF mutant and the wild type in the EDDA sensitivity 

assay (Fig. 30). These results suggest that AhpF may play a role in cellular iron 

metabolism, but its role is less critical, possibly due to the presence of other reductases 

that can functionally replace AhpF in recycling AhpC.  

It has been shown that AhpC could be recycled by a TrxB like protein in Clostridium 

pasteurianum (89). Moreover, attachment of the N-terminal domain of Salmonella 

typhimurium AhpF to Escherichia coli TrxB confers the ability to reduce AhpC (88). 

Thus, in the absence of AhpF, AhpC may be recycled by TrxB. Since both Gor and TrxB 

have a redundant role in keeping the cytoplasm in a reduced state and both of them are 

members of the flavoprotein disulfide oxidoreductase family (16), it is possible that Gor 

is also able to recycle AhpC. Therefore, to determine the role of AhpC recycling 

protein(s) in cellular iron metabolism, the double mutants ahpF, gor and ahpF, trxB were 

constructed. Both double mutants showed wild type level of resistance to cumene 

hydroperoxide killing (Table 20). This indicates that both Gor and TrxB are able to 

recycle AhpC in the absence of AhpF. 
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                 Diameter of the growth zone (mm) around
a
 

 

Table 19. Deletion of ahpF showed a mild increased sensitivity to EDDA. 

a 
Data are expressed as the diameter of the growth zone around each iron source ± 1 

standard deviation and are the means of at least three independent experiments. 
**

: 

P<0.01 by Student’s t- test compared to wild type. 

b
 the strains were tested with 0.8 mg/ml EDDA, 1.6 X 10

3
 cells/ml were seeded.  

c
 E. coli: 5 µl of 10

9 
cells/ml BW25113 as a source of enterobactin and related catechols. 

d
 Fc: 5 µl of 0.8 mM ferrichrome. 

e
 Fe: 5 µl of 10 mM FeSO4. 

  

    Strain
b
 E. coli

c
 Fc

d
 Fe

e
 

WT 31±3 12±1 18±3 

ΔahpC 10±3
**

 0
**

 0
**

 

ΔahpF 25±4 4±1
**

 11±3 
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Figure 30. Deletion of ahpF showed no increased EDDA sensitivity in the EDDA 

sensitivity assay. 

Strains used were: wild type (BW25113), ahpC (ML100), and ahpF (BW25113ahpF). 

The strains were grown in LB broth containing EDDA for 8 h, and optical densities 

(OD650) were measured. Data presented are the means of at least three independent 

experiments, and error bars represent 1 standard deviation. **: P<0.01, determined by 

Student’s t-test compared to wild type. 
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Table 20. Both Gor and TrxB compensated for the loss of AhpF in peroxide 

sensitivity assay. 

Strains were mixed with top agar and plated, 10 µl of 5% cumene hydroperoxide was 

spotted and the zone of killing was measured after 24 h incubation at 37 °C. Data 

presented are the means of at least three independent experiments, and error bars 

represent 1 standard deviation. **: P<0.01, determined by Student’s t-test compared to 

wild type. 

 

  

Strain                     Cumene hydroperoxide killing (mm) 

WT 21±2 

ΔahpC 36±2 
**

 

ΔahpF 27±3 

ΔahpF Δgor 26±2 

ΔahpF ΔtrxB 25±2 
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To determine if Gor and TrxB have redundant role in cellular iron metabolism, the 

ahpF, gor and ahpF, trxB mutants were also tested in the iron metabolism assay. The 

result showed that the ahpF, trxB double mutant behaved identically to the ahpF mutant 

in the bioassay, whereas the ahpF, gor double mutant showed a reduced ability to use 

different iron sources comparable to that of the ahpC mutant (Table 21). By providing the 

ahpF, gor mutant the wild type gor gene on a plasmid, the strain now behaved identically 

to the ahpF mutant in the bioassay (Table 21). The result of the EDDA sensitivity assay 

showed that neither the ahpF nor the gor mutant showed an increased sensitivity to 

