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Shigella flexneri requires iron for survival, and genes for iron uptake and 

homeostasis are regulated by the Fur protein.  Microarrays were used to study the 

physiological effects of iron availability in S. flexneri.  The regulation of several genes 

involved in acid response was affected by iron availability and fur inactivation.  A fur 

mutant was shown to be acid sensitive in complex or minimal medium at pH 2.5.  Acid 

sensitivity was also observed when the wild type strain was grown under iron-limiting 

conditions.  Acid resistance of the fur mutant in minimal medium was restored by 

addition of glutamate during acid challenge, indicating the defect was not in the well-

characterized glutamate-dependent acid resistance system.  Inactivation of ryhB, a small 

regulatory RNA whose expression is repressed by Fur, suppressed acid sensitivity in the 

fur mutant.  Furthermore, acid sensitivity was observed in a wild type strain 

overexpressing ryhB.  Several RyhB-regulated genes were identified by microarray 

analysis.  The expression of one of these genes, ydeP, which encodes a putative 

oxidoreductase, suppressed acid sensitivity in the fur mutant.  In addition, a ydeP mutant 

constructed in S. flexneri was defective for both glutamate-independent and glutamate-
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dependent acid resistance.  Real time PCR indicated that RyhB regulates ydeP indirectly 

by repressing production of an upstream activator encoded by evgA.  evgA encodes the 

response regulator for a two component regulatory system and is co-transcribed with 

evgS, encoding the sensor kinase in this system.  A region of significant homology exists 

between the RyhB RNA and the evgS coding sequence, suggesting that direct base pair 

binding of the small RNA to the template strand of evgS DNA is possible.  Acid 

sensitivity was not observed in a strain overexpressing an altered allele of ryhB that was 

mutated for several bases in the region of homology to evgS.  Furthermore, real time PCR 

showed that the altered RyhB RNA was not capable of regulating evgA and ydeP 

expression.  The altered RyhB maintained regulation of sodB, a target known to bind this 

small RNA, indicating that the altered RyhB RNA was still functional.  Together, these 

data suggest that RyhB represses evgA via a direct interaction with the co-transcribed 

evgS gene.  The lowered levels of EvgA then lead to repression of ydeP.  The induction 

of RyhB, and subsequent repression of the acid resistance gene ydeP, causes the acid 

sensitivity phenotype that is observed in the S. flexneri fur mutant. 
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I. INTRODUCTION 

 

1. Overview of disease caused by Shigella flexneri 

 

Shigellosis, a condition characterized by fever, severe abdominal cramps, and 

bloody diarrhea, afflicts over 164 million individuals and causes approximately 1 million 

deaths a year worldwide (Jennison and Verma, 2004).  Shigella flexneri, a gram negative 

rod-shaped bacterium, is a predominant causative agent of shigellosis in both 

industrialized and developing countries (Jennison and Verma, 2004).  To cause disease, 

ingested S. flexneri must survive passage through the acidic environment of the stomach 

and transit to the colon.  Once in the colon, the bacteria are taken up by M cells and 

passed onto macrophages located in an intraepithelial pocket formed by the basolateral 

membrane of the M cell (Figure 1).  The internalized Shigellae then escape from the 

phagocytic vacuole and induce apoptosis of the macrophage via factors secreted through 

a type three secretion system.  The bacteria invade colonic epithelial cells from their 

basolateral side, where they multiply intracellularly and spread to adjacent epithelial 

cells, leading to cell death, inflammation and hemorrhagic colitis (Jennison and Verma, 

2004).    

S. flexneri must be able to adapt to changing host environments to successfully 

initiate infection.  For instance, S. flexneri can survive in acidic environments such as the 

stomach, where the pH can be as low as 1.5 (Foster, 2004).  This property is termed acid 

resistance and may contribute to the low infectious dose (10-500 organisms) of S. flexneri 

(DuPont et al., 1989).  S. flexneri also encounters iron-restricted environments in the host, 
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since most iron is sequestered in host proteins such as lactoferrin, transferrin, and 

hemoglobin.  S. flexneri overcomes the shortage of free iron by employing a variety of 

iron acquisition systems.  The proper expression of genes required for survival in both 

acidic and iron-depleted environments is critical for a successful infection.   
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Figure 1.  Infection of colonic epithelium by Shigella 

Invasion of the colonic epithelium begins when Shigellae are taken up by M cells 
associated with specialized lymph nodes termed Peyer’s Patches (1).  The M cells pass 
vacuole-containing Shigellae onto macrophages located within these Peyer’s Patches (2).  
The engulfed bacteria then secrete factors that allow for vacuole escape and macrophage 
apoptosis (3).  Extracellular Shigellae induce their uptake at the basolateral end of the 
epithelial cell (4).  After escaping from the endocytic vacuole of the epithelial cell (5), the 
bacteria multiply and use actin-based motility to move to adjacent cells (6).  
Multiplication of the intracellular Shigellae leads to cell lysis, which signals 
inflammatory factors (8). 
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2. Iron acquisition in the host 

 

2.1 SIDEROPHORE-MEDIATED IRON TRANSPORT 

 

In aerobic environments, iron exists in its insoluble ferric form, making it a 

limiting nutrient.  Bacterial iron acquisition in these environments can be achieved by 

synthesizing and secreting siderophores, low molecular weight high-affinity iron-binding 

compounds that scavenge iron from the environment and deliver it back to the bacteria.  

Most siderophores can be divided into two main structural families: hydroxamates and 

catechols (Neilands, 1995) (Figure 2).  In gram negative bacteria, ferri-siderophores are 

transported through the outer membrane by highly specific outer membrane receptors 

(Figure 3).  A periplasmic binding protein (PBP) then receives the ferri-siderophore and 

transports it to an ABC transporter in the inner membrane.  Once inside the cell, the iron 

is released from the siderophore and becomes available for a variety of metabolic 

processes. 

The native siderophore of Escherichia coli K12 is enterobactin, a catechol 

siderophore (Figure 2A).  The outer membrane receptor of enterobactin is FepA, and the 

PBP FepB traffics the ferri-siderophore to the FepCDG complex in the inner membrane 

(Ozenberger et al., 1987).  Although S. flexneri is very closely related to E. coli, S. 

flexneri has lost the ability to synthesize enterobactin because of mutations in two of the 

biosynthetic genes, entF and entC (Schmitt and Payne, 1991).  In addition, the uptake of 

ferri-enterobactin in S. flexneri is minimized due to reduced levels of FepA, the ferri-

enterobactin receptor, in the outer membrane (Schmitt and Payne, 1991).  
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Figure 2.  Catecholate and hydroxamate siderophores 

The catecholate and hydroxamate siderophores can be distinguished by the structure of 
their iron-binding moiety (figure taken with permission from Neilands, 1995).   
A.  Ferric-enterobactin, a catechol siderophore produced by E. coli, contains three 

catechol groups that coordinate the Fe3+ metal ion. 
B.  Citrate-hydroxamate siderophores, such as aerobactin, coordinate the Fe3+ metal ion 

via its hydroxamate groups.  For aerobactin, R = COOH and n = 4. 

A. 

B. 
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The native siderophore of S. flexneri is aerobactin, a hydroxamate siderophore 

(Payne, 1980) (Figure 2B).  The genes for aerobactin synthesis (iucA-D) and outer 

membrane receptor (iutA) are located on the chromosome in the Shi-2 pathogenicity 

island (Vokes et al., 1999).  S. flexneri can also rely on exogenously-produced 

siderophores for iron acquisition.  FhuA is the outer membrane receptor for the fungal 

siderophore ferrichrome in E. coli (Fecker and Braun, 1983), and its homolog in S. 

flexneri most likely serves the same function.  Ferrichrome is also a hydroxamate 

siderophore, and, in E. coli, the FhuBCD inner membrane transport system allows for 

transport of both ferrichrome and aerobactin through the inner membrane (Fecker and 

Braun, 1983). 

Receptors for active transport of siderophores through the outer membrane lack 

direct access to ATP and the proton motive force (PMF), energy sources that are 

available to inner membrane transport systems.  The TonB protein allows gram negative 

bacteria to overcome this barrier by transducing energy of the proton motive force of the 

inner membrane to outer membrane siderophore receptors (Braun, 2003; Postle, 1990a) 

(Figure 3).  The TonB protein is anchored in the cytoplasmic membrane at its N-

terminus, but the majority of the protein spans the periplasm, allowing for its interaction 

with outer membrane receptors.  Energy transduced by TonB is dependent on two inner 

membrane proteins, ExbB and ExbD.  In S. flexneri, the TonB-ExbBD complex is 

required for uptake of the aerobactin, enterobactin, and ferrichrome siderophores. 
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Figure 3.  TonB-dependent iron transport in S. flexneri 

Iron-loaded siderophores bind to a specific outer membrane (OM) receptor.  Energy 
produced by the proton motive force at the inner membrane is then transduced by TonB 
to the outer membrane receptor, allowing the ferric siderophore to transit to the 
periplasm.  A periplasmic binding protein (PBP) binds the siderophore and transports it to 
an inner membrane permease complex.  The ferri-siderophore complex is then 
transported through the inner membrane to the cytoplasm, where the iron is released from 
the siderophore for use in a variety of biological processes. 
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2.2 FERROUS IRON UPTAKE 

 

In anaerobic environments, iron exists in its more soluble, ferrous form.  S. 

flexneri relies on the uptake of ferrous iron through two inner membrane iron transport 

systems (Figure 4).  One of these, an ABC transporter encoded by the feoABC genes, was 

first described in E. coli (Kammler et al., 1993).  feoB encodes a GTP binding protein 

located in the inner membrane (Marlovits et al., 2002).  The proteins encoded by feoA 

and feoC and their roles in ferrous iron transport remain unknown.  The sit genes were 

first described in Salmonella enterica serovar Typhimurium and encode components of 

an ABC ferrous iron and manganese transport system (Zhou et al., 1999).  This system 

consists of a periplasmic binding protein encoded by sitA, and an ABC transporter 

encoded by sitBCD.  Homologues of the sit and feo genes have been identified in S. 

flexneri, and the proteins encoded by both sets of genes contribute to iron acquisition in 

this bacterium (Runyen-Janecky et al., 2003). 
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Figure 4.  Ferrous iron transport in S. flexneri 

Ferrous iron in the periplasm can be transported into the cytoplasm by one of two inner 
membrane ferrous uptake systems.  The Feo system consists of three proteins:  FeoB is a 
GTP-binding protein that is located in the inner membrane.  FeoA and FeoC are cytosolic 
proteins whose functions in ferrous iron transport are unknown.  The Sit system consists 
of a periplasmic binding protein (SitA), an inner membrane permease (SitCD) and an 
ATP binding protein (SitB).   
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3. Regulation of iron acquisition 

 

3.1 REGULATION OF IRON ACQUISITION BY FUR 

 

While iron is essential for survival, an overabundance can lead to the formation of 

oxygen radicals and cell damage.  To avoid iron toxicity, the expression of iron 

acquisition genes in all organisms is tightly regulated.  Iron homeostasis is largely 

achieved in many gram-negative bacteria through the action of Fur (ferric uptake 

repressor), an iron-binding transcriptional repressor.  Under iron-replete conditions, the 

ferrated Fur protein binds to a 19-bp sequence found in the promoters of Fur-repressed 

genes called the Fur box (Figure 5).  In S. flexneri, the aerobactin synthesis and uptake 

genes, as well as the sit genes, are repressed by Fur (Runyen-Janecky et al., 2003).  In E. 

coli, Fur regulation has been shown for the genes encoding the TonB, ExbBD energy-

transducing complex (Postle, 1990b), as well as the feo genes (Kammler et al., 1993).  

Fur has also been shown to regulate genes involved in oxidative stress in E. coli 

(Horsburgh et al., 2001; Touati et al., 1995), and acid survival in related organisms 

(Bearson et al., 1997; Hall and Foster, 1996; Zhu et al., 2002).  In addition, the Fur 

proteins of various pathogens regulate the expression of virulence genes (Calderwood 

and Mekalanos, 1987; Grunig et al., 1987; Hickey and Cianciotto, 1997; Svinarich and 

Palchaudhuri, 1992).   
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Figure 5.  Regulation of iron acquisition by Fur 

A. In iron-replete environments, the Fur protein binds iron and becomes an active 
transcriptional repressor, binding to a 19 base-pair consensus sequence called a Fur 
Box.  The Fur regulon includes genes involved in iron acquisition, as well as ryhB, 
which encodes a small regulatory RNA.   

B. In iron-deplete environments, the Fur protein becomes de-ferrated and dissociates 
from the target promoter, allowing transcription of iron acquisition genes and ryhB. 

