
INFECTION AND IMMUNITY, Mar. 2008, p. 1083–1092 Vol. 76, No. 3
0019-9567/08/$08.00�0 doi:10.1128/IAI.01211-07
Copyright © 2008, American Society for Microbiology. All Rights Reserved.

Role and Regulation of Iron-Sulfur Cluster Biosynthesis Genes in
Shigella flexneri Virulence�

Laura Runyen-Janecky,* Aaron Daugherty, Benjamin Lloyd, Christopher Wellington,
Haig Eskandarian, and Matthew Sagransky

Department of Biology, University of Richmond, Richmond, Virginia 23173

Received 4 September 2007/Returned for modification 10 October 2007/Accepted 2 January 2008

Shigella flexneri, a causative agent of bacterial dysentery, possesses two predicted iron-sulfur cluster biosynthesis
systems called Suf and Isc. S. flexneri strains containing deletion mutations in the entire suf operon (UR011) or the
iscSUA genes (UR022) were constructed. Both mutants were defective in surviving exposure to oxidative stress. The
suf mutant showed growth that was comparable to that of the parental strain in both iron-replete and iron-limiting
media; however, the isc mutant showed reduced growth, relative to the parental strain, in both media. Although the
suf mutant formed wild-type plaques on Henle cell monolayers, the isc mutant was unable to form plaques on Henle
cell monolayers because the strain was noninvasive. Expression from both the suf and isc promoters increased in
iron-limiting media and in the presence of hydrogen peroxide. Iron repression of the suf promoter was mediated by
Fur, and increased suf expression in iron-limiting media was enhanced by the presence of IscR. Iron repression of
the isc promoter was mediated by IscR. Hydrogen peroxide-dependent induction of suf expression, but not isc
expression, was mediated by OxyR. Furthermore, IscR was a positive regulator of suf expression in the presence of
hydrogen peroxide and a negative regulator of isc expression in the absence of hydrogen peroxide. Expression from
the S. flexneri suf and isc promoters increased when Shigella was within Henle cells, and our data suggest that the
intracellular signal mediating this increased expression is reduced iron levels.

As a facultative intracellular pathogen, Shigella flexneri
spends a significant portion of its life cycle within the epithelial
cells lining the human colon. Invasion of and intracellular sur-
vival/replication of the bacteria within these epithelial cells re-
quires the ability to sense the environment and initiate an appro-
priate metabolic strategy during infection. Global analysis of
Shigella transcription during epithelial cell infection indicated that
a variety of metabolic genes, including the suf genes, are precisely
regulated when Shigella is intracellular (16, 27).

The Shigella flexneri suf and isc loci encode predicted iron-
sulfur (Fe-S) cluster biosynthesis systems. Iron-sulfur clusters
are essential for a wide variety of biological processes, includ-
ing redox reactions, substrate binding and activation, iron stor-
age, protein structure, and regulation of gene expression (11).
The S. flexneri isc locus contains iscR, iscS, iscU, iscA, hscB,
hscA, and fdx and is highly conserved with the Escherichia coli
isc locus. E. coli IscS catalyzes the desulfurization of L-cysteine
for the recruitment of S for Fe-S cluster formation (4). IscU
and IscA are predicted to form scaffolds for Fe-S cluster as-
sembly based on similarities with Azobacter vinelandii NifU and
IscANif (1, 11, 13). The chaperones HscB and HscA aid in
Isc-mediated Fe-S protein maturation, although the specifics
are not entirely clear (for a review, see reference 11). Deletion
of the isc locus in E. coli reduced the growth rate due to the
pleotropic effect on Fe-S cluster synthesis (11, 34).

The S. flexneri suf locus includes sufA, sufB, sufC, sufD, sufS,
and sufE. The suf genes have been identified in a wide variety
of bacterial species and have been studied in E. coli and the

plant pathogen Erwinia chrysanthemi. The sufA and sufS genes
are homologous to the iscA and iscS genes and are predicted to
have similar functions. SufE enhances SufS activity (15, 22).
SufBCD have similarities to ABC transporter proteins but do
not contain transmembrane segments and are cytoplasmically
located in E. chrysanthemi (19). The SufBCD complex has
been shown to increase SufS activity by an unknown mecha-
nism (15, 22).