EDDA (Fig. 5 and 30), whereas the ahpF, gor double mutant showed an increased 

EDDA sensitivity compared to wild type (Fig. 31). However, the result of the Arnow 

assay showed that the ahpF mutant and the ahpF, gor double mutant all had a similar 

level of extracellular catechols produced under iron-limiting conditions, 33±5 and 26±5 

Arnow units respectively, and these numbers are not significantly different when 

compared to that of the wild type, 35±6 Arnow units. These results suggest that AhpF 

and Gor may have a redundant role in cellular iron metabolism that is not in enterobactin 

biosynthesis.  
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                 Diameter of the growth zone (mm) around
a
 

Table 21. Deletion of ahpF and gor resulted in increased EDDA sensitivity. 

a 
Data are expressed as the diameter of the growth zone around each iron source ± 1 

standard deviation and are the means of at least three independent experiments. 
**

: 

P<0.01 by Student’s t- test compared to wild type. 

b
 the strains were tested with 0.8 mg/ml EDDA, 1.6 X 10

3
 cells/ml were seeded.  

c
 E. coli: 5 µl of 10

9 
cells/ml BW25113 as a source of enterobactin and related catechols. 

d
 Fc: 5 µl of 0.8 mM ferrichrome. 

e
 Fe: 5 µl of 10 mM FeSO4. 

  

     Strain
b
 E. coli

c
 Fc

d
 Fe

e
 

WT 31±3 13±1 17±4 

ΔahpC 10±3
**

 0
**

 0
**

 

ΔahpF 24±4 4±1
**

 11±3 

ΔahpF Δgor 20±1
**

 0
**

 0
**

 

ΔahpF ΔtrxB 26±1 6±2
**

 11±2 

ΔahpF Δgor/pGor 27±1 5±1
**

 10±2 



 118 

 

 

 

 

 

Figure 31. Deletion of ahpF and gor resulted in increased EDDA sensitivity. 

Strains used were: wild type (BW25113) and ahpF, gor (ML700). The strains were 

grown in LB broth containing EDDA for 8 h, and optical densities (OD650) were 

measured. Data presented are the means of at least three independent experiments, and 

error bars represent 1 standard deviation. **: P<0.01, determined by Student’s t-test 

compared to wild type.  
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To determine if the mutant phenotype observed in the ahpF, gor double mutant was 

due to the disrupted glutathione pathway or the absence of the reductase Gor, the ahpF, 

gshA double mutant was constructed and tested in the bioassay. The result of the bioassay 

showed that the ahpF, gshA double mutant behaved similar to the ahpF mutant (Table 

22). Addition of glutathione was able to suppress the reduced ability to use different iron 

sources in the ahpC mutant in the bioassay; however, it failed to suppress the ahpF, gor 

mutant’s reduced ability to use different iron sources in the bioassay (Table 22). These 

results suggest that the role of Gor in cellular iron metabolism is not likely to rely on the 

entire glutathione pathway but rather to rely on the reductase itself. 
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A.                           Diameter of the growth zone (mm) around
a
  

 

 

B. 

                           Diameter of the growth zone (mm) around
a
  

        Strain
b
 E. coli Fc Fe 

WT 29±4 14±3 21±2 

ΔahpFΔgor 20±3
*
 0

**
 0

**
 

WT + glutathione 27±1 20±3 21±2 

ΔahpFΔgor + glutathione 22±1
**

 0
**

 3±3
**

 

 

Table 22. Gor but not the glutathione pathway was involved in cellular iron 

metabolism. 

a 
Data are expressed as the diameter of the growth zone around each iron source ± 1 

standard deviation and are the means of at least three independent experiments. 
**

: 

P<0.01, 
*
: P<0.05 by Student’s t- test compared to wild type. 

b
 the strains were tested with 0.8 mg/ml EDDA, 1.6 X 10

3
 cells/ml were seeded.  

c
 E. coli: 5 µl of 10

9 
cells/ml BW25113 as a source of enterobactin and related catechols. 

d
 Fc: 5 µl of 0.8 mM ferrichrome. 

e
 Fe: 5 µl of 10 mM FeSO4. 