C. The E. coli Fur box consensus sequence as determined by WebLogo 
(weblogo.berkeley.edu/log.cgi) using previously described Fur box sequences 
identified in E. coli K12 (Panina et al., 2001) as the training set.   Identification of the 
sequence in the promoters of iron and Fur-regulated genes can be performed by 
locating the AAT (bases 4-6) and ATT (bases 14-16) regions flanking 7 bases. 
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In E. coli, Fur activates several genes via repression of ryhB, which encodes a 

small regulatory RNA that blocks gene expression by destabilizing target mRNA (Masse 

and Gottesman, 2002; Masse et al., 2003).  In E. coli, RyhB contributes to iron 

homeostasis by blocking the synthesis of several iron-containing proteins, including 

succinate dehydrogenase (sdhCDAB), Fe-superoxide dismutase (sodB), aconitase (acnA), 

fumarase (fumA) and ferritin (ftn) (Masse and Gottesman, 2002).  In the case of at least 

one of these genes, sodB, this binding is mediated by base pairing of the central loop of 

the RyhB RNA to a complementary sequence within the sodB mRNA (Vecerek et al., 

2003).  Degradation of the RyhB-mRNA complex is RNaseE dependent (Masse et al., 

2003).  RyhB stability and mRNA binding is promoted by the small RNA chaperone 

protein Hfq (Masse et al., 2003).    The ryhB gene is conserved in S. flexneri, and over-

expression of the S. flexneri ryhB gene leads to lowered succinate utilization, indicating 

that the genes encoding succinate dehydrogenase are repressed by RyhB. Furthermore, 

microarray analysis showed a 4-fold increase of sodB expression in the S. flexneri ryhB 

mutant as compared to wild type (unpublished data, Erin R. Murphy).   

In S. dysenteriae, a closely related pathogen that causes the same disease as S. 

flexneri, RyhB represses the expression of virB, an activator of genes required for 

invasion of and spread through the colonic epithelium (Murphy and Payne, 2006).  The 

mechanism by which RyhB represses virB is distinct from RyhB regulation of sodB.  

Repression of virB requires a sequence within its open reading frame that has homology 

to the RyhB RNA.  Changing the sequence in the region of homology of either the virB 

or ryhB genes eliminates regulation of virB and virulence by RyhB (Murphy and Payne, 

2006).  RyhB regulation of virB and virulence seems to be conserved in S. flexneri, as a 

S. flexneri fur mutant exhibits attenuated virulence characteristics, and inactivation of 

ryhB in the fur mutant suppresses this phenotype (Megan Boulette, unpublished data). 
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3.2 REGULATION OF IRON UPTAKE BY OXYGEN AVAILABILITY 

 

Iron is reduced to its soluble ferrous form in anaerobic environments, becoming 

more available to bacteria.  This phenomenon has led to the selection for regulatory 

pathways that regulate iron acquisition systems via oxygen availability.  There is some 

evidence that siderophore-mediated iron uptake systems are repressed in anaerobic 

environments in E. coli (Young and Postle, 1994).  In addition, FhuF, which is required 

for utilization of iron from hydroxamate siderophores (Matzanke et al., 2004), is 

repressed in anaerobic environments (Kang et al., 2005).  In contrast, the Feo ferrous iron 

transport system is induced in anaerobic environments (Kammler et al., 1993; Kang et 

al., 2005), indicating that ferrous iron uptake systems may play an important role in iron 

acquisition in anaerobic environments. 

 



 14

4. Acid resistance 

 

As mentioned previously, S. flexneri can survive at pH 2.5 for several hours, a 

property termed acid resistance.  S. flexneri possesses two acid resistance systems that 

allow for survival in these conditions (Figure 6).  The first system is dependent on the 

presence of glutamate in the environment, and has been well studied.  The second system 

does not have a requirement for amino acid supplementation during acid challenge.  The 

genes that confer acid resistance via this amino-acid independent system, as well as the 

mechanism of protection, have remained elusive. 

 

4.1 GLUTAMATE-DEPENDENT ACID RESISTANCE 

 

The glutamate-dependent acid resistance system requires the expression of either 

gadA or gadB, which each encode a glutamate decarboxylase, as well as the gadC gene, 

which encodes an antiporter that imports glutamate and exports its decarboxylated 

product, gamma-aminobutyrate (De Biase et al., 1999; Hersh et al., 1996; Waterman and 

Small, 1996) (Figure 6).  The decarboxylation of glutamate is thought to protect bacteria 

by increasing internal pH through the consumption of intracellular protons.  A recent 

report also suggests that this activity is part of a strategy wherein the membrane potential 

is flipped from negative inside to positive inside, repelling extracellular protons and 

allowing the bacterium to gradually raise the internal pH by the extrusion of protons 

(Richard and Foster, 2004).  Two similar systems that use arginine or lysine instead of 

glutamate are active in E. coli (Park et al., 1996), but are absent in S. flexneri due to 

deletions in the genome (Jin et al., 2002; Wei et al., 2003). 
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Figure 6.  Acid resistance systems in S. flexneri 

When S. flexneri is exposed to acidic conditions, protons enter the cytoplasm.  Two 
distinct acid resistance systems that protect against the subsequent drop in intracellular 
pH are present in S. flexneri: 
1. Glutamate-dependent acid resistance.  Glutamate decarboxylases encoded by both 

gadA and gadB convert intracellular glutamate to gamma-aminobutyrate (GABA), 
consuming an intracellular proton.  A glutamate/GABA antiporter then exports 
GABA while importing another molecule of glutamate. 

2. Glutamate-independent acid resistance.  In the absence of glutamate, S. flexneri is 
protected against the drop in intracellular pH by an unknown mechanism, possibly by 
transporting protons out of the cytoplasm. 
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The regulation of glutamate-dependent acid resistance has been studied in E. coli, 

and the genes that govern expression of this system are conserved in S. flexneri.  The 

central activator of the gadABC genes required for glutamate-dependent acid resistance is 

GadE, a LuxR-type regulator (Ma et al., 2003a).  The gadE gene is induced in cells 

grown to stationary phase and in logarithmically-growing cells exposed to low pH.  In 

stationary phase, the expression of gadE is controlled by GadW and GadX, whose 

production is regulated by RpoS (Ma et al., 2003b).   

In exponentially-growing cells, the EvgA response regulator activates gadE in 

response to acidic conditions (pH 5.5) (Ma et al., 2004; Masuda and Church, 2002, 2003; 

Nishino et al., 2003).  An overview of the EvgA regulatory circuit is shown in Figure 7.  

EvgA induces expression of ydeO in exponentially-growing cells exposed to low pH (Ma 

et al., 2004; Masuda and Church, 2003).   The ydeO gene product then activates 

transcription of gadE, and GadE activates transcription of the genes required for 

glutamate-dependent acid resistance (Hommais et al., 2004; Ma et al., 2003a).  The 

signaling event that initiates the EvgA acid-induced regulatory cascade remains 

unknown. 
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Figure 7.  Regulation of acid resistance by EvgA 

During exponential growth, E. coli activates expression of acid resistance genes via the 
EvgAS two component regulatory system.  EvgA, the response regulator, activates 
transcription of ydeO and ydeP.  ydeO encodes an AraC-type regulator that activates 
transcription of gadE.  GadE is a LuxR-family activator of genes which allow for 
glutamate-dependent acid resistance.  EvgA can also directly activate transcription of 
gadE, and GadE positively feeds back to increase its own production.   
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4.2 GLUTAMATE-INDEPENDENT ACID RESISTANCE 

 

The second acid resistance system and its regulation are less well characterized.  

It protects cells in the absence of glutamate at pH 2.5 and is induced by RpoS in cells 

grown in complex medium to stationary phase (Lin et al., 1995).  This system has been 

referred to as the oxidative acid resistance system, as fermentative growth in the presence 

of glucose prior to acid challenge represses its function in a CRP-dependent manner 

(Castanie-Cornet et al., 1999; Lin et al., 1995).  The atp operon encoding the F0/F1 ATP 

synthase is required in E. coli for acid protection in the absence of, but not in the 

presence of, glutamate (Richard and Foster, 2004).  The enzyme encoded by this operon 

can function as either an ATP synthase, transporting protons into the cytoplasm, or as an 

ATPase, transporting protons out of the cytoplasm.  It is not known whether it is the ATP 

synthesis or proton extrusion function of this complex that is required for the glutamate-

independent system.  A similar requirement for ATP synthase has been identified in 

Salmonella typhimurium, and the proton translocating function of this complex is the 

required mechanism that allows for acid survival (Foster and Hall, 1991).  Although 

several genes have been implicated in the function of the glutamate-independent acid 

resistance system, the mechanism of protection that is conferred by this system remains 

unknown.   
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5. Role of iron and Fur in acid resistance 

 

Ferric iron is more soluble at low pH.  Thus, high concentrations of iron may 

serve as a signal to cells that they have encountered an acidic environment.  Indeed, 

several links between Fur regulation and acid survival have been identified in organisms 

that are closely related to S. flexneri.  A fur mutant in avian septicemic E. coli is defective 

for acid resistance (Zhu et al., 2002), and, in enterohemorrhagic E. coli, Fur positively 

regulates expression of urease, a putative acid response protein (Heimer et al., 2002).  

Furthermore, S. typhimurium Fur activates production of several proteins required for 

survival in acidic conditions (Foster, 1991).  The role of Fur in acid survival of S. 

typhimurium is independent of its role in iron acquisition, as a point mutation in the fur 

gene that renders the strain unable to regulate iron acquisition in response to iron 

availability has no effect on acid survival (Hall and Foster, 1996).  These examples 

exhibit the importance of iron regulation in the survival of enterobacteria in acidic 

environments. 
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6. Purpose of this study 

 

Since iron is a limiting nutrient within the host, iron-depletion can serve as a 

signal to a potential pathogen to initiate expression of virulence genes.  In addition, an 

abundance of iron may also serve as a signal to cells that they have entered into an acidic 

environment, such as the stomach.  This study was undertaken to identify new targets of 

iron regulation in S. flexneri and to determine the role of these targets in virulence.  

Investigation of iron-regulated targets revealed that iron and Fur were required for acid 

resistance, an important virulence trait of S. flexneri.  This study describes how iron and 

Fur contribute to acid resistance.  The significance of these findings may apply to related 

pathogenic enterobacteria, including S. typhimurium and pathogenic E. coli. 
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II. MATERIALS AND METHODS 

 

 

A. Bacterial strains and plasmids 

 

Bacterial strains used in this work are listed in Table 1.  Plasmids used in this 

study are listed in Table 2.  DH5α was used for cloning of recombinant DNA.  RM1602 

was used as a dam strain when restriction enzymes that are sensitive to DNA methylation 

were utilized.  DH5 λpir and SM10 λpir were used for conjugation.  When DH5λpir was 

used for conjugation, the mobilization factors were provided by E. coli strain MM294 

carrying plasmid pRK2013.   

 

 

B. Media, reagents and growth conditions 

 

Bacterial strains were stored at -70ºC in tryptic soy broth (TSB) + 20% glycerol.  

E. coli strains were routinely grown in Luria broth (L broth) or Luria agar (L agar).  S. 

flexneri strains were routinely grown in L broth or on tryptic soy broth agar (TSBA) plus 

0.01% Congo red dye at 37ºC.  Ethylenediamine-N’N’-bis(2-hydroxyphenyl acetic acid) 

(EDDA) was deferrated as previously described (Rogers, 1973) and added to L broth at a 

concentration of 8 or 16 µg/ml to chelate iron where indicated.  M9 minimal medium was 

prepared as described by Sambrook and Russell, 2001 and supplemented with 100 µg/ml 

nicotinic acid.  Glutamate was added to M9 at a final concentration of 0.012% where 
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indicated.  Antibiotics were used at the following concentrations (per milliliter): 125 µg 

of carbenicillin, 25 µg of kanamycin, 15 µg of chloramphenicol, 12.5 µg/ml of 

tetracycline, and 200 µg of streptomycin.   

 

 

C. Plasmid DNA isolation 

 

Plasmid DNA was isolated using QIAprep Spin Miniprep Kits (Qiagen) according 

to the manufacturer’s instructions.  Plasmids were eluted in EB Buffer (10 mM Tris-Cl, 

pH 8.5) or double distilled H2O, and stored at -20ºC. 