In E. coli, deletion of the entire suf locus had no significant
effect on normal growth in vitro or on activity of the Fe-S
cluster containing protein succinate dehydrogenase (31); how-
ever, E. coli sufD mutants showed decreased stability of the
Fe-S cluster containing protein FhuF (23). Additionally, an E.
coli suf mutant was more sensitive to iron starvation when
grown with gluconate as the sole carbon source as a result of
decreased activity of the Fe-S cluster containing enzyme glu-
conate dehydratase (21). In the plant pathogen E. chrysan-
themi, the suf genes enhance oxidative-stress survival and vir-
ulence (18).

The regulatory stimuli (iron limitation, oxidative stress) that
induce transcription of the suf and isc operons in E. coli are
similar, although the mechanisms by which the regulatory pro-
teins alter gene expression at each promoter in response to each
signal are distinct (14, 21, 37, 38). Specifically, both OxyR and
IscR mediate increased expression of the suf operon in the pres-
ence of oxidative stress, while IscR represses expression of the isc
operon unless oxidative stress is present (14, 21, 37, 38). Further-
more, iron repression of suf, but not isc, is mediated by Fe-Fur.

The existence of these two Fe-S cluster assembly systems
suggests that although the genes encode proteins with similar
biochemical activities, each system is fine-tuned for optimal
activity under a certain set of environmental conditions. The
Isc system has been predicted to be a housekeeping Fe-S clus-
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ter assembly system, while the Suf system has been postulated
to be adapted to synthesize Fe-S clusters under stress condi-
tions (2). Clearly, there is some redundant function, as mutants
in each single system are viable, but in E. coli, deletion of both
the chromosomal suf and isc loci is lethal unless the suf or isc
gene is provided on a plasmid (31, 34).

Since the suf genes are induced when Shigella is intracellular
and since intracellular growth is required for virulence, we
hypothesized that assembly of Fe-S clusters may be required
for Shigella virulence. In the work presented here, we test
this hypothesis using deletion mutations of the iscSUA and
sufABCDSE genes. Our studies also examined the regulation
of the expression of these genes.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Bacterial strains and plas-
mids used in this work are listed in Table 1. E. coli strains were routinely grown
in Luria broth (L broth) or Luria agar (L agar). S. flexneri strains were grown in
L broth, low-salt L broth (27), or on Trypticase soy broth agar plus 0.01% Congo
red dye at 37°C. To grow strains in reduced metal conditions for regulation
studies, EZ rich defined medium (EZ-RDM; http://www.genome.wisc.edu
/functional/protocols.htm) made without added iron was used as the base me-
dium and was supplemented with 0.2% glucose, 2 �g/ml nicotinic acid, and
added iron as indicated in the figure legends. For minimal medium growth
assays, strains were grown in M9 medium containing 0.2% gluconate, 0.05%
casein hydrosylate, and 2 �g/ml nicotinic acid. Dipyridyl (50 to 400 �M) was
added to further limit iron. Antibiotics were used at the following concentrations:
125 �g/ml carbenicillin, 25 �g/ml kanamycin, 10 �g/ml chloramphenicol, 12.5
�g/ml tetracycline, and 200 �g/ml streptomycin.

General DNA methods. All primers used in this study are listed in Table 2.
Plasmid and chromosomal DNA were isolated using the QIAprep spin miniprep
kit and the DNeasy tissue kit (Qiagen, Santa Clarita, CA), respectively. Isolation
of DNA fragments from agarose gels was performed using the QIAquick gel
extraction kit (Qiagen). All standard PCRs were carried out using either Taq
(Qiagen) or Pfu polymerase (Stratagene Cloning Systems, La Jolla, CA) in
accordance with the manufacturer’s instructions. To clone the suf operon, the

genes were amplified from SM100 by PCR with primers URsufFOR and
URsufREV. The suf fragment was digested with EcoRI and BamHI and ligated
with pWKS30 (35) digested with EcoRI and BamHI to generate pSUF. To clone
the iscSUA genes under the control of a constitutive promoter, the dnaY pro-
moter was amplified from SM100 by PCR with primers UR169 and UR170,
digested with XbaI, and ligated with the 5.7-kb XbaI/NruI fragment from
pPK4194 (which contains the promoterless iscSUA genes) to generate pBL3.