  

    Strain
b
 E. coli

c
 Fc

d
 Fe

e
 

WT 27±1 12±1 17±1 

ΔahpF 24±4 4±1
**

 11±3 

ΔahpFΔgor 19±1
**

 0
**

 0
**

 

ΔahpFΔgshA 24±1 6±1
**

 7±3
**
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2.2 CHARACTERIZATION OF THE AHPF GOR MUTANT 

To confirm that the observed phenotype of the ahpF, gor double mutant is due to a 

lack of iron for the mutant, exogenous iron was added to the EDDA sensitivity assay. The 

result showed that addition of iron restored the growth of the ahpF, gor double mutant to 

the wild type level (Fig. 32). This confirms that AhpF and Gor play a role in cellular iron 

metabolism.  

The result of the Arnow assay showed that the ahpF, gor double mutant produced 

extracellular catechols in a comparable amount to the wild type under iron-limiting 

conditions, indicating that the defect was unlikely to be in enterobactin synthesis. To 

determine if the ahpF, gor mutant is participating in iron uptake or utilization, the ahpF, 

gor and the wild type were tested in an in vitro competition assay. The result showed that 

the ahpF, gor mutant had a significant disadvantage in competing with the wild type 

when growing under iron-limiting conditions, whereas it competed equally well with the 

wild type when growing under iron-rich conditions (Table 23). Since enterobactin-

mediated iron acquisition is the major way for the cells to obtain iron under iron-limiting 

conditions, this result suggests that the role of AhpF and Gor are likely in enterobactin 

uptake or utilization, and loss of both AhpF and Gor leads to a reduced efficiency for the 

mutant cells to grow under iron-limiting conditions.  
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Figure 32. Iron restored wild type growth of the ahpF, gor mutant in low iron 

medium. 

Strains used were: wild type (BW25113) and ahpF, gor (ML700). The strains were 

grown in LB broth containing EDDA with or without 100 µM FeSO4 for 8 h, and optical 

densities (OD650) were measured. Data presented are the means of at least three 

independent experiments, and error bars represent 1 standard deviation. **: P<0.01, 

determined by Student’s t-test compared to wild type.  
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          Growth condition Competitive index
a
 

LB 2±0.05
b
 

LB + EDDA 0.25±0.21** 

 

Table 23. ahpF, gor was less competitive in rich medium containing EDDA. 

Equal cfu of the wild type and ahpF, gor cells were mixed in LB broth with or without 

1.2 mg/ml EDDA and grown at 37 °C for 24 h, and the cfu of each strain was determined.  

a
: Competitive index = recovery of ahpF, gor in the mixture / recovery of wild type in the 

mixture 

b
: Data presented are the means of at least three independent experiments, and error bars 

represent 1 standard deviation. **: P<0.01, determined by Student’s t-test compared to 

LB.  
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3. Role of AhpC in cellular iron metabolism in S. flexneri 

S. flexneri and E. coli are genetically closely related. Unlike E. coli, S. flexneri does 

not have a functional EntC and hence is not able to produce enterobactin. To determine if 

AhpC is still participating in cellular iron metabolism of S. flexneri, the ahpC mutant was 

constructed in S. flexneri via allelic exchange and tested in the bioassay. The result 

showed that the S. flexneri ahpC mutant was not defective in using iron sources in the 

bioassay (Table 24). However, the ahpC mutant showed reduced growth compared to 

wild type when grown in T medium (Fig. 33). The reduced growth could be suppressed 

by addition of iron (Fig 33). These results suggest that, in S. flexneri, AhpC is involved in 

cellular iron metabolism and deletion of AhpC leads to iron starvation of the mutant.   

It has been shown that insertional deactivation of AhpC resulted in attenuation of 

virulence in Salmonella typhimurium (113). Deletion of ahpC in Vibrio vulnificus also 

resulted in reduced virulence in a mouse model (4). To determine if AhpC has a role in 

pathogenesis of S. flexneri, the ahpC mutant was tested in the plaque assay. The plaque 

assay uses epithelial cell monolayers as a model to test some important steps of S. 

flexneri pathogenesis, including invasion, intracellular replication and cell-cell spread. 