 

 

D. Restriction digest and ligations 

 

Restriction digests and DNA ligations were performed as described by Sambrook 

and Russell, 2001.  Enzymes and molecular weight markers were purchased from New 

England Biolabs (Beverly, MA) or Promega (Madison, WI).  Molecular weight markers 

included λ DNA-HindIII digest, λDNA-BstEII digest, and Φ DNA-HaeIII digest. 
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Table 1.  Bacterial strains used in this study 

Strain Characteristics Reference or Source 

E. coli Strains   

DH5α endA1 hsdR17 supE44 thi-1 recA1 gyrA 
relA1 ∆(lacZYA-argF)U169 deoR 
[Ф80dlac∆(lacZ)M15] 

(Hanahan, 1983) 

DH5 λpir pirR6K (Hanahan, 1983) 

SM10 λpir pirR6K, mobilizing strain for R6K 
plasmids 

(Miller and Mekalanos, 
1988) 

MM294/pRK2013 Mobilizing strain for R6K plasmids R. Meyer, Univ. Texas 
Austin 

RM1602 dam R. Meyer, Univ. Texas 
Austin 

MFT5 fur::Tn5 M. McIntosh, Univ. 
Missouri 

JI130 sodA::MudPR13 (Chlr) (Imlay and Linn, 1987) 

JI131 sodB::kan (Imlay and Linn, 1987) 

   

S. flexneri Strains   

SA100 S. flexneri wild type serotype 2a (Payne et al., 1983) 

SA1301 SA100 fur::Tn5 This work 

SA101 SA100 derivative with deletion in 
virulence plasmid 

(Daskaleros and Payne, 
1987) 

SA211 SA101 fur::Tn5 (Schmitt and Payne, 
1988) 

SM100 SA100 Strr S. Seliger, Univ. Texas 
Austin 
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Strain Characteristics Reference or Source 

S. flexneri Strains cont.  

SM1301 SM100 fur::Tn5 This work 

SM100 ryhB::cam  E. Murphy, Univ. Texas 
Austin 

SM1302 SM100 ryhB::cam fur::Tn5 This work 

SM1303 SM100 sodA::MudPR13 (Chlr) This work 

SM1304 SM100 sodB::kan This work 

SM1305 SM1304 sodA::MudPR13 (Chlr) This work 

SM1306 SM100 ydeP::chl This work 
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Table 2.  Plasmids used in this study 

Plasmids Characteristics Reference or Source 

pQE-2 IPTG-inducible over-expression vector Qiagen 

pERM111 pQE-2 carrying ryhB E. Murphy, Univ. 
Texas Austin 

pERM127 pQE-2 carrying altered ryhB E. Murphy, Univ. 
Texas Austin 

pACYC184 Cloning vector (Chang, 1978) 

pFS2 pACYC184 carrying fur (Schmitt, 1989) 

pGEM-Teasy Cloning vector Promega 

pAGO-sodB1 pGEM-Teasy carrying sodB This work 

pAGO-acnA1 pGEM-Teasy carrying acnA This work 

pGEM-ydeP pGEM-Teasy carrying ydeP This work 

pWKS30 Cloning vector (Wang and Kushner, 
1991) 

pWKS30∆X pWKS30 lacking the XbaI site A. Mey, Univ. Texas 
Austin 

pWKS-ydeP pWKS30∆X carrying ydeP This work 

pCVD442N2 Marker exchange plasmid E. Wyckoff, Univ. 
Texas Austin 

pCVD-ydeP::chl pCVD442N2 carrying ydeP::chl This work 

pMTLchl Chloramphenicol resistance E. Wyckoff, Univ. 
Texas Austin 
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E. Transformation of bacterial strains 

 

Plasmid DNA was introduced into CaCl2-competent DH5α, DH5λpir, SM10λpir, 

or RM1602 by heat-shock transformation as described previously (Ausubel, 1989).  S. 

flexneri strains were transformed by electroporation as described previously (Conchas 

and Carniel, 1990). 

 

 

F. Oligonucleotides 

 

DNA primers for polymerase chain reactions were designed by Clone Manager 

Professional Software Suite (Sci Ed Central) and purchased from Integrated DNA 

Technologies, Coralville, IA.  The lyophilized oligonucleotides were resuspended in 

water to a final concentration of 100 µM and stored at -20ºC.  DNA primers for real time 

polymerase chain reaction were designed by Primer Express Software (Applied 

Biosystems) and purchased from Applied Biosystems.  Primer pairs and their respective 

annealing temperatures are listed in Table 3.   
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G. DNA Sequencing 

 

Cloned DNA constructs and PCR products were routinely sequenced using the 

automated dye termination procedure and analyzed on an ABI 377A DNA sequencer in 

the Core Facility at the Institute for Cellular and Molecular Biology (ICMB), UT Austin. 

 

 

H. Polymerase chain reaction 

 

Polymerase chain reactions were performed in either an Applied Biosystems 

GeneAmp thermo cycler or a MJ Research PTC-200 peltier thermo cycler.  Either Taq 

DNA polymerase (Qiagen, Valencia, CA) or Expand High Fidelity enzyme mix (Roche 

Applied Science) containing Taq DNA polymerase and Tgo DNA polymerase, were used 

for amplification of DNA.  Unless otherwise specified, 50 µl PCR reactions contained 

template DNA, 200 µM of each dNTP, 2 µM each primer, 1X concentration reaction 

buffer, and 1-5 units enzyme.  For Taq amplification, standard conditions included 30 

cycles of the following:  30 seconds at 94ºC, 30 seconds at the appropriate annealing 

temperature for the primer pair, elongation at 72ºC for the appropriate amount of time (1 

minute per 2000 base pairs of expected product size).  A final extension of 10 minutes at 

72ºC finished the reaction.  For Expand High Fidelity amplification, the above conditions 

were used except that the elongation time after the first 10 cycles was extended 5 seconds 

for each successive cycle. 
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Table 3.  Oligonucleotides used in this study 

Name Sequence Tm (ºC) 

Polymerase chain reaction primers  

fur.for GGGACTTGTGGTTTTCATTTAGGC 57 

fur.rev TGGCTTTTCTCGTTCAGGCTG 57 

fur.tn5f.5'.for GGGACTTGTGGTTTTCATTTAGGC 57 

fur.tn5f.5'.rev GCGATAACTCAAAGAGGTGGTGTC 56 

fur.tn5f.3'.for CCGCTTAGTAACAGGACAGATTCC 55 

fur.tn5f.3'.rev TTCCCGCTTCAGTGACAACG 56 

fur.tn5r.5'.for TTTCTGCGGACTGGCTTTCTAC 55 

fur.tn5r.5'.rev CGTGGTGATGTTGCTGTGTCAG 56 

fur.tn5r.3'.for GATTGTCTGTTGTGCCCAGTCATAG 57 

fur.tn5r.3'.rev GTTGCTGTGTCAGTTCAAATACGG 55 

sodAclone.for TCGTCGCTTCACATCTCC 61 

sodAclone.rev GCCTATACGCCTCATTGC 60 

sodBclone.for TTTGCTACCCTATCCATACG 58 

sodBclone.rev CGATTTACTTTGCCGAATGC 59 

acnAclone.for TTTCTCTGTCGATGCTCTTCTG 55 

acnAclone.rev CCGGCAAGTCAAATACTTGTTAC 55 

pACYC184.tet.for CGAGAAGCAGGCCATTATCG 62 

pACYC184.tet.rev AACGCCAGCAAGACGTAGC 65 
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Name Sequence Tm (ºC) 

Polymerase chain reaction primers cont.  

16S.for CCACACTGGAACTGAGACAC 62 

16S.rev GGACTACGACGCACTTTATG 60 

23S.for TGGTGTTACTGCGAAGGG 56 

23S.rev TCATCTCGGGGCAAGTTTCG 62 

ydePclone2.for GAGG-AGGATAAGTAGATGAAGAAAA 56 

ydePclone2.rev GAGCTC-GAAGAGGCATTAATTTGATGG 53 

Real time PCR primers and probes  

RrsA.for CACGATTACTAGCGATTCCGACTT 60 

RrsA.rev CGTCGTAGTCCGGATTGGA 58 

RrsA.probe 6FAM-ATGGAGTCGAGTTGCAG-MGB-NFQ 69 

RyhB.for CGCGGAGAACCTGAAAGC 58 

RyhB.rev CGGCTGGCTAAGTAATACTGGAA 59 

RyhB.probe 6FAM-CGACATTGCTCACATTG-MGB-NFQ 69 

SodB.for GCGCATCATCCCCTTGAG 58 

SodB.rev CTACTACAACGTGCGCATTGG 58 

SodB.probe 6FAM-AACGCCATATCGCC-MGB-NFQ 68 

YdeP.for GCGCATCATCCCCTTGAG 59 

YdeP.rev CTACTACAACGTGCGCATTGG 58 

YdeP.probe 6FAM-AACGCCATATCGCC-MGB-NFQ 70 
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Name Sequence Tm (ºC) 

Real time PCR primers and probes cont.  

EvgA.for CGGGAAACATTGTGCTGATG 59 

EvgA.rev TTGTTCATGCCTTCTTTTTTACTCA 59 

EvgA.probe 6FAM-TGGCGCTAATGGTTT-MGB-NFQ 68 
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I. Construction of recombinant plasmids and strains 

 

1. CONSTRUCTION OF MUTANTS 

 

The fur, sodA, and sodB mutants were constructed by P1 transduction as 

previously described (Sambrook, 2001).  P1 lysates were made following growth in the 

E. coli fur mutant, MFT5 (Mark McIntosh), sodA mutant JI130 and sodB mutant JI131.  

The MFT5/P1 lysate was used to transduce fur::Tn5 into SA100, SM100, and SA100 

ryhB::chl.  Insertional inactivation of the fur gene in SA100 and SM100 was confirmed 

by polymerase chain reaction (PCR) using a primer internal to the Tn5 and another 

primer in fur.  The JI131 and JI130/P1 lysates were used to transduce the 

sodB::MudPR13 and sodA::kan mutations into SM100 and SM1304.  Insertion of 

MudPR13 into sodA in SM100 was confirmed by PCR using primers that flank the sodA 

gene:  sodAclone.for and sodAclone.rev.  Insertion of the kanamycin cassette into SM100 

was confirmed by PCR using primers that flank the sodB gene: sodBclone.for and 

sodBclone.rev.   

The ydeP mutant was constructed by allelic exchange as described by Sambrook 

and Russell (Sambrook, 2001).  A chloramphenicol cassette digested from pMTLchl with 

SmaI was ligated into pGEM-ydeP cut with EcoRV.  The ydeP::chl fragment was then 

removed from pGEM-Teasy using NotI and ligated into NotI-digested pCVD442N2.  The 

resulting plasmid was transformed into DH5-λpir which was subsequently used for 

mating.  pCVD-442-ydeP::chl was mated into SM100 using MM294/pRK2013 as a 

helper strain.  Primary integrants that were resistant to carbenicillin, chloramphenicol, 

and streptomycin were grown in sucrose to select for a secondary crossover event.  
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Carbenicillin-sensitive, chloramphenicol-resistant isolates were checked by PCR to 

confirm insertion of the chloramphenicol resistance cassette into ydeP and loss the 

integrated plasmid. 

 

2. CONSTRUCTION OF PLASMIDS 

  

To clone ydeP, PCR was carried out using the primers ydePclone2.for and 

ydePclone2.rev.  The PCR product was cloned into pGEM-Teasy, then cut out using the 

NotI site in pGEM-Teasy and a SacI site engineered into the reverse primer.  The 

digested ydeP fragment was ligated into pWKS30 digested with the same enzymes.  To 

clone sodB, PCR was carried out using sodBclone.for and sodBclone.rev.  The PCR 

product was cloned into pGEM-Teasy, and the resulting plasmid was named pAGO-

sodB1.  To clone acnA, PCR was carried out using acnAclone.for and acnAclone.rev.  

The PCR product was cloned into pGEM-Teasy, and the resulting plasmid was named 

pAGO-acnA1. 

 

 

J. Hydroxamate assays 

 

The production of hydroxamic acids by S. flexneri was assayed using a 

modification of the procedure described by Atkin et al. (Atkin et al., 1970).  Briefly, 

strains were grown in M9 medium overnight, and equal amounts of culture supernatant 

and ferric perchlorate solution (5 mM Fe(ClO4)3-0.1 M HClO4) were combined.  The 

presence of hydroxamic acids was indicated by a purple color and quantified by reading 
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at OD500 using a spectrophotometer.  The quantity of hydroxamic acids in the supernatant 

was normalized to cell number by dividing the OD500 reading by the concentration of the 

overnight culture (OD650). 

 

 

K. Microarray analysis 

 

1. CONSTRUCTION OF MICROARRAYS 

 

Hybrid E. coli/Shigella microarrays were designed by two methods.  First, a PCR-

amplified microarray was constructed by amplifying every gene in the E. coli genome 

(Blattner et al., 1997), as well as Shigella-specific genes.  Primers for the 4290 genes in 

the E. coli K12 genome were purchased from Sigma-Genosys (The Woodlands, TX).  

Primers specific for Shigella-specific genes located on the sequenced 210-kb virulence 

plasmid (Venkatesan et al., 2001) and chromosome of S. flexneri 2a (Jin et al., 2002; Wei 

et al., 2003) were custom designed and synthesized by Sigma-Genosys.  PCR 

amplification was carried out according to the instructions provided by Sigma-Genosys.  

Approximately 93% of all PCR amplifications were successful, and the corresponding 

genes are represented on these arrays.  These arrays were used for expression analysis of 

the Fur and iron regulons during logarithmic growth. 

Subsequent arrays were constructed using 70-mer oligonucleotides for the E. coli 

and enterohemorrhagic E. coli sequenced genomes purchased from Qiagen (Santa Clarita, 

CA).  Oligonucleotides corresponding to Shigella-specific genes, as well as putative 

small RNA sequences previously identified in E. coli (Hershberg et al., 2003), were 
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custom designed and synthesized by Qiagen.  These arrays were used for all subsequent 

array analysis.  Glass microscope slides were coated with poly-L-lysine as described at 

www.microarrays.org, and PCR products or oligonucleotides were printed on poly-L-

lysine coated slides using a robotic Arrayer and Array Maker 2.4 as described by MGuide 

(chipmunk.icmb.utexas.edu/ilcrc/protocols/index.shtml).  Microarrays were then post-

processed as described by MGuide. 