Construction of Shigella mutants. The suf operon mutant was constructed by
splice overlap PCR (7) and classical allelic exchange. Primer set URsufFOR and
UR020 was used to generate a PCR DNA fragment containing approximately
1,000 bp upstream of sufA, the 5� end of sufA, and a SmaI restriction enzyme site.
Primer set URsufREV and UR019 was used to generate a PCR DNA fragment
containing a SmaI restriction enzyme site, the 3� end of sufE, and approximately
1,000 bp downstream of sufE. These two PCR fragments were then used as
primers to one another to create a full-length PCR product containing approx-

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Characteristic(s) Reference or source

E. coli strains
DH5� endA1 hsdR17 supE44 thi-1 recA1 gyrA relA1 �(lacZYA-argF)U169 deoR

��80dlac�(lacZ)M15�
29

SM10	pir pirR6K 32
MM294/pRK2013 Kanr; helper strain for matings 3

S. flexneri strains
SA100 S. flexneri wild-type serotype 2a 24
SM100 SA100 Strr S. Seliger
UR011 SM100 �suf::cam This study
UR022 SM100 �iscSUA::cam This study
UR021 SM100 �oxyR::cam This study
UR027 SM100 �iscR::cam This study
UR028 SM100 �oxyR �iscR::cam This study
UR010 SM100 fur::Tn5 25

Plasmids
pKD3 Contains cam resistance gene 2
pKM208 Phage lambda Red recombinase genes under the control of an inducible

promoter on temperature-sensitive plasmid
17

pCP20 FLP recombinase on temperature-sensitive plasmid 2
pWKS30 Low-copy-number cloning vector 37
pSUF S. flexneri sufABCDES in pWKS30 This study
pPK4194 E. coli iscSUA in pET11a 30
pLR29 Promoterless GFP vector 27
pLR67 suf-gfp fusion on pLR29 27
pAD1 isc-gfp fusion on pLR29 This study

TABLE 2. Primers used in this study

Primer Sequence

URsufFOR...........5�CGGAATTCCAAAAAGTGGTTGGTCTGGAA
URsufREV ..........5�CGGGATCCGTAATTTAATGCCACGCTCCA
UR019 ..................5�CTGCCCGGGCTGCAGAATTACGCGCCGAAGACG
UR020 ..................5�ATTCTGCAGCCCGGGCAGCCCGTTTGCTTCACACC
UR040 ..................5�ATGCATTCAGGAACCTTTAACC
UR041 ..................5�TGAATATCTGATTAAGTCCTTCACG
UR043 ..................5�TATTTCTCTTCCCAGTTGCG
UR115 ..................5�TTTGGCTATGTGCTC GACAG
UR116 ..................5�CCACATTCATTCTGGGCTTT
UR117 ..................5�CACGATTACTAGCGATTCCGACTT
UR118 ..................5�CGTCGTAGTCCGGATTGGA
UR119 ..................5�ACTGTCGCTCAGTGTAATCG
UR121 ..................5�AAAAATGGTCTGGTTTCCAGC
UR122 ..................5�ACCAGACACATCCAGCACTTC
UR123 ..................5�TGGAGCGTTTTTATGGTCATC
UR124 ..................5�GGTCTAGAGCGCCCTTTAGATGTCAGTC
UR169 ..................5�TCCCCCGGGTTCGGAGATAATCG
UR170 ..................5�TGCTCTAGACGCGTGAATTATACGGTCAACC
UR171 ..................5�ATGGACGGAACCTTTGGTAAC
UR172 ..................5�TGACGGCAAGTATCCAGTACC
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imately 1,000 bp upstream of sufA, the 5� end of sufA, a SmaI restriction enzyme
site, the 3� end of sufE, and approximately 1,000 bp downstream of sufE. The
full-length PCR product was digested with EcoRI and BamHI and cloned into
pBSK
 digested with the same enzymes to generate pRJ1. pRJ1 digested with
SmaI was ligated with a 1.6-kb HincII fragment containing a chloramphenicol
resistance gene (cam) from pMA9 (9). The suf fragment with the cam resistance
cassette was then excised as a SalI-XbaI fragment and ligated into pHM5 di-
gested with SalI-XbaI to generate pRJ2. Allelic exchange using pRJ2 was then
done in SM100 as described previously (26).