The result showed that the ahpC mutant had a similar number and size of plaques 

compared to its wild type parental strain (Fig. 32), indicating AhpC was not essential for 

these steps in the pathogenesis S. flexneri infection.   
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                          Diameter of the growth zone (mm) around
a
  

 

 Table 24. Deletion of ahpC in S. flexneri had no effect on EDDA sensitivity. 

a 
Data are expressed as the diameter of the growth zone around each iron source ± 1 

standard deviation and are the means of at least three independent experiments.  

b
 the strains were tested with 0.2 mg/ml EDDA, 4.8 X 10

3
 cells/ml were seeded.  

c
 S. flexneri: 5 µl of 10

9 
cells/ml SM100 as the aerobactin source. 

d
 Fc: 5 µl of 0.8 mM ferrichrome. 

e
 Fe: 5 µl of 10 mM FeSO4. 

  

    Strain
b
 S. flexneri

c
 Fc

d
 Fe

e
 

WT 16±2 23±2 21±2 

ΔahpC 17±1 23±2 17±2 
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Figure 33. Deletion of ahpC in S. flexneri had a growth defect in minimal T medium. 

Strains used were: wild type (SM100) and ahpC (SM100ahpC). Strains were grown in 

minimal T medium with or without 10 µM FeSO4 at 30 °C and growth was monitored for 

12 h. Data presented are the means of three repeats, and error bars represent 1 standard 

deviation. **: P<0.01, determined by Student’s t-test compared to wild type. 
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Figure 34. Deletion of ahpC in S. flexneri had no effect on plaque formation. 

Approximately 10
3
 cells were added to a confluent monolayer of Henle 

cells, and monolayers were stained after 72 hours.  
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IV. DISCUSSION 

 

1. Participation of AhpC in cellular iron metabolism is a new role 

for AhpC 

In E. coli, it has been shown that AhpC detoxifies peroxides, is produced at high 

levels and exhibits broad substrate specificity (59, 76). The expression level of AhpC is 

the same during aerobic and anaerobic growth at physiological pH (11). It also has been 

shown that the peroxidase catalytic efficiency of AhpC is not as great as that of 

glutathione peroxidase (84). The abundance and broad specificity of AhpC could be 

evolutionary adaptation to compensate for its moderate peroxidase activity. However, it 

is also possible that AhpC may participate in other cellular events that require such 

abundance or broad substrate specificity. It has been shown that ahpC can be converted 

into ahpC*, which encodes a protein that gains a new function to generate reduced 

glutathione in the absence of cellular reductases Gor or TrxB (90). In Streptococcus 

agalactiae, AhpC is shown to serve as an intracellular chaperone for heme, to optimize 

its trafficking and transfer to cellular targets such as catalases (58). In mammalian cells, 

peroxiredoxins are reported to control cytokine-induced peroxide levels that mediate 

signal transduction (29). These findings imply that AhpC may have diverse 

functionalities or be involved in multiple cellular events in E. coli.  

The data presented in this work provides evidence that AhpC participates in 

cellular iron metabolism of E. coli. The role for AhpC in cellular iron metabolism is 

indicated by the reduced growth of the ahpC mutant in iron-limiting medium. In low-iron 
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conditions, the ahpC mutant had a lower internal iron level and a reduction of total 

cellular iron content. These phenotypes correlated with a reduced production of the 

siderophore enterobactin in the ahpC mutant. The reduced secretion of DHB by the entF, 

ahpC mutant and the ability to suppress the growth defect in the ahpC mutant by either 

the addition of exogenous DHB or the introduction of a plasmid carrying the entC gene, 

indicated that the defect was in the first step in enterobactin biosynthesis. A mixture of 

aromatic amino acids and PABA, all of which are synthesized from chorismate, 

suppressed both the growth defect and the catechol production of the ahpC mutant in 

minimal medium, indicating that AhpC participates in the first step of enterobactin 

biosynthesis by either facilitating the delivery of the substrate chorismate to the 

enterobactin biosynthesis pathway, or maintaining an optimal concentration of 

chorismate inside E. coli cells. 