 

2. ISOLATION OF RNA AND CDNA GENERATION 

 

Strains were grown as described in the text and RNA was isolated from cultures 

using RNEasy Midiprep Spin columns purchased from Qiagen.  Either 8 or 16 µg/ml of 

EDDA was added to L broth to iron-restrict wild type cultures.  FeSO4 (40 µM) was 

added when comparing gene expression in the wild type and fur mutant strains in order to 

fully repress Fur-regulated genes in wild type S. flexneri.  When using PCR-amplified 

arrays, reverse transcription of RNA was carried out as follows:  2.4 µg of pd(N)6 

randomized hexamer primers (Amersham Biosciences, Piscataway, NJ) were primed to 

50 µg total RNA for 10 minutes at 65ºC.  Primed RNA was incubated for 2 hours at 42ºC 

with deoxy-nucleotides [0.5 mM dATP, 0.5 mM dCTP, 0.5 mM dGTP, 0.2 mM dTTP, 

and 0.3 mM amino allyl modified dUTP (Sigma-Aldrich, St. Louis, MO)], 0.01M 

dithiothreitol (DTT), 120 units RNasIn (Promega, Madison, WI), 800 units SuperScript II 

Reverse Transcriptase (Invitrogen, Carlsbad, CA), and 1X SuperScript RT Buffer.  An 

additional 400 units of SuperScript II were added after 1 hour of incubation at 42ºC.  

Template RNA in each reaction was then hydrolyzed by the addition of 50 mM NaOH, 

and incubation at 65ºC for 10 minutes.  Reactions were then neutralized by addition of 50 

mM HCl.  When using oligonucleotide arrays, 5 µg of pd(N)6 was primed to 15 µg of 
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RNA, and the reverse transcription reactions were carried out the same as with PCR-

amplified arrays. 

Ribosomal cDNA generated during reverse transcription was removed when 

using PCR-amplified arrays by hybridization with biotinylated 16S and 23S ribosomal 

DNA as follows.  To amplify 16S ribosomal DNA, primers 16S.for and 16S.rev were 

used.  To amplify 23S ribosomal DNA, primers 23S.for and 23S.rev were used.  The 

amplified ribosomal DNA was then biotinylated using the Psoralen Biotin Kit (Ambion, 

Austin, TX) according to the manufacturer’s instructions.  Biotinylated ribosomal DNA 

(225 ng) was added to cDNA samples, denatured at 95ºC for 5 minutes, and hybridized to 

cDNA samples for 30 minutes at 60ºC.  Hybridized DNA was incubated with magnetic 

streptavidin-coated beads (Promega) for 10 minutes at room temperature and ribosomal 

DNA/cDNA complexes were isolated on a magnetic stand and removed.  Samples were 

washed and concentrated to 9 µl on a Microcon-30 column (Millipore, Billerica, MA). 

 

3. LABELING AND HYBRIDIZATION 

 

Amino allyl-dUTP incorporated in cDNA samples was coupled to reactive Cy3 or 

Cy5 dyes (Amersham Biosciences) as follows.  One µl of 10M sodium bicarbonate (pH 

10) was added to the concentrated cDNA samples, and the buffered cDNA was combined 

with either Cy3 or Cy5 reactive dye.  Reference samples derived from wild type grown 

without EDDA or wild type grown with 40 µM FeSO4 were routinely labeled with Cy3, 

and test samples derived from wild type grown in the presence of EDDA or fur grown 

with 40 µM FeSO4 were labeled with Cy5.  The coupling reactions were incubated for 1 

hour in the dark, and then uncoupled dye was removed by purification of labeled samples 

on Qiagen QiaQuick columns.  Cy3 and Cy5 labeled samples were mixed and combined 
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with 3X SSC and 0.25% SDS.  cDNA probes were hybridized at 65ºC to PCR-amplified 

arrays for 6 hours and oligonucleotide arrays for 3 hours, then washed as described at  

chipmunk.icmb.utexas.edu/ilcrc/protocols/index.shtml. 

 

4. ANALYSIS OF MICROARRAY DATA 

 

Hybridized microarrays were scanned using the Genepix Array Scanner 4000A 

(Axon Instruments, Union City, CA).  Preliminary analysis of microarrays was performed 

using the Genepix 5.0 Software, and normalization of microarray data was carried out by 

the Longhorn Array Database (powered by the Stanford Microarray Database).  

Normalized data was filtered so that spots with a regression correlation lower than 0.6 in 

any experiment were excluded from further analysis.  Hierarchical clustering and 

expression map generation of data from Table 2 was carried out using the Cluster and 

TreeView programs (Eisen et al., 1998). 

 

 

L. Real time PCR 

 

RNA was isolated from strains grown in L broth buffered with 100 mM MOPS 

(MOPS-LB), pH 7 for 20 hours at 30ºC.  RNA was isolated on RNeasy Midi Columns 

(Qiagen) and DNase-treated using DNase I, Amplification Grade from Invitrogen 

according to the manufacturer’s instructions.  cDNA was generated from approximately 5 

µg of each RNA sample using the High Capacity cDNA Archive Kit (Applied 

Biosystems, Foster City, CA).  Real time PCR reactions in a total volume of 50 µl 
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contained:  1X TaqMan Universal PCR Master Mix (available from Applied 

Biosystems), 900 nM of forward primer, 900 nM of reverse primer, 250 nM TaqMan 

MGB Probe and 1/20th of the cDNA reaction.  ryhB cDNA was detected using the 

primers RyhB.for  and RyhB.rev  and the TaqMan MGB Probe RyhB, and rrsA cDNA 

was detected using the primers RrsA.for and RrsA.rev and the TaqMan MGB Probe 

RrsA.  Primers and probes were designed using ABI Prism Primer Express software and 

synthesized by Applied Biosystems.  Real Time PCR was carried out in an Applied 

Biosystems 7300 Real Time PCR System, and analysis was performed using the 7300 

Real Time PCR System Software.  A CT value, defined as the number of the first cycle in 

which the signal intensity exceeds a designated threshold value, was determined for each 

reaction.  Standard curves for each primer/probe set were generated using cDNA 

generated from 10-fold dilutions of SM100 RNA, and the relative amount of ryhB and 

rrsA cDNA in each sample was extrapolated from the standard curve.  The relative 

amounts of ryhB cDNA were normalized by dividing the values by the relative amounts 

of rrsA cDNA in each sample.  Reactions were performed in triplicate, and outliers were 

omitted in further analysis.   

 

 

M. Batch culture growth 

 

Batch cultures of SA101 (wild type) and SA211 (fur) were grown in a BIOFLO 

110 Fermenter/Bioreactor (New Brunswick Scientific, Edison, NJ).  Overnight cultures in 

L broth of each strain were diluted 1:100 into L broth in the bioreactor vessel.  Cultures 

were grown in batch at 37ºC.  pH was monitored by the bioreactor and was recorded 
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every 5 minutes.  Growth readings (OD650) were taken every 30 minutes until cultures 

reached early stationary phase (OD650 > 1.0). 

 

 

N. Acid resistance assays 

 

Acid resistance assays were carried out as described by Lin et al., 1995 with 

modifications.  Strains were grown for 20 hours at 30ºC shaking in MOPS-LB, pH 7 (+ 

carbenicillin or EDDA as indicated).  Overnight cultures were diluted 1:50 into L broth 

or M9 minimal medium at pH 2.5.  These acid shock cultures were incubated for 2 hours 

at 37ºC shaking, and percent survival was determined by plating serial dilutions of the 

acid shock cultures at the start and the end of the incubation time. 
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III. RESULTS 

 

 

1. Characterization of a S. flexneri fur mutant 

 

Iron regulation in many gram negative bacteria is mediated by the Fur protein.  In 

order to study the effects of Fur-mediated iron regulation in S. flexneri, a fur mutation 

was transduced from E. coli strain MFT5 (fur::Tn5, M. McIntosh) into wild type S. 

flexneri.  Assays were first performed to analyze the growth and siderophore production 

phenotypes of the S. flexneri fur mutant.  To identify genes regulated directly by iron and 

Fur, and to study the physiological response of S. flexneri to iron limitation, microarrays 

comprising every gene in the S. flexneri genome were constructed.  Microarray analysis 

comparing the gene expression profiles of the wild type and fur mutant strains was then 

carried out in order to identify genes whose expression was affected by iron availability 

in S. flexneri. 

 

1.1 GROWTH PHENOTYPE OF THE FUR MUTANT 

 

To determine the general growth characteristics of the S. flexneri fur mutant, 

growth curves of wild type and fur in iron-replete and iron-depleted conditions were 

constructed.  In iron-replete conditions, the fur mutant demonstrated a growth defect 

compared to wild type, with the growth rate of the fur mutant mimicking that of wild type 

until mid-logarithmic growth, at which point the growth rate of the fur mutant decreased 
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(Figure 8).  The fur mutant continued to grow at this decreased growth rate until the 

culture concentration reached an optical density of about 1.0 and the culture entered into 

stationary phase.  In the presence of the iron chelator EDDA the fur mutant grew slightly 

better than wild type, suggesting that the fur mutant may have a growth advantage in 

iron-limited environments due to de-repression of genes required for iron acquisition.   

 

1.2 REGULATION OF HYDROXAMATE PRODUCTION IN THE FUR MUTANT 

 

A key characteristic of fur mutants is that iron acquisition systems are 

constitutively expressed.   In order to determine if the S. flexneri fur mutant shared this 

characteristic, the wild type and fur strains were assayed for hydroxamate production 

after growth in minimal medium supplemented with various concentrations of FeSO4.  As 

expected, hydroxamate production in wild type S. flexneri was clearly repressed by 

growth in the presence of iron as compared to growth in low iron conditions (Figure 9, 

compare blue bars at 40 µM and 0 µM added iron).  The level of hydroxamate production 

in the fur mutant grown in the presence of iron was significantly higher than that of wild 

type, indicating that aerobactin production is de-repressed in the S. flexneri fur mutant.  A 

significant level of repression of aerobactin production by iron was observed in the fur 

mutant (compare green bars at 40 µM and 0 µM added iron), indicating that iron can 

repress aerobactin production independently of the Fur protein.  The mechanism of Fur-

independent iron repression of aerobactin has not been investigated further. 
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Figure 8.  Growth curves of wild type and fur 

Wild type (SA101-blue) and fur (SA211-green) were grown overnight in L broth then 
diluted 1:50 into L broth + (squares) and – (triangles) 32 µg/ml of EDDA.  The OD650 
was taken every hour until cultures reached stationary phase, and a final reading was 
taken at 24 hours.  Error bars show the standard deviation for three independent 
experiments. 
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Figure 9.  Hydroxamate production by wild type and fur 

Cultures of wild type (SA100-blue) and fur (SA1301-green) were diluted 1:100 into M9 
minimal medium and grown overnight with and without iron supplementation as 
indicated.  The presence of hydroxamic acids was determined as described in the 
materials and methods.  The quantity of hydroxamic acids in the supernatant (OD500) was 
normalized by dividing by the concentration of the overnight culture (OD650).  Relative 
hydroxamate production refers to the normalized quantity of hydroxamic acids x 1000. 



 43

1.3 EXPRESSION ANALYSIS OF IRON AND FUR REGULATION 

 

It was of interest to determine the effect of Fur on gene regulation in S. flexneri.  

Microarrays were developed to analyze the global response of S. flexneri to decreased 

iron availability.  RNA isolated from wild type grown in high and low iron conditions 

was used to identify genes whose expression was regulated by iron, and RNA isolated 

from the wild type and fur mutant strains grown in added iron was used to identify Fur-

regulated genes.  A summary of the results from these experiments is displayed in Tables 

4-6.  These analyses identified new putative targets of iron-dependent and iron-

independent Fur repression.  In addition, genes that are normally induced by oxidative 

and acid stresses in E. coli were induced in S. flexneri when Fur was inactivated by iron 

depletion or mutation.  No Fur boxes were identified in the promoters of any these stress 

response genes or their known activators.  As such, the regulation of these genes did not 

appear to be via direct Fur repression.  These data indicated that S. flexneri may be unable 

to sufficiently protect against acid and oxidative stresses in the absence of iron or Fur.   

 

1.3.1 Iron acquisition genes 

 

Several known iron acquisition genes were induced during growth in the presence 

of iron chelator, many of which have previously been shown to be repressed by iron via 

the Fur protein.  As previously shown in this lab by Michael Schmitt (Schmitt and Payne, 

1988), the genes required for enterobactin synthesis (ent) and uptake (fep), were induced 

in the wild type when grown in the presence of the iron chelator EDDA (Table 4).  The 

gene encoding the outer membrane receptor for aerobactin, iutA, was also induced during 
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growth in the presence of EDDA, as well as the aerobactin biosynthetic genes iucA-C, 

data which is consistent with the observed levels of hydroxamate produced by wild type 

S. flexneri grown in high and low iron conditions (Figure 9).  The shiF and shiG genes, 

which are partially located in the promoter region of the aerobactin operon in the Shi-2 

pathogenicity island (Moss et al., 1999), were also induced during growth in iron-

depleted conditions.  In addition, fhuE, which encodes the outer membrane receptor for 

the hydroxamate siderophores ferrioxamine-B and ferric-coprogen (Hantke, 1983), and 

fhuF, which encodes a siderophore reductase that is required for removal of iron from 

ferrioxamine-B and ferric-coprogen (Matzanke et al., 2004), were induced when wild 

type was grown in the presence of EDDA.  The ferrous iron uptake genes sitA-D and 

feoA were also both induced when wild type was grown in low iron conditions, although 

the induction of feoA (2.4-fold) was not as pronounced as that of the sit genes (between 

5.8 and 10.9-fold).   