The iscSUA, oxyR, and iscR mutants were constructed using a modification of
the procedure for one-step inactivation of chromosomal genes (2). Briefly, a
PCR product for allelic exchange that contains approximately 50 bp of the
beginning of the region of interest, a chloramphenicol resistance gene (cam), and
approximately 50 bp at the end of the region of interest was generated. The
template for this PCR was the plasmid pKD3 (which contains the cam gene), and
each PCR primer contained a 50-nucleotide overhang homologous to one of the
ends of the region of interest and the priming sites for the pKD3 cam gene (2).
S. flexneri SM100 containing the plasmid pKM208 (17), which harbors the phage
lambda Red recombinase genes under the control of an inducible promoter, was
grown to an optical density of 0.6 to 1 at 30°C. Recombinase expression was
induced with 1 mM IPTG for 30 min, followed by a 15-min heat shock at 42°C.
The Shigella gene::cam PCR fragment was electroporated into SM100/pKM208,
and transformants were selected on Congo red agar containing 5 to 10 �g
chloramphenicol per ml. pKM208, which has a temperature-sensitive origin of
replication, was eliminated from the mutants by culture at 42°C. Disruption of
the appropriate genes was confirmed by PCR analysis using a Shigella primer set
flanking the original Shigella PCR fragment.

To construct the oxyR iscR double mutant, the FLP recombination target
(FRT)-flanked cam resistance gene in UR021 (�oxyR::cam) was removed using
pCP20, which contains the FLP recombinase that catalyzes the deletion of the
FRT-flanked cam resistance gene (2). UR021 was transformed with pCP20,
incubated at 30°C for 2 hours, and then plated on ampicillin plates and incubated
at 37°C overnight. Single-colony purified transformants were then streaked on
Congo red plates lacking antibiotics and incubated at 42°C overnight to select for
the loss of pCP20. The deletion of the FRT-flanked cam resistance gene was
verified by PCR. This new strain was then used to construct the oxyR iscR::cam
strain as described above.

Oxidative-stress assays. Overnight cultures were diluted 1:50 in saline, and
then 100 �l was spread on L agar plates. A BBL 6-mm-diameter blank paper disk
(Becton, Dickinson and Company, Franklin Lakes, NJ) was placed in the
center of each plate, and 10 �l of either hydrogen peroxide (1 M) or phen-
azine methosulfate (PMS; 0.1 M) was spotted onto the disk. The plates were
incubated for 24 to 48 h at 37°C, and zones of growth inhibition were
measured. Statistical analyses of the data were performed using the single-
factor analysis of variance statistics package in Microsoft Excel 2003 (Mi-
crosoft Corporation, Redmond, WA).

Cell culture assays. Monolayers of Henle cells (intestine 407 cells; American
Type Culture Collection, Manassas, VA) were maintained in minimum essential
medium (Invitrogen) supplemented with 2 mM glutamine, 1� minimal essential
medium nonessential amino acid solution (Invitrogen), and 10% fetal bovine
serum (Invitrogen) and were grown in a 5% CO2 atmosphere at 37°C. Invasion
assays of Henle cells were done as described previously (6, 8), with the addition
of gentamicin at 45 min postinvasion. Plaque assays on Henle cells were done as
described previously (20), using the modifications described by Hong et al. (8),
except that agar was eliminated from the gentamicin overlays. Plaques were
scored after 2 to 3 days.

RNA isolation. Before RNA isolation, samples were stabilized by the addition
of stabilizing buffer (95% ethanol-5% phenol [pH 4.3]) for 5 min. Total RNA was
isolated from bacteria using the RNeasy mini kit (Qiagen), which included a
DNase I treatment step to degrade DNA. Isolated RNA was treated again with
DNase I (Qiagen) to remove any residual contaminating DNA.