Data in this work support the conclusion that the peroxidase activity of AhpC is 

not sufficient for AhpC’s participation in cellular iron metabolism. First, AhpC’s 

participation relies on both of its cysteine residues and is different from its peroxidase 

activity that mainly relies on its C46 residue (28, 48). Second, by comparing the 

intracellular iron levels (Fig. 12) and the total cellular iron content (Page 54) of the wild 

type cells under iron-rich and iron-limiting conditions, it was clear that changing the 

extracellular iron concentrations affected intracellular iron levels, which could change the 

amount of hydroxyl radicals generated through Fenton reactions. If the peroxidase 

activity of AhpC is important for its participation in cellular iron metabolism, the ahpC 

mutant should have a profound defect in growth under high iron conditions. However, the 
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fact that the ahpC mutant had no defect in growth under high iron conditions and the 

addition of iron suppressed ahpC’s mutant phenotype suggested that increasing iron 

availability to the ahpC mutant did not reduce the fitness of the ahpC mutant, but rather 

increased the fitness of the mutant under assay conditions. This argues against the 

peroxidase activity of AhpC being important for its participation in iron metabolism. 

These data and the fact that other proteins in E. coli such as catalases are able to detoxify 

peroxides to compensate for the loss of AhpC argue against the intracellular peroxide 

levels being the cause of the growth defect in the ahpC mutant. Finally, the ahpF, gor 

double mutant and the ahpC
C165S

 mutant, both of which have the wild type ability to 

detoxify cumene hydroperoxide, still showed reduced growth under iron-limiting 

conditions. This again supports the premise that peroxide levels and peroxidase activity 

are not the sole basis for the growth defect observed under iron-limiting conditions. 

The fact that ahpC* on a plasmid was not able to suppress ahpC’s mutant 

phenotype suggests that the ability to generate reduced glutathione is not important for 

AhpC’s participation in cellular iron metabolism. Thus, AhpC’s participation in cellular 

iron metabolism is a new role of AhpC. This undesignated role of AhpC provides, for the 

first time, an example of peroxiredoxin participating in a cellular process other than 

detoxifying peroxides in E. coli, which expands the versatility of peroxiredoxins in 

prokaryotes. 
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2. AhpC influences cellular chorismate homeostasis 

One possible way for AhpC to participate in enterobactin biosynthesis is by 

enhancing the enzymatic activity of EntC. In the absence of AhpC, the reduced activity of 

EntC would lower the production of both DHB and enterobactin. Suppression of the 

ahpC mutation by providing extra copies of entC suggests that increasing EntC levels 

may compensate for reduced efficiency of the enzyme. EntC functions in the first 

dedicated step of enterobactin biosynthesis to convert chorismate to isochorismate. The 

crystal structure of EntC (107) with bound isochorismate indicates that the catalytic 

center contains a magnesium ion and the isochorismate product, but no co-factor such as 

FAD or FMN has been found to participate in EntC’s catalytic reaction (61, 107). There 

is no indication that EntC forms any inter- or intra- molecular disulfide bonds, or that it 

catalyzes any oxidation-reduction reaction (61, 107). Thus, the evidence does not support 

a role for AhpC in the catalytic reaction of EntC, or in the recycling of a co-factor.  

The fact that the low iron growth phenotype was suppressed by either the addition 

of PABA and three aromatic amino acids or by the addition of shikimate suggests that 

AhpC is involved in the shikimic acid pathway, which has many branches, including the 

enterobactin biosynthesis pathway.  