The majority of the iron acquisition genes that were induced in iron-depleted 

conditions were also induced in the fur mutant as compared to wild type.  The sit genes, 

however, were induced very weakly in the fur mutant compared to wild type.  This 

discrepancy could be due to the use of EDDA as the iron chelator, which chelates 

manganese in addition to iron.  The sit genes in S. typhimurium contribute to manganese 

uptake in addition to ferrous iron uptake (Boyer et al., 2002), and the S. flexneri sit 

promoter contains a MntR (manganese repressor) binding site in addition to a Fur Box 

(Runyen-Janecky et al., 2003).  The addition of EDDA may therefore enhance the 

induction of the sit genes by depleting available manganese.   
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Table 4.  Genes induced by low iron and fur inactivation1 

Fold Induction Upon: 
Name UID Gene Product iron 

depletion2  fur 
inactivation3

Iron metabolism genes   

fepA B0584 Enterobactin uptake 6.2 ± 9.3  3.84 

fes B0585 Esterase 2.74  4.0 ± 0.9 

fepC B0588 Enterobactin uptake 3.3 ± 2.3  2.8 ± 2.2 

ybdA B0591 Transport 4.0 ± 2.2  3.8 ± 2.2 

entC B0593 Enterobactin synthesis 4.8 ± 1.9  5.7 ± 3.8 

fhuE B1102 Ferrioxamine B uptake 5.9 ± 2.9  7.2 ± 5.4 

exbD B3005 TonB accessory protein 4.9 ± 1.6  5.4 ± 3.2 

exbB B3006 TonB accessory protein 6.0 ± 1.1  6.5 ± 3.9 

feoA B3408 Ferrous iron uptake 2.4 ± 0.6  5.1 ± 3.8 

fhuF B4367 Hydroxamate reductase 12.2 ± 3.3  13.0 ± 7.0 

iucA IUCA Aerobactin synthesis 3.3 ± 0.9  4.6 ± 2.1 

iucB IUCB Aerobactin synthesis 9.4 ± 1.9  24.3 ± 8.2 

iucC IUCC Aerobactin synthesis 8.3 ± 2.4  28.6 ± 22.4 

iutA IUTA Aerobactin uptake 11.6 ± 3.0  20.6 ± 11.5 

shiF SHIF Putative protein 4.4 ± 2.5  8.5 ± 5.1 

shiG SHIG Putative protein 2.5 ± 1.0  3.4 ± 1.9 
1Overnight cultures in L broth were diluted 1:100 into L broth +/- EDDA or added iron as indicated, and 
RNA was isolated from exponentially-growing cultures (OD650 ≈ 0.6) grown in L broth at 37°C. 

2Ratio of expression in iron-depleted condition (+ EDDA) vs. iron-replete conditions (no EDDA).  Mean 
of 4 independent experiments is shown; +/- indicates the standard deviation for the mean. 

3Ratio of expression in fur mutant vs. wild type, both grown in iron-replete conditions (+ 40 µM FeSO4).  
Mean of 3 independent experiments is shown; +/- indicates the standard deviation for the mean. 

4Fewer than 3 data points were available for these genes in these experiments. 
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Table 4. Genes induced by low iron and fur inactivation1 cont. 

Fold Induction Upon: 
Name UID Gene Product iron 

depletion2  fur 
inactivation3

Iron metabolism genes cont.   

sitA SITA Ferrous iron/manganese uptake 10.9 ± 2.3  4.0 ± 3.3 

sitB SITB Ferrous iron/manganese uptake 10.0 ± 3.3  3.7 ± 3.8 

sitC SITC Ferrous iron/manganese uptake 5.8 ± 1.8  2.3 ± 1.6 

sitD SITD Ferrous iron/manganese uptake 8.7 ± 1.7  2.3 ± 0.6 

ryhB N/A RyhB regulatory RNA ND4  685 

Miscellaneous genes   

dapD B0166 Lysine biosynthesis 3.3 ± 0.5  2.3 ± 1.7 

lysA B2838 Lysine biosynthesis 2.4 ± 0.8  1.4 ± 0.4 

Genes induced in fur mutant only    

ykgE B0306 Putative dehydrogenase subunit 0.7 ± 0.4  3.5 ± 0.6 

ykgF B0307 Putative electron transport 0.7 ± 0.3  2.7 ± 0.3 

ykgG B0308 Putative transport 0.7 ± 0.5  2.9 ± 2.1 

nirB B3365 Nitrate reductase subunit 0.4 ± 0.2  2.1 ± 1.4 
1Overnight cultures in L broth were diluted 1:100 into L broth +/- EDDA or added iron as indicated, and 
RNA was isolated from exponentially-growing cultures (OD650 ≈ 0.6) grown in L broth at 37°C. 

2Ratio of expression in iron-depleted condition (+ EDDA) vs. iron-replete conditions (no EDDA).  Mean 
of 4 independent experiments is shown; +/- indicates the standard deviation for the mean 

3Ratio of expression in fur mutant vs. wild type, both grown in iron-replete conditions (+ 40 µM FeSO4).  
Mean of 3 independent experiments is shown; +/- indicates the standard deviation for the mean. 

4ND:  Not determined 
5Determined by real time PCR analysis. 
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1.3.2 Miscellaneous genes 

 

Several genes not previously shown to be iron-regulated were induced in wild 

type cells grown in the presence of iron chelator (Table 4).  Among these were two genes 

involved in lysine biosynthesis, lysA and dapD.  Although the fold induction of these 

genes was not as strong as some of the iron acquisition systems discussed above, the 

levels of induction were consistent from experiment to experiment, indicating that their 

inductions were not experimental artifacts.  lysA and dapD were also induced in the fur 

mutant compared to wild type (Table 4), suggesting that these genes are repressed by iron 

via Fur.  A putative Fur box was identified in the promoter of lysA (Figure 10), indicating 

that Fur may directly repress lysA expression.  No obvious Fur box was identified in the 

promoter of dapD.   

Several genes were induced in the fur mutant but not upon iron depletion (Table 

4).  These included three genes that constitute a putative operon, ykgEFG.  ykgE encodes 

a putative dehydrogenase, ykgF encodes a putative electron transport protein, and ykgG 

encodes a putative transporter.  The putative functions of these gene products suggest 

they may encode an unidentified electron transport system.  nirB, encoding an anaerobic 

electron transport protein, was also induced in the fur mutant but not by iron-depletion.  

No obvious Fur boxes could be identified in the promoters of either ykgEFG or nirB; 

however, it is likely that genes regulated by Fur independently of iron may bind to a 

sequence distinct from that of the known Fur binding site. 
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Figure 10.  Fur boxes of iron and Fur-regulated genes 

The consensus Fur Box sequence was obtained from Stojiljkovic, et al, 1994, and the iuc 
Fur Box sequence was obtained from Panina, et al, 2001.  The Fur Box of lysA was found 
by locating the boxed AAT and ATT sequences (in red) flanking 7 residues.  The putative 
Fur Box of lysA is located -42 from the translational start site.   
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1.3.3 Stress response genes 

 

Several acid response genes were also induced upon iron depletion and fur 

inactivation (Table 5).  Several of these genes are located within an “acid fitness island” 

on the E. coli chromosome, located between the slp and gadA genes.  Within this island 

are hdeA, encoding a putative periplasmic acid resistance chaperone, gadE, encoding a 

recently identified positive regulator of acid resistance (Ma et al., 2003a), and gadX, 

whose gene product activates transcription of gadE in stationary phase.  Located at a 

separate site on the chromosome, the gadB and gadC genes, encoding a glutamate 

decarboxylase and the glutamate/GABA antiporter, respectively, were both induced upon 

iron depletion and fur inactivation.  The acid response genes were not induced in every 

experiment, and no obvious experimental variation explained the inconsistency in these 

experiments.  In addition, no Fur boxes were identified in the promoters of any of the 

acid response genes, indicating that the repression of these genes by Fur might be 

indirect.   

In order to determine if the acid response induction of the fur mutant was due to 

excessive acidification of the culture medium by the fur mutant compared to wild type, 

the pH of the growth medium was determined for both the wild type and the fur mutant 

throughout logarithmic growth (Figure 11).  At all stages of growth, the pH of the fur 

mutant culture medium remained above 6.5.  Normally, the gad genes are induced in 

cells that are exposed to pH 5.5 or lower.  The induction of the gad genes at a pH greater 

than 5.5 indicates that the induction of acid response genes in the fur mutant is not a 

result of excessive acidification of the culture medium by the fur mutant.   
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Table 5.  Iron and Fur-dependent expression of stress response genes1 

Fold Induction Upon: 

iron depletion2  fur inactivation3 Gene Gene Product 

#1 #2 #3 #4  #1 #2 #3 

Acid Resistance Genes        

gadC Glutamate/GABA 
antiporter 1.1 19.7 0.9 17.1  0.2 17.1 4.0 

gadB Glutamate 
decarboxylase 1.9 14.9 1.1 1.0  0.2 13.9 3.8 

hdeA Putative periplasmic 
chaperone 0.9 13.0 0.9 8.4  0.3 16.0 2.5 

gadE 
Activator of glutamate-
dependent acid 
resistance 

0.9 10.6 0.9 12.1 
 

0.3 7.5 7.3 

Oxidative Stress Genes        

dps DNA protection during 
starvation 0.8 7.0 0.7 8.9  0.2 7.0 2.4 

sufB Fe-S cluster assembly 1.0 4.5 1.1 4.3  1.7 2.8 1.2 

sufC Fe-S cluster assembly 0.9 2.8 0.9 4.2  1.2 2.3 0.8 

sufD Fe-S cluster assembly 0.8 4.1 1.0 3.6  1.4 2.6 1.1 

sufE Fe-S cluster assembly 1.8 4.6 1.5 3.7  1.4 2.9 1.3 

sufS Fe-S cluster assembly 1.1 5.9 1.3 3.7  2.2 2.1 0.9 
1Overnight cultures in L broth were diluted 1:100 into L broth +/- EDDA or added iron as indicated, and 
RNA was isolated from exponentially-growing cultures (OD650 ≈ 0.6) grown in L broth at 37°C. 

2Ratio of expression in iron-depleted condition (+ EDDA) vs. iron-replete conditions (no EDDA) in 
each microarray experiment.  Bolded columns indicate the induction of stress response genes was 
evident in that experiment. 

3Ratio of expression in fur mutant vs. wild type, both grown in iron-replete conditions (+ 40 µM 
FeSO4) in each microarray experiment.  Bolded columns indicate the induction of stress response 
genes was evident in that experiment.
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Figure 11.  Growth versus pH of wild type and fur 

Wild type (SA101-green diamonds) and fur (SA211-blue squares) were diluted 1:100 
into LB from an overnight culture of LB, and were grown in batch culture at 37ºC.  
Growth and pH readings were taken every 30 minutes until strains reached late-
logarithmic growth phase.  Displayed are results from a representative experiment.  
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Since the induction of the acid resistance genes upon Fur inactivation did not 

seem to be due to an extracellular drop in pH, other explanations for their induction were 

sought out.  The data from the microarray experiments were again examined to determine 

if other genes shared the expression profile of the acid resistance genes.  Interestingly, the 

expression profile of the acid response genes correlated with that of several oxidative 

stress genes (Figure 12 and Table 5).  Among these were genes in the suf operon, 

encoding an iron-sulfur cluster assembly system that is repressed by iron via the Fur 

protein which also requires oxidative stress for its activation, indicating that the level of 

oxidative stress was greater during these experiments.  The correlation of the expression 

profiles of oxidative stress and acid response genes suggests the induction of the acid 

response genes may be linked to excessive oxidative stress sensed by S. flexneri when 

grown in the absence of iron or Fur.   
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Figure 12.  Cluster analysis of microarray data 
Selected data from Tables 4-6 was subjected to hierarchical clustering and displayed in 
an expression map as described in the materials and methods.  Each column in the map 
represents a single experiment and each row represents a single gene.  The brightness of 
each square correlates to the intensity of induction (red) or repression (green) of each 
gene in each experiment.  Grey indicates that data for that gene was unavailable for 
analysis. 

Acid 
Resistance 
Genes

Iron 
Acquisition 
Genes

Oxidative 
Stress  
Genes

Putative RyhB-
Repressed 
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1.3.4 Genes repressed upon iron depletion and fur inactivation 

 

Real time PCR showed that RyhB is induced in the S. flexneri fur mutant (Table 

4).  Thus, genes that were repressed upon iron depletion or fur inactivation represent 

putative targets of RyhB repression in S. flexneri (Table 6).  Among these putative RyhB 

targets were two genes that are repressed by RyhB in E. coli:  ftn and sodB.  tdcA, which 

is activated by iron and Fur in E. coli (McHugh et al., 2003), was also activated by iron 

and Fur in our studies.  Also repressed by iron depletion and fur inactivation was ydeP, 

encoding a putative oxidoreductase that has been implicated in E. coli acid resistance.  