Nonquantitative RT-PCR for operon structure analyses. Reverse transcription
(RT) reactions were performed using total RNA from S. flexneri SA101, Ther-
moScript Plus (Invitrogen, Carlsbad, CA), and either primer UR043 within the
sufE gene or primer UR119 within the iscA gene. The sufE RT product was then
amplified by PCR using Platinum Taq (Invitrogen) and the primer set UR040
and UR041, located within the sufA gene. Likewise, the iscA RT product was
amplified with primer set UR121 and UR122, located within the iscR gene.

Shigella suf and isc expression studies. To construct the reporter fusion be-
tween the isc gene and the green fluorescent protein gene (gfp), isc primers
UR123 and UR124 were used to amplify the Shigella isc promoter from SM100.
The PCR product was digested with XbaI and cloned into pLR29 (27) digested
with XbaI and SmaI to generate pAD1. suf expression was measured using the

plasmid-borne suf-gfp fusion pLR67 (27). After growth under the appropriate
conditions, samples were fixed in 2% paraformaldehyde as described previ-
ously (27) and fluorescence was quantitated using a FACSCalibur (Becton,
Dickinson and Company) fluorescence-activated cell sorter (FACS) with ex-
citation at 488 nm to measure single-cell fluorescence. FACSCalibur settings
were forward scatter, E01; side scatter, 505; and relative fluorescence be-
tween 515 and 545 nm, 798.

For quantitative RT-PCR, cDNA was made from 200 ng total RNA using
Superscript III (Invitrogen). Quantitative real-time PCR was performed on the
cDNA samples using the Platinum Sybr green quantitative PCR kit (Invitrogen)
and the Chromo4 continuous fluorescence detector with an alpha unit DNA
Engine thermocycler (Bio-Rad, Hercules, CA). Primers for the PCRs were as
follows: for sufA, UR115 and UR116; for iscS, UR171 and UR172; and for rrsA,
UR117 and UR118. Data analysis was done using the Opticon monitor software
package (Bio-Rad). A standard curve was generated for each gene by using
10-fold dilutions of SM100 chromosomal DNA, and the amount of the cDNA for
suf or isc in each cDNA sample was extrapolated from the standard curve.
Finally, the level of suf or isc gene expression was normalized to that of the
housekeeping gene rrsA by dividing the relative amounts of suf or isc cDNA by
the relative amounts of rrsA cDNA in each sample.

RESULTS

Contribution of the Suf and Isc systems to oxidative-stress
survival in S. flexneri. To begin to elucidate the importance of
genes that are predicted to encode proteins that make Fe-S
clusters in Shigella, the S. flexneri suf operon and the iscSUA
genes were deleted. These newly constructed mutants were
designated UR011 (�suf::cam) and UR022 (�iscSUA::cam).
To examine the contributions of Suf and Isc to oxidative-stress
survival, we compared the zones of growth inhibition of the S.
flexneri suf and iscSUA mutants in a disk diffusion assay with
either hydrogen peroxide or PMS, a superoxide generator.
Both the suf and isc mutants UR011 and UR022 showed zones
of growth inhibition by hydrogen peroxide and PMS that were
significantly larger than that of the parental strain SM100 (Ta-
ble 3). Complementation analysis showed that addition of ei-
ther the sufABCDSE genes on pSUF to UR011 or addition of

TABLE 3. Contribution of the Suf and Isc systems to
oxidative-stress survival in S. flexneri

Strainb
Zone of growth inhibition (mm)a

H2O2
c PMSd

SM100 (wild type) 26 � 3 31 � 4
UR011 (�suf::cam) 37 � 3e 37 � 4e

UR022 (�iscSUA::cam) 38 � 1e 43 � 1e

SM100/pSUF 30 � 3 31 � 0
UR011/pSUF 31 � 1f 31 � 0g

SM100/pBL3 27 � 2 32 � 2
UR022/pBL3 27 � 3f 31 � 1f

a The data presented are the means of at least three experiments, and the
standard deviations of the means are indicated.