It is possible that AhpC may be required to maintain normal cellular chorismate 

levels. Chorismate is a key intermediate in the shikimic acid pathway and is used in the 

biosynthesis of many aromatic compounds, including the aromatic amino acids and 

folate, so that multiple enzymes must compete for chorismate (9, 25). Based on their Km 

values for chorismate, these enzymes can be divided into three groups: the strong 
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competitor group with a Km value between 1μM and 10μM, the medium competitor 

group with a Km value between 10 and 100μM; and the weak competitor group with a Km 

value higher than 100μM. With a Km value of 14μM, EntC falls into the medium 

competitor group (61). If the deletion of ahpC leads to a reduction of the chorismate pool, 

or a less efficient shuttling of chorismate to EntC, EntC might be at a disadvantage in 

competing for chorismate compared with some of the strong competitors such as the 

aminodeoxychorismate synthase of the Trp biosynthesis pathway, given the relatively 

high Km value of EntC for chorismate. This competitive disadvantage would lead to a 

lowered production of DHB and enterobactin, causing reduced growth under iron-

limiting conditions, a lowered intracellular ferrous iron pool, and a lowered total cellular 

iron content in the ahpC mutant. The reason that providing the ahpC mutant with extra 

copies of entC suppressed the reduced growth of the mutant in the EDDA sensitivity 

assay is not clear. One possibility could be that lack of AhpC in the mutant results in 

increased peroxide levels, which might damage EntC and reduce its activity. Thus, 

providing extra copies of entC may help maintain a sufficient concentration of active 

EntC. Additionally, providing the ahpC mutant with exogenous DHB or iron would 

bypass the requirement for the precursor chorismate, and supplementing shikimate or the 

mixture of aromatic amino acids and para-amino benzoate would increase the available 

chorismate concentration for the enterobactin biosynthesis pathway. It is interesting to 

note that none of the supplements were able to restore the wild type growth of the ahpC 

mutant when added individually in minimal medium, suggesting that if multiple 
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compounds derived from the chorismate pathway are provided, more chorismate is made 

available to suppress ahpC’s growth defect in minimal medium.  

It has been shown that the function of the chorismate synthase in E. coli requires 

recycling of the co-factor FMN by an unidentified protein (26, 64). Since AhpC catalyzes 

oxidation-reduction reactions, and both of its cysteine residues are important for its 

participation in cellular iron metabolism of E. coli, AhpC may participate in the recycling 

of FMN of the chorismate synthesis either directly or indirectly. This participation would 

enable AhpC to influence cellular chorismate levels, which offsets multiple pathways 

including enterobactin biosynthesis. However, further studies are needed to elucidate 

these possibilities. 

3. AhpF and Gor participate in cellular iron uptake or utilization 

AhpF is a reductase that functions in the peroxidase pathway and Gor is a reductase 

that functions in the glutathione pathway. This work revealed that deletion of both ahpF 

and gor led to reduced growth when subjected to iron-limiting conditions. The reduced 

growth of this double mutant was suppressed by adding iron, but not glutathione; only the 

ahpF, gor but not the ahpF, gshA mutant showed reduced growth in low-iron conditions. 

Additionally, the ahpF, gor double mutant still displayed a wild type level of resistance 

to cumene hydroperoxide killing. These results suggest that it is the reductases 

themselves and not the corresponding pathways that participate in cellular iron 

metabolism. In a competition assay, the ahpF, gor double mutant had a disadvantage in 

competing with wild type under iron-limiting conditions. This could be due to a defect in 

iron uptake, a defect in iron utilization, or both.  
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There is no obvious oxidation-reduction step in the iron uptake process. However, the 

utilization of enterobactin requires the participation of a reductase, YqjH (8, 69). YqjH 

catalyzes reductive iron release in a step that directly follows the trilactone backbone 

hydrolysis of ferric enterobactin and also is known to contribute to the reduction of ferric 

iron in a complex with intact triscatecholates (69). Flavin reductases, such as Fre in E. 

coli, play an important role in reducing non-protein ferric complexes in various 

microorganisms (12, 65). These proteins possess the ability to transfer electrons from 

NAD(P)H to the ferric complexes to reduce ferric iron to ferrous iron. Thus, it is possible 

that the FAD-containing reductase AhpF and Gor are also involved in reducing ferric iron 

or involved in the recycling of YjqH either directly or indirectly. Further studies are 

needed to determine the mechanism by which AhpF and Gor influence iron metabolism. 
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