The significance of repression of ydeP in the fur mutant will be discussed later. 
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Table 6.  Genes repressed upon iron depletion and fur inactivation1 

   Fold Repression Upon: 

Name UID Gene Product iron depletion2 fur inactivation3 

Known RyhB-repressed genes 

sodB B1656 Superoxide dismutase 2.7 ± 0.6 2.0 ± 1.2 

ftn B1905 Ferritin 5.3 ± 1.5 9.9 ± 7.5 

Metabolism 

tdcA B3118 Regulator of threonine metabolism 11.9 ± 3.5 8.4 ± 4.8 

Miscellaneous 

ydeP B1501 Putative oxidoreductase; acid resistance protein 4.4 ± 3.5 1.9 ± 0.8 
1Overnight cultures in L broth were diluted 1:100 into L broth +/- EDDA or added iron as indicated, and RNA was isolated from exponentially-
growing cultures (OD650 ≈ 0.6) grown in L broth at 37°C. 

2Ratio of expression in iron-replete conditions (no EDDA) vs. iron-depleted condition (+ EDDA) in each microarray experiment.  Bolded columns 
indicate the induction of stress response genes was evident in that experiment. 

3Ratio of expression in wild type vs. fur mutant, both grown in iron-replete conditions (+ 40 µM FeSO4) in each microarray experiment.  Bolded 
columns indicate the induction of stress response genes was evident in that experiment. 
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2. Role of Fur and RyhB in acid resistance 

 

The data presented in Figure 11 indicated that the induction of acid resistance 

genes in the S. flexneri fur mutant was not due to an extracellular drop in pH.  Hence, the 

physiological significance of the induction of acid resistance genes in the fur mutant 

remained unclear.  It was hypothesized that the induction of acid resistance genes may be 

due to a loss of normal pH homeostasis in the S. flexneri fur mutant, which may also lead 

to increased sensitivity to acid stress.  Similar roles for Fur in protection against acid 

stress have previously been identified in related enteric bacteria.  For example, a fur 

mutant in S. typhimurium maintains a lower internal pH (pHi) during growth in acidic 

conditions, indicating a defect in pH homeostasis, and is unable to survive acid challenge 

(Foster and Hall, 1992).  In addition, some pathogenic E. coli species display 

requirements for Fur in acid survival (Heimer et al., 2002; Zhu et al., 2002).  Thus, the 

role of iron and Fur in S. flexneri acid resistance was investigated.   

 

2.1 CHARACTERIZATION OF ACID RESISTANCE IN THE FUR MUTANT 

 

To begin studying the role of iron and Fur in acid resistance, cultures grown to 

stationary phase were used to determine the acid resistance phenotype of the S. flexneri 

fur mutant.  Initial assays demonstrated that stationary phase cultures of the S. flexneri fur 

mutant diluted into L broth at pH 2.5 displayed survival rates 10-fold lower than wild 

type (data not shown).  To determine if this acid resistance defect was specific to either 

the glutamate-dependent or glutamate-independent system, acid resistance was assayed in 

minimal media in which the concentrations of specific amino acids could be carefully 
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controlled.  Only 1% of fur mutant cells survived after two hours incubation in 

unsupplemented M9 minimal medium at pH 2.5, compared to nearly 100% survival of 

the wild type (Figure 13A, green bars).  The addition of glutamate to the acid shock 

medium restored acid resistance levels of the fur mutant to wild type levels, indicating 

that the acid resistance defect was not in the glutamate dependent system (Figure 12A, 

blue bars).  These data indicated that the fur mutant is defective for the glutamate-

independent acid resistance system.  Since induction of acid response genes was also 

observed in wild type S. flexneri grown in low iron (Table 5), the effect of iron limitation 

on acid resistance in the wild type was also tested.  Wild type S. flexneri grown in the 

presence of the iron chelator EDDA prior to acid challenge displayed acid sensitivity in 

M9 minimal medium at pH 2.5, and, as with the fur mutant, acid resistance was restored 

by the addition of glutamate to the acid shock medium (Figure 13A).  The acid sensitivity 

phenotype of the fur mutant was complemented by expression of fur from a plasmid 

(Figure 13B).  Overall these results indicate that both iron and fur are required for 

glutamate-independent acid resistance in S. flexneri. 
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Figure 13.  Acid resistance phenotype of the fur mutant 

A. Wild type (SM100) and fur (SM1301) were grown in MOPS-buffered LB at pH 7 + 
and – EDDA as indicated for 20 hours at 30°C.  Cultures were then diluted 1:50 into 
M9 + (blue) and – (green) 0.012% glutamate at pH 2.5 and incubated at 37°C for 2 
hours.  Dilutions were plated at 0 and 2 hours to determine the percent survival.   

B. Wild type (SM100) and fur (SM1301) carrying pACYC184 (Vector) or pFS2 (Fur+) 
were grown in MOPS-buffered LB at pH 7 and tetracycline for 20 hours at 30ºC.  
Cultures were then diluted 1:50 into M9 + (blue) and – (green) 0.012% glutamate at 
pH 2.5 and incubated at 37ºC for two hours.  Dilutions were plated at 0 and 2 hours to 
determine the percent survival.  Error bars in both graphs show the standard deviation 
of three independent experiments.   
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2.2 ROLE OF RYHB IN ACID SENSITIVITY IN THE FUR MUTANT 

 

Since the acid response genes did not seem to be directly repressed by Fur, 

mechanisms of indirect Fur regulation of the acid resistance genes were considered.  One 

possibility was that Fur could be regulating acid resistance genes through the small 

regulatory RNA encoded by ryhB, which is induced in the S. flexneri fur mutant (Table 

4).  Real time PCR analysis showed that the ryhB expression was induced 4-fold in the 

fur mutant under the growth conditions that were used for acid resistance assays (Figure 

14A).  The role of ryhB in the acid resistance phenotype of the S. flexneri fur mutant was 

therefore tested.  A ryhB deletion was generated in S. flexneri by allelic exchange, and the 

fur mutation was transduced into the ryhB mutant to create a fur ryhB double mutant.  

Acid resistance assays were then used to determine the effect of the ryhB mutation on 

acid resistance.  The ryhB mutation completely suppressed acid sensitivity in the fur 

mutant, with nearly 100% of the fur ryhB cells surviving in the absence of glutamate 

(Figure 14A).  To further test the role of ryhB in acid resistance, wild type S. flexneri was 

transformed with ryhB under the control of an IPTG-inducible promoter.  This strain was 

resistant to acid challenge in the presence of glutamate, but exhibited acid sensitivity in 

the absence of glutamate proportional to the amount of IPTG added prior to acid shock 

(Figure 14B).  Furthermore, the level of ryhB expression increased as IPTG was added 

(Figure 14B).  Together, these results show that constitutive expression of ryhB is the 

source of acid sensitivity in the S. flexneri fur mutant. 
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Figure 14.  Role of ryhB in acid resistance 

A. Wild type, fur, fur ryhB, and ryhB were grown at 30ºC in MOPS-buffered LB at pH 7 
for 20 hours.  Cultures were diluted 1:50 into M9 at pH 2.5 + (blue) or – (green) 
0.012% glutamate and incubated at 37ºC for two hours.  Dilutions were plated at 0 
and 2 hours to determine percent survival.  Numbers below graph represent the 
relative amount of ryhB expression as determined by real time PCR.  

B. Wild type S. flexneri carrying pQE-2 (Vector) or pERM111 (RyhB+) was grown at 
30ºC in MOPS-buffered LB at pH 7 with carbenicillin and the indicated amount of 
IPTG for 20 hours.  Cultures were diluted 1:50 into M9 at pH 2.5 + (blue) or – 
(green) 0.012% glutamate and incubated at 37ºC for two hours.  Dilutions were plated 
at 0 and 2 hours to determine percent survival.  Error bars in both graphs show the 
standard deviation for three independent experiments. 
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3. Role of RyhB-repressed genes in acid resistance 

 

These data show that RyhB represses a factor(s) that is required for glutamate-

independent acid resistance.  Several targets of RyhB repression have already been 

identified in E. coli by Masse and Gottesman, 2002, and many of these genes have been 

implicated in protection against iron-mediated oxidative stress.  Cluster analysis of our 

microarray data indicated that the induction of acid resistance genes in the S. flexneri fur 

mutant was linked to the induction of the suf operon which is activated by oxidative 

stress (Figure 12).  These data suggest that the factors that mediate protection against acid 

and oxidative stresses in S. flexneri may be shared.  As mentioned previously, iron is 

more soluble at low pH, making it more available and thus likely to mediate iron-

mediated oxygen toxicity.  As such, RyhB may repress acid resistance in the S. flexneri 

fur mutant by blocking the expression of genes involved in protection against oxidative 

stress.  In order to identify the required acid resistance factor(s) that is repressed by 

RyhB, previously and newly-identified RyhB-repressed genes were investigated for their 

ability to confer acid resistance to the S. flexneri fur mutant. 

 

3.1 ROLE OF KNOWN RYHB-REPRESSED GENES IN ACID RESISTANCE 

 

Known targets of RyhB repression that have been shown to protect against 

oxidative stress were tested for their ability to suppress the acid sensitivity phenotype of 

the fur mutant upon overexpression from a plasmid.  SodB, which protects against 

oxidative stress mediated by the formation of superoxides, is a target of RyhB repression 

in E. coli (Masse and Gottesman, 2002) and is induced during growth at low pH in E. coli 
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(Stancik et al., 2002).  Since sodB was repressed in the fur mutant in our microarray 

experiments (Table 6), the idea that acid sensitivity in the S. flexneri fur mutant could be 

due to repression of sodB and subsequent loss of protection against oxidative stress was 

tested.  Over-expression of sodB did not restore acid resistance to the S. flexneri fur 

mutant.  Furthermore, sodB, sodA, and sodAsodB mutants generated in S. flexneri were 

completely resistant to acid challenge in the absence of glutamate (Figure 15), indicating 

that sodB is not required for glutamate-independent acid resistance.   

E. coli produces two distinct iron-containing aconitase enzymes encoded by acnA 

and acnB, either of which can function in the tricarboxylic acid (TCA) cycle.  The iron-

sulfer cluster contained by AcnB is sensitive to superoxides and is therefore non-

functional in cells that have been exposed to chemical oxidants.  The iron-sulfur cluster 

of AcnA, however, is resistant to oxidative stress in vivo (Varghese et al., 2003), and 

production of AcnA is induced in cells exposed to oxidative stress via SoxRS (Gruer and 

Guest, 1994).  Since acnA is repressed by RyhB in E. coli, its ability to restore acid 

resistance to the fur mutant was tested.  As with sodB, over-expression of acnA did not 

restore acid resistance to the S. flexneri fur mutant (Figure 16).  These data show that acid 

sensitivity in the S. flexneri fur mutant is not due to repression of either sodB or acnA by 

RyhB.   
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Figure 15.  Role of sodB in acid resistance 

A. Wild type, fur, sodA, sodB, and sodA sodB were grown at 30ºC in MOPS-buffered 
LB at pH 7 for 20 hours.  Cultures were diluted 1:50 into M9 at pH 2.5 + (blue) and – 
(green) 0.012% glutamate and incubated at 37ºC for two hours.  Dilutions were plated 
at 0 and 2 hours to determine the percent survival. 

B. Wild type and fur carrying pGEM-T easy (Vector) or pAGO-sodB1 (SodB+) were 
grown at 30ºC in MOPS-buffered LB at pH 7 with carbenicillin for 20 hours.  
Cultures were then diluted 1:50 into M9 at pH 2.5 + (blue) or – (green) 0.012% 
glutamate and incubated at 37ºC for two hours.  Dilutions were plated and 0 and 2 
hours to determine the percent survival.  Error bars show the standard deviation for 
three independent experiments. 
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Figure 16.  Role of acnA in acid resistance 

Wild type and fur carrying pGEM-T easy (Vector) or pAGO-acnA1 (AcnA+) were grown 
at 30ºC in MOPS-buffered LB at pH 7 with carbenicillin for 20 hours.  Cultures were 
then diluted 1:50 into M9 at pH 2.5 + (blue) or – (green) 0.012% glutamate and incubated 
at 37ºC for two hours.  Dilutions were plated and 0 and 2 hours to determine the percent 
survival.  Error bars show the standard deviation for three independent experiments. 
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3.2 RYHB-DEPENDENT FUR REGULATION 

 

Since over-expression of neither sodB nor acnA suppressed the acid sensitivity 

phenotype of the fur mutant, other targets of RyhB repression were sought by microarray 

analysis.  These experiments were carried out by comparing the gene expression profiles 

of the fur mutant and wild type strains, as well as those of the fur ryhB double mutant and 

the fur mutant.  To identify targets of RyhB regulation that were relevant to our acid 

sensitivity assays, cultures used for microarray analysis were grown under the same 

conditions that were used for the acid resistance assays.  Under these conditions, genes 

that are required for glutamate-independent acid resistance are predicted to be repressed 

in the fur mutant compared to wild type and induced in the fur ryhB mutant compared to 

the fur mutant.  By employing this analysis, several targets of RyhB repression that may 

be required for acid resistance in S. flexneri were identified. 