b pSUF carries the suf genes, and pBL3 carries the iscSUA genes under the
control of the S. flexneri constitutive dnaY promoter.

c Exposure to 10 �l of 1 M H2O2.
d Exposure to 10 �l of 0.1 M PMS.
e The zone of growth inhibition for the indicated mutant strain is significantly

larger than that for the wild-type strain SM100 treated with the same oxidative-
stress agent (P  0.01).

f The zone of growth inhibition for the indicated mutant strain with the
complementation plasmid is significantly smaller than that for the mutant strain
without the complementation plasmid treated with the same oxidative-stress
agent (P  0.01).

g The zone of growth inhibition for the indicated mutant strain with the
complementation plasmid is significantly smaller than that for the mutant strain
without the complementation plasmid treated with the same oxidative-stress
agent (P  0.04).
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the iscSUA genes on pBL3 to UR022 restored zones of inhi-
bition to the same size as the wild-type strain SM100 contain-
ing these plasmids (Table 3). Furthermore, the complemented
strains had significantly smaller zones of growth inhibition than

the noncomplemented strains. These results suggest that the
sufABCDSE and the iscSUA gene products contribute to the
oxidative-stress survival of Shigella.

Contribution of the Suf and Isc systems to growth of S.
flexneri in iron-limiting media. Since the suf operon was in-
duced when Shigella experienced iron limitation (27), we as-
sessed the growth of the S. flexneri suf and iscSUA mutants in
minimal media containing various levels of iron by measuring
the optical densities of the cultures over a 24-hour period. The
suf mutant UR011 was able to grow as well as the wild-type
strain SM100 in all levels of iron availability (data not shown).
The iscSUA mutant UR022, however, grew significantly slower
in both the high-iron and low-iron media, and this slower
growth could be complemented by the addition of the iscSUA
genes on pBL3 (data not shown).

Contribution of the Suf and Isc systems to growth of S.
flexneri within epithelial cells. Since the suf operon was in-
duced when Shigella was within Henle cells (16, 27), we tested
the S. flexneri suf and iscSUA mutants for growth in the intra-
cellular environment by examining the plaque formation of
these strains on Henle cell monolayers. Although the suf mu-
tant UR011 formed plaques in the same number and size as
the wild-type strain SM100, the iscSUA mutant was unable to
form plaques (Fig. 1).

Since plaque formation is the result of several sequential
events, including Henle cell invasion, lysis of the endocytic
vacuole, bacterial multiplication within the host cell, and in-
tercellular spread via actin polymerization, we investigated
whether the iscSUA mutant UR022 was defective in any of

FIG. 1. S. flexneri iron-sulfur cluster biosynthesis mutants in Henle
cell plaque assays. Confluent Henle cell monolayers were infected with
103 (A) or 104 (B) bacteria per 35-mm-diameter plate, and the plaques
were photographed after 2 days. pBL3 carries the iscSUA genes under
the control of the constitutive dnaY promoter. The experiments were
performed three times, and results of a representative experiment are
shown.

FIG. 2. Structure of the S. flexneri suf and isc operons. (A) The suf and isc loci are depicted. The black, hatched, and gray boxes represent
putative OxyR, IscR, and Fur binding sites, respectively. (B) RT reactions were performed on total RNA from S. flexneri SA101, using either a
primer within the sufE gene or a primer within the iscA gene. The sufE and iscA RT products were then amplified using PCR primers located within
sufA or PCR primers located within iscR, respectively. Lane 1, �X174 HaeIII DNA standard; lane 2, RT-PCR product for suf; lane 3, control
experiment for the absence of contaminating DNA (no-RT step) for suf; lane 4, �X174 HaeIII DNA standard; lane 5, RT-PCR product for isc;
lane 6, control experiment for the absence of contaminating DNA (no-RT step) for isc.
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these processes, beginning with cellular invasion. The ability of
SM100 and UR022 to invade Henle cells was tested by using
light microscopy to determine the percentage of the Henle
cells that were invaded by each strain. Wild-type S. flexneri
SM100 invaded 90 to 100% of the Henle cells; however,
UR022 was unable to invade Henle cells at detectable levels.