 

3.2.1 Genes repressed by RyhB 

 

Microarray analysis identified several genes that were repressed in the fur mutant 

as compared to wild type and that returned to wild type levels in the fur ryhB double 

mutant (Table 7), making these genes ideal candidates for the source of acid sensitivity in 

the fur mutant.  Among these candidates were several acid resistance genes, including 

gadB and gadC (glutamate-dependent acid resistance), ydeO (regulator of glutamate-

dependent acid resistance), and ydeP (putative dehydrogenase and acid resistance gene).   

All of these genes are members of the EvgAS acid-induced regulon (shown in Figure 7, 

page 23).  Although the genes encoding EvgAS were not identified as repressed in the fur 
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mutant in these experiments, it is possible that their repression in the fur mutant and de-

repression upon inactivation of ryhB is due to repression of evgAS expression by RyhB.  

fdhE, encoding formate dehydrogenase, and hycF, encoding a subunit of the formate 

hydrogen lyase complex in E. coli, were also repressed by RyhB.  Interestingly, these 

genes in S. typhimurium are induced in response to acid and activated by the Fur protein.  

Furthermore, the protein encoded by ydeP, which is also repressed by RyhB, shares 

similarity with the formate dehydrogenase that is a component of the formate hydrogen 

lyase complex in E. coli. 
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Table 7:  Genes repressed by RyhB expression 

Gene 
Name UID Gene Product 

Fold repression in 
fur vs. wild type 

Fold induction in 
fur ryhB vs. fur 

Acid Resistance   

gadC B1492 Glutamate/GABA 
antiporter 3.0 ± 2.0 3.0 ± 1.5 

gadB B1493 Glutamate decarboxylase 2.9 ± 0.9 2.5 ± 1.3 

ydeO B1499 Activator of glutamate-
dependent acid resistance   

ydeP B1501 
Putative 
oxidoreductase/acid 
resistance protein 

3.1† 4.1 ± 4.8 

Metabolism   

fdhE B3891 Formate dehydrogenase 1.7† 5.3† 

hycF B2720 Formate hydrogen lyase 
subunit 13.9† 3.5† 

†Fewer than three data points were available for these genes. 
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3.2.2 Genes induced by RyhB 

 

While performing microarray analysis to identify targets of RyhB repression, 

several genes that are induced in response to RyhB expression were also identified.  As 

expected, several iron acquisition genes were induced in the fur mutant as compared to 

wild type, including the aerobactin synthesis and uptake genes (iucABCD and iutA), a 

ferrous iron uptake gene (feoA), and the exbBD genes which encode TonB accessory 

proteins (Table 8).  Unexpectedly, these genes appeared to be activated by RyhB, as they 

were repressed in the fur mutant when ryhB was inactivated.  As mentioned earlier, 

another level of iron regulation independent of Fur was apparent in our hydroxamate 

assays (Figure 9).  It is possible that RyhB may actually activate the expression of iron 

acquisition genes via a second iron-responsive regulatory mechanism.  More extensive 

analysis will be needed to determine the mechanism by which RyhB seems to activate 

these iron acquisition genes. 

Several genes involved in primary and secondary metabolism were also activated 

by ryhB expression.  While these genes do not seem to be directly involved in acid 

resistance, their expression changes under these conditions may indicate the 

physiological state of the cell when RyhB is constitutively expressed.  For example, the 

genes encoding ATP synthase, which are required for glutamate-independent acid 

resistance in E. coli, were induced in the fur mutant as compared to wild type and 

repressed in the fur ryhB double mutant as compared to the fur mutant.  Genes encoding 

TCA cycle enzymes, including citrate synthase (gltA), isocitrate dehydrogenase (icdA), 

succinate dehydrogenase (sdhCDAB), and oxoglutarate dehydrogenase (sucA, sucC, and 

sucD), were also induced by RyhB expression.  The induction of these genes indicates an 
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induction of oxidative metabolic pathways, which are also required for glutamate-

independent acid resistance, in the presence of RyhB.  The induction of these genes when 

ryhB is constitutively expressed may indicate a compensatory effect by S. flexneri to cope 

with acid stress inside the cell.  
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Table 8.  Genes induced by RyhB expression 

Gene 
Name UID Gene Product 

Fold induction 
in fur vs. wild 

type 

Fold repression 
in fur ryhB vs. 

fur 
Iron Metabolism   

iutA IUTA Aerobactin outer membrane 
receptor 6.0 ± 3.6 3.5 ± 2.6 

iucA IUCA Aerobactin synthesis 3.9 ± 2.3 3.9 ± 2.7 
iucB IUCB Aerobactin synthesis 5.1 ± 3.9 1.9 ± 1.0 
iucC IUCC Aerobactin synthesis 8.4 ± 6.6 5.4 ± 4.0 
iucD IUCD Aerobactin synthesis 4.7 ± 4.8 3.4 ± 2.4 
feoA B3408 Ferrous iron uptake 3.5 ± 0.9 1.5† 
exbD B3005 TonB accessory protein 3.8 ± 2.3 1.9 ± 0.8 
exbB B3006 TonB accessory protein 2.8 ± 1.9 10.5 ± 14.7 

TCA Cycle   
icdA B1136 Isocitrate dehydrogenase 12.8 ± 8.5 8.6 ± 8.4 
sdhC B0722 Succinate dehydrogenase 2.4 ± 2.4 2.9† 
sdhD B0723 Succinate dehydrogenase 5.1 ± 5.3 2.2 ± 1.4 
sdhA B0724 Succinate dehydrogenase 5.8 ± 5.4 3.1 ± 1.9 
sdhB B0725 Succinate dehydrogenase 5.1 ± 2.1 3.8 ± 3.4 
sucA B0726 Oxoglutarate dehydrogenase 18.3 ± 10.9 5.3 ± 3.7 
sucB B0727 Oxoglutarate dehydrogenase 12.6 ± 7.8 8.5 ± 9.2 
sucD B0729 Oxoglutarate dehydrogenase 8.9 ± 8.2 9.9† 

ATP Synthase   
atpD B3732 ATP synthase 6.4 ± 6.2 5.4 ± 3.5 
atpA B3734 ATP synthase 11.7 ± 7.1 5.6 ± 0.8 
atpH B3735 ATP synthase 13.1 ± 9.8 6.9 ± 1.9 
atpE B3737 ATP synthase 7.8 ± 7.1 2.5 ± 1.0 

Outer Membrane Proteins   
ompF B0929 Outer membrane protein 20.7† 19.4† 
ompC B2215 Outer membrane protein 4.9 ± 2.2 12.7 ± 15.1 

† Fewer than three data points were available for these genes. 
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3.3 ROLE OF YDEP IN ACID RESISTANCE 

 

Many of the genes in Table 7 have been shown to be specifically involved in 

glutamate-dependent acid resistance in E. coli.  Although ydeP has been implicated in 

acid resistance, the specific role of this gene in acid resistance, i.e., whether it is required 

for glutamate-independent or glutamate-dependent acid resistance, has not yet been 

determined.  Furthermore, ydeP was also repressed in the fur mutant compared to wild 

type in our microarray experiments (Table 6), making this gene a potential candidate for 

the source of acid sensitivity phenotype in the fur mutant.  The role of ydeP in the 

glutamate-independent acid sensitivity phenotype of the fur mutant was therefore 

investigated.  The S. flexneri fur mutant was transformed with a plasmid expressing ydeP.  

The resulting strain was resistant to acid, whereas the fur mutant carrying vector alone 

displayed acid sensitivity (Figure 17).  This suppression of acid sensitivity is not likely 

due to a titration of available RyhB molecules in the fur mutant, since over-expression of 

sodB, whose mRNA is known to bind to RyhB (Vecerek et al., 2003), did not have the 

same effect (Figure 15).  These data suggest that acid sensitivity in the fur mutant is due 

to repression of ydeP.   

To further investigate the role of ydeP in acid resistance, a ydeP mutant was 

generated by allelic exchange and assayed for its ability to survive acid challenge in the 

presence and absence of glutamate.  As expected from the results from the previous 

experiment, the ydeP mutant was completely defective for glutamate-independent acid 

resistance (Figure 17).  Unexpectedly, the ydeP mutant was also sensitive to acid 

challenge in the presence of glutamate, showing that ydeP is required for both glutamate-

dependent and glutamate-independent acid resistance.  Together, these data indicate that 

reduced ydeP expression, as was observed in the fur mutant, caused a defect in 
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glutamate-independent acid resistance, whereas a complete loss of ydeP expression by 

gene inactivation led to defects in both glutamate-dependent and glutamate-independent 

acid resistance. 
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Figure 17.  Role of ydeP in acid resistance 

Wild type (SA100), fur (SA1301), and ydeP (SM1306) carrying pWKS30 (Vector) or 
pWKS-ydeP (YdeP+) were grown in MOPS-buffered LB at pH 7 for 20 hours at 30°C.  
Cultures were then diluted 1:50 into M9 + (blue) and – (green) 0.012% glutamate at pH 
2.5 at 37°C for 2 hours.  Percent survival was determined as described in the 
experimental procedures.  An asterisk (*) indicates that percent survival at 2 hours was 
below detectable levels (< 0.001%).  Error bars show the standard deviation for three 
independent experiments. 
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4. Regulatory circuit of Fur, RyhB, EvgAS, and YdeP 

 

These data do not distinguish between RyhB directly repressing expression of 

ydeP or acting on an upstream regulator.  There was no sequence homology between 

RyhB and ydeP, as might be expected if RyhB was directly repressing expression of 

ydeP.  The two component response regulator encoded by evgA activates the expression 

of several of the acid response genes that were shown to be repressed by RyhB in Table 

7.  A region of homology was identified between the RyhB RNA and the open reading 

frame of evgS, encoding the sensor kinase of this two-component system that is co-

transcribed with evgA (Figure 18A).  This finding suggested that repression of ydeP may 

occur via direct interaction of the RyhB RNA with the template strand of evgS DNA.  

Homology of the same region of RyhB to the virB open reading frame is required for 

repression of virulence in S. dysenteriae (Murphy and Payne, 2006).  Induction of an 

altered allele of ryhB that is mutated for several nucleotides in this region (Figure 18A, 

altered ryhB residues are indicated by a red asterisk) does not repress virulence in S. 

dysenteriae (Murphy and Payne, 2006).  This altered RyhB RNA was tested for its ability 

to repress glutamate-independent acid resistance in S. flexneri.  While over-expression of 

the wild type ryhB allele led to acid sensitivity in wild type S. flexneri, over-expression of 

the altered ryhB allele had no effect on acid resistance (Figure 18B).  These data suggest 

that the homology between the RyhB RNA and the evgS coding sequence is required for 

repression of glutamate-independent acid resistance by RyhB in S. flexneri. 
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Figure 18.  Regulation of acid resistance by the altered RyhB 

A. Alignment of RyhB and evgS open reading frame.  Red asterisks indicate which bases 
in RyhB have been changed in the altered RyhB molecule.   

B. Wild type (SA100) carrying pERM111 (Wild type RyhB) or pERM127 (Altered 
RyhB) was grown in MOPS-buffered LB + carbenicillin at pH 7 at 30°C for 20 hours.  
Cultures were then diluted 1:50 into M9 + (green) and – (blue) 0.012% glutamate at 
pH 2.5 and incubated for 2 hours at 37°C.  Percent survival was determined as 
described in the experimental procedures.  Error bars show the standard deviation for 
three independent experiments. 
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To further test the effects of altering this portion of the RyhB sequence, real time 

PCR was used to test the ability of both the wild type and altered RyhB RNAs to regulate 

evgA, which is within an operon with evgS, and ydeP.  Overexpression of both the wild 

type and altered RyhB RNAs repressed expression of sodB, whose mRNA has been 

shown to interact with wild type RyhB.  These data indicate that both the wild type and 

altered ryhB genes were expressed in S. flexneri and their gene products maintained 

functionality.  The expression levels of both evgA and ydeP were repressed upon 

induction of ryhB expression (Figure 19).  The altered RyhB RNA had no effect on evgA 

and ydeP mRNA levels, suggesting that this region of homology to evgS is required for 

repression of evgA and ydeP.  Overall, these results indicate that RyhB represses evgA 

expression via base pair binding to the template strand of evgS DNA, leading to lowered 

levels of EvgA and loss of activation of ydeP.  
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Figure 19.  Regulation of ydeP and evgA by the altered RyhB 

Wild type (SA100) carrying pERM111 (Wild type RyhB) or pERM127 (Altered RyhB) 
was grown for 6 hours to late exponential/early stationary phase (OD650 ≈ 1) at 37°C in 
LB.  IPTG was added to half of the culture to a concentration of 200 µM, and cultures 
were incubated for 20 minutes longer.  RNA isolated from each sample was used for real 
time PCR as described in the experimental procedures to determine the relative quantities 
of sodB, evgA, and ydeP mRNA.   The relative expression of each gene upon IPTG 
induction is reported as the percentage of expression of the gene when RyhB expression 
is un-induced.  Error bars indicate the standard deviation for three independent 
experiments. 
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IV. DISCUSSION 

 

The role of Fur in many bacteria extends beyond maintaining iron homeostasis.  