Structure of the S. flexneri suf and isc operons. The suf and
isc genes are located in distinct clusters on the Shigella chro-
mosome, suggesting that each set of genes forms an operon. To
test this hypothesis, we examined whether the S. flexneri
sufABCDSE genes were cotranscribed and whether the
iscRSUA genes were cotranscribed by using RT-PCR. sufA is
the first gene and sufE is the last gene in the putative suf
operon. iscR is the first gene and iscA is the fourth gene in the
putative isc operon. An RT product generated using a sufE
primer could be PCR amplified by sufA primers, indicating that
all the suf genes are transcribed on one mRNA from the
promoter located upstream of sufA (Fig. 2). An RT product
generated using an iscA primer could be PCR amplified by iscR
primers, indicating that the iscRSUA genes are all transcribed
on one mRNA from the promoter located upstream of iscR
(Fig. 2).

Regulation of S. flexneri suf and isc expression by iron. Pre-
vious work showed that transcription from the Shigella suf
promoter was repressed by iron (16, 27). We tested whether
the isc promoter was regulated similarly by measuring the
expression levels of the isc-gfp fusion in S. flexneri grown in
EZ-RDM with and without added iron. There was a 10-fold
increase in expression of the isc-gfp fusion after growth in the
iron-limiting EZ-RDM, in comparison to growth in iron-re-
plete EZ-RDM (Fig. 3A). Likewise, expression of the suf-gfp
fusion increased 15-fold in the iron-limiting EZ-RDM (Fig. 3B).

The S. flexneri suf promoter contains a putative binding site

for the iron-responsive transcriptional repressor Fur. However,
there is not an obvious Fur binding site in the iscR promoter
region (Fig. 2). To examine the contribution of Fur to suf and
isc gene regulation, we measured the expression of these genes
in the S. flexneri strain UR010 containing a mutation in the fur
regulator gene. In iron-replete medium, expression of the suf-
gfp fusion was 16-fold higher in the fur mutant UR010 than in
the parent strain SM100 containing the suf-gfp fusion (Fig. 3B);
however, expression of the iscR-gfp fusion was only 3-fold
higher in the fur mutant UR010 than in the parent strain
SM100 when the strains were grown in iron-replete medium
(Fig. 3A), and there was still significant repression of the iscR
promoter in this medium. This suggests that although the suf
promoter is repressed by Fur in iron-replete conditions, the
majority of the regulation of the iscR promoter by iron occurs
independently of Fur. Quantitative RT-PCR analysis showed
that the addition of the S. flexneri fur gene on pMS1 restored
wild-type gene regulation to the Fur mutant (data not shown).

The Shigella suf promoter contains putative binding sites for
OxyR, which activates gene expression in the presence of hy-
drogen peroxide, and for the transcriptional regulator IscR
(Fig. 2). Thus, we also measured expression of the suf-gfp
fusion in S. flexneri strains UR021, UR027, and UR028, which
contained a single mutation in oxyR or iscR or double muta-
tions in both genes, respectively. Expression of the suf-gfp
fusion in the strains lacking iscR (UR027 and UR028) was
fivefold lower than that in strain SM100 in the iron-limiting
EZ-RDM, while expression of the suf-gfp fusion in the strain
lacking just oxyR (UR021) was not significantly different from
that of the parent strain SM100 in the iron-limiting EZ-RDM
(Fig. 3B). These results suggest that IscR is required for max-
imal expression of suf in iron-limiting conditions.

FIG. 3. Iron regulation of the S. flexneri isc and suf promoters. Shigella strains carrying either isc-gfp on pAD1 (A) or suf-gfp on pLR67 (B) were
grown for 5 hours in EZ-RDM containing carbenicillin with (gray bars) or without (black bars) 40 �M ferrous sulfate, and the fluorescence was
quantitated by FACS after 5 h. A total of 104 bacterial cells were assayed for each experimental condition. The data presented are the means of
at least three experiments, and the standard deviations of the means are indicated (error bars).
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Regulation of S. flexneri suf and isc expression by oxidative
stress. Since both the Suf and Isc systems enhance oxidative-
stress survival, we measured the expression of the suf and isc
genes in Shigella after exposure to hydrogen peroxide using
promoter-gfp fusions and/or quantitative RT-PCR. The activity
of the suf and isc promoters increased significantly after expo-
sure to 1 mM hydrogen peroxide (Fig. 4 and 5). In the fur
mutant UR010, suf expression still increased in response to
oxidative stress (Fig. 5), suggesting that hydrogen peroxide-
dependent induction of suf expression is distinct from Fe-Fur
regulation of suf expression.

To examine the contribution of the OxyR and IscR proteins

to the regulation of suf and isc, we measured the expression of
the genes in S. flexneri strains containing single deletions of
either the oxyR or iscR gene and in an S. flexneri strain con-
taining deletions in both regulator genes. Induction of suf
expression by hydrogen peroxide decreased slightly in the oxyR
mutant UR021 and very slightly in the iscR mutant UR027;
however, in the double mutant lacking both OxyR and IscR
(UR028), there was no significant induction of suf expression
in response to hydrogen peroxide (Fig. 4B and 5). In contrast,
hydrogen peroxide-dependent induction of isc expression was
unaffected by the oxyR mutation in UR021 (Fig. 4A). Further-
more, expression of isc in the absence of hydrogen peroxide

FIG. 4. Oxidative-stress regulation of the S. flexneri isc and suf promoters. Shigella strains were grown for 2 h in L broth. Hydrogen peroxide
was added at a final concentration of 1 mM for 10 min (black bars). RNA was isolated from each sample and used to generate cDNAs which were
amplified using real-time PCR. The level of iscS (A) or sufA (B) gene expression was normalized to that of the housekeeping gene rrsA by dividing
the relative amounts of iscS or sufA cDNA by the relative amounts of rrsA cDNA in each sample. The data presented are the means of at least
three experiments, and the standard deviations of the means are indicated (error bars).
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was aberrantly high in the iscR mutant UR027, in comparison
to that in the parental strain (Fig. 4A). These data suggest that
hydrogen peroxide-dependent induction of suf expression, but
not isc expression, is mediated by OxyR and that IscR is a
positive regulator of suf expression in the presence of hydrogen
peroxide and a negative regulator of isc expression in the
absence of hydrogen peroxide in Shigella.

Regulation of S. flexneri suf and isc expression within the
intracellular environment. Previous work showed that expres-
sion of the S. flexneri suf gene is induced in the eukaryotic
intracellular environment (16, 27). To determine whether the
isc operon is under similar control, we compared the regula-

tions of the S. flexneri isc and suf promoters by using isc-gfp and
suf-gfp transcriptional fusions. We infected Henle cells with S.
flexneri strains carrying these fusions and measured the levels
of bacterial gene expression using flow cytometry. The relative
amount of GFP per bacterial cell driven by the isc and suf
promoters increased fourfold and sevenfold, respectively, after
infection of Henle cells (Fig. 6). Induction of the Shigella isc
promoter during intracellular growth was confirmed with
quantitative RT-PCR on total RNA isolated from infected
Henle cells, and isc expression increased fivefold postinfection
(data not shown).

Since several iron-regulated Shigella genes have increased

FIG. 5. Oxidative-stress regulation of the S. flexneri suf promoter. Shigella strains carrying suf-gfp on pLR67 were grown for 2 hours in low-salt
L broth containing carbenicillin. Samples were treated with hydrogen peroxide (1 mM) for 30 min (black bars), and the relative fluorescence levels
were quantitated by FACS. A total of 104 bacterial cells were assayed for each experimental condition. The data presented are the means of at
least three experiments, and the standard deviations of the means are indicated (error bars).

FIG. 6. Intracellular regulation of the S. flexneri isc and suf promoters. Henle cells were infected for approximately 3.5 h with Shigella strains
carrying either isc-gfp on pAD1 (A) or suf-gfp on pLR67 (B). Intracellular bacteria (black bars) were released from Henle cells by deoxycholate
treatment, and the relative bacterial fluorescence levels were quantitated by FACS and compared to that of extracellularly grown bacteria (gray
bars). A total of 104 bacterial