Fur represses several virulence factors, including Shiga toxin in Shiga-toxin producing 

strains of E. coli and S. dysenteriae (Calderwood and Mekalanos, 1987).  In addition, Fur 

is required for protection against oxidative stress in E. coli (Touati et al., 1995), a trait 

that is partially due to the dere of oxidative protection proteins such as SodB via 

repression of ryhB (Masse and Gottesman, 2002).  Furthermore, the Fur proteins of 

several enteric organisms are required for survival in acidic environments (Bijlsma et al., 

2002; Hall and Foster, 1996; Heimer et al., 2002; Zhu et al., 2002).  This study sought to 

identify new targets of Fur regulation in S. flexneri.  In doing so, another requirement of 

Fur in acid resistance was discovered.  The regulatory cascade linking Fur and acid 

resistance genes was elucidated in this work, and a novel effecter of glutamate-

independent acid resistance encoded by ydeP was shown to be activated by Fur via the 

small regulatory RNA RyhB.  Furthermore, preliminary evidence indicates that the role 

of Fur in acid resistance may be linked to its role in mediating protection against 

oxidative stress.   

 

A. Iron and Fur regulon in S. flexneri 

 

Microarrays analysis was used to identify new targets of iron and Fur regulation 

in S. flexneri.  Many of the genes identified as iron and Fur-regulated in this analysis have 

previously been shown to be regulated by iron and/or Fur in S. flexneri and/or E. coli.  
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Several new targets were also identified and are discussed here.  The first set of these 

present possible targets of Fur regulation via the described mechanism of Fur regulation, 

i.e., by the iron-bound Fur protein binding to a Fur Box in the promoters of the described 

genes, thereby preventing their transcription.  Among these are genes required for lysine 

biosynthesis (lysA and dapD).  The lysine biosynthesis genes provide an interesting new 

target of iron and Fur regulation since lysine is a precursor of aerobactin biosynthesis.  

Hence, in the absence of iron, when aerobactin synthesis genes are induced, lysine 

biosynthesis genes are also induced.  The presence of the Fur box in the lysA promoter 

(Figure 10) makes direct regulation of this gene by Fur likely.  dapD, which is also 

repressed by iron and Fur, encodes an earlier enzyme in the lysine biosynthetic pathway, 

tetrahydrodipicolinate succinylase, which converts the intracellular iron chelator 

tetrahydrodipicolinate into diaminopimelate (DAP).  No putative Fur binding site was 

found in the promoter of dapD, indicating that repression of dapD by Fur is indirect.  It is 

possible that the increased expression of lysA leading to greater consumption of DAP by 

the lysine biosynthesis pathway causes a feedback activation of the dapD enzyme.  

Overall, a regulatory pathway has been selected for in which iron limitation triggers the 

consumption of an intracellular iron chelator, freeing up intracellular iron stores, while 

also allowing for the biosynthesis of the aerobactin precursor lysine.   

A smaller group of newly identified Fur-regulated genes are repressed by Fur 

independently of iron.  Among these are three genes within a putative operon, ykgEFG, 

which may encode factors involved in electron transport.  nirB, encoding a subunit of 

nitrate reductase, is also repressed by Fur in this manner.  No putative Fur Boxes were 

located upstream of either the ykg operon or nirB; however, repression of genes by an 

apo-Fur protein may act through a sequence that is distinct from that of the Fur Box.  

Other genes in S. flexneri not identified in this analysis may also be regulated by Fur in 



 80

this manner.  Further characterization of other targets of this type of regulation may 

reveal a new paradigm for Fur regulation.   

Several new targets of Fur and iron activation were also identified, including 

ydeP, which was subsequently shown to be required for acid resistance in S. flexneri.  

The Fur protein of S. typhimurium also activates several acid shock proteins and is 

required for acid survival.  Measurements of the internal pH (pHi) of a S. typhimurium fur 

mutant demonstrate that the pHi of the fur mutant is considerably lower than that of wild 

type in acidic environments, indicating a defect in pH homeostasis (Foster and Hall, 

1992).  These data suggest a relationship between the proper expression of acid shock 

proteins and maintenance of pH homeostasis.  There are indications that the fur mutant in 

S. flexneri is also defective for pH homeostasis and maintains a lower pHi than wild type.  

Acid resistance genes are induced in the absence of Fur, and no acidification of fur 

mutant culture medium that could induce acid resistance was observed (Figure 11).  This 

data suggests that pH homeostasis in the fur mutant is defective, possibly due to 

repression of ydeP. 

A correlated induction of the suf operon in our microarray experiments suggests 

that increased oxidative stress may be linked to the induction of the gad genes.  As Fur is 

known to activate several genes required for protection against iron-mediated oxygen 

toxicity via repression of RyhB, it is not surprising that the fur mutant may exhibit 

increased sensitivity to oxidative stress.  Protection from iron-mediated oxidative stress 

may become a more pressing problem for the fur mutant at low pH, in which iron exists 

in its more soluble ferrous form.  Indeed, several links between acid resistance and 

oxidative stress have been reported in the literature.  Dps, a DNA binding protein capable 

of functioning as an iron scavenger protein, has been reported to be induced during 

exposure to acidic conditions in E. coli as shown by microarray analysis (Waidner et al., 
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2002).  A separate report shows that SodB levels are induced in E. coli when exposed to 

acidic conditions (Argaman et al., 2001).  It is not clear from this study whether increased 

oxidative stress caused the induction of the acid response genes, or if the loss of pH 

homeostasis in the fur mutant caused increased oxidative stress and the subsequent 

induction of the suf operon.  The link between oxidative stress and acid resistance will 

require more study in order to study the relationship between these two physiological 

responses to stress. 

 

B. Regulation of acid resistance by Fur and RyhB 

 

In this work, Fur was shown to activate acid resistance genes via repression of the 

small regulatory RNA RyhB.  Based on the data presented in this study, a model of 

regulation of acid resistance by Fur is shown in Figure 20.  Constitutive expression of 

ryhB in the fur mutant or over-expression of ryhB from a plasmid leads to a defect in 

glutamate-independent acid resistance, indicating that RyhB represses gene(s) required 

for this acid resistance in the absence of glutamate.  Microarray analysis of wild type, the 

fur single mutant and the fur ryhB double mutant showed that several acid resistance 

genes are repressed upon constitutive expression of ryhB in the fur mutant.  Over-

expression of one of these genes, ydeP, restored acid resistance to the fur mutant (Figure 

17).  This data indicated that repression of ydeP by RyhB was the source of glutamate-

independent acid sensitivity in the S. flexneri fur mutant.  Interestingly, the S. flexneri 

ydeP mutant was defective in both glutamate-dependent and glutamate-independent acid 

resistance.  The different phenotypes observed for the S. flexneri fur mutant and the ydeP 

mutant may be due to the different levels of ydeP that are expressed in each of these 
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strains.  The fur mutant, which produces less YdeP than wild type, may still make enough 

YdeP to maintain glutamate-dependent acid resistance.  However, when expression of 

ydeP is completely abolished by gene inactivation, a more severe defect in acid resistance 

is observed, rendering cells unable to survive even in the presence of glutamate.  These 

results suggest that ydeP plays roles in both the glutamate-dependent and glutamate-

independent acid resistance systems in S. flexneri. 

Several of the acid resistance genes that were repressed by RyhB in Table 7 are 

members of the acid-induced regulon of the two component regulator EvgAS (Masuda 

and Church, 2002).  Although evgAS was not identified as RyhB-repressed in these 

arrays, real time PCR analysis shows that RyhB does repress evgA, encoding the response 

regulator, in addition to ydeP.  A region of significant homology between RyhB and the 

evgS coding sequence indicates that base-pairing between the RyhB RNA and the 

template strand of DNA strand is possible.  This region of homology in RyhB seems to 

be required for RyhB repression of evgA and ydeP, as altering nucleotide bases within 

this region eliminates regulation of acid resistance by phenotypic and quantitative 

expression analysis (Figures 18 and 19, respectively).  These data suggest that RyhB may 

repress expression of evgAS by binding to the template strand of DNA, although the 

mechanism of repression upon binding to evgAS DNA is not clear from this study.  The 

same type of homology exists between RyhB and virB and is required for repression of 

virulence by RyhB in S. dysenteriae (Murphy and Payne, 2006), suggesting that this 

mode of RyhB regulation of each of these targets is similar.   
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Figure 20.  Model of Fur regulation of acid resistance in S. flexneri 

When iron is present, the ferrated Fur protein represses transcription of ryhB.  In the 
absence of RyhB, EvgA is produced and activates transcription of ydeP, allowing for acid 
resistance.  In the absence of iron or the Fur protein, RyhB is expressed and represses 
evgA.  In the absence of evgA, ydeP is not expressed and cells are sensitive to acid. 
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As mentioned previously, the Fur proteins of several enteric pathogens in addition 

to S. flexneri contribute to the regulation of acid resistance.  For example, the S. 

typhimurium Fur protein activates the genes for several acid shock proteins and is 

required for survival in acidic conditions (Foster, 1991).  The role of Fur in S. 

typhimurium acid survival is independent of its role in iron regulation, as a mutation in 

fur that renders the strain unable to regulate iron acquisition genes in response to iron 

availability has no effect on acid survival (Hall and Foster, 1996).  This contrasts with 

what was observed here for S. flexneri, where the presence of iron, in addition to the Fur 

protein, is required for acid resistance (Figure 13).  There is a possibility of some overlap 

in the regulatory cascade downstream of Fur in both of these organisms, however, since 

the ryhB coding sequence and its predicted Fur binding site are conserved in S. 

typhimurium (Masse and Gottesman, 2002).  It will be of interest to see whether or not 

the role of RyhB in regulating acid response is shared between S. flexneri and S. 

typhimurium, or if the S. typhimurium Fur protein regulates acid shock proteins in a more 

direct manner. 

Microarray analysis of wild type, the fur single mutant and the fur ryhB double 

mutant during stationary phase indicates that, in the presence of constitutive ryhB 

expression, several systems that are or may be required for glutamate-independent acid 

resistance are induced.  The genes encoding ATP synthase were previously shown to be 

required for glutamate-independent acid resistance in E. coli.  Several genes that encode 

components of the TCA cycle, including citrate synthase, isocitrate synthase, succinate 

dehydrogenase, and oxoglutarate dehydrogenase are also induced when ryhB is 

constitutively expressed.  Induction of genes involved in oxidative growth in the S. 

flexneri fur mutant, which is defective for glutamate-independent acid resistance, may 
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reflect a compensatory response to loss of another mechanism of maintaining pH 

homeostasis. 

 

C. Role of ydeP in acid resistance 

 

Masuda and Church (2002) previously observed that inactivation of ydeP leads to 

acid sensitivity in E. coli.  The acid resistance phenotype of the E. coli ydeP mutant was 

assayed in complex medium at pH 2.5 with cells grown to exponential phase.  Activation 

of the glutamate-independent acid resistance system in E. coli is not induced until 

stationary phase (Castanie-Cornet et al., 1999), and it was therefore assumed by the 

authors that acid sensitivity of the E. coli ydeP mutant was due to a defect in the 

glutamate-dependent acid resistance system.  It is apparent from experiments performed 

in this study, however, that unsupplemented complex media may not contain enough 

glutamate to allow for glutamate-dependent acid resistance, since the fur mutant, which is 

defective in the glutamate-independent acid resistance system, could not survive in L 

broth at pH 2.5 (data not shown).  It is therefore unclear if the previously observed defect 

in the E. coli ydeP mutant is specific to either the glutamate-independent or glutamate-

dependent acid resistance system.   

How does ydeP contribute to acid resistance?  The ydeP gene encodes a putative 

oxidoreductase that shares identity with fdhH, encoding the alpha chain of formate 

dehydrogenase H.  Formate dehydrogenase H is part of the formate-hydrogen lyase 

(FHL) complex in E. coli that, subsequent to conversion of pyruvate to formate and 

acetate, oxidizes formate to carbon dioxide and dihydrogen (Sawers, 1994).  The genes 

encoding components of the FHL complex are induced by anaerobiosis, formate, and low 
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pH (Rossmann et al., 1991).  The rationale for acid induction of the FHL complex is that 

the end products of FHL oxidation of formate, carbon dioxide and dihydrogen, are less 

acidic than end products like formate and acetate, suggesting that one of the mechanisms 

for acid survival employed by E. coli during growth in acidic conditions is to alter 

metabolic pathways so that fewer acidic end products are created, thus raising the pHi of 

the cell.  Although no general characterization of ydeP has been undertaken, the 

conservation of the molybdopterin-binding domains that are commonly found in 

oxidative enzymes leads to the hypothesis that the protein encoded by ydeP may also play 

a role in oxidative growth.  Identification of the substrate of this putative dehydrogenase 

and the biochemical pathway that it participates in will be important in elucidating the 

role that this protein plays in acid resistance in both E. coli and S. flexneri. 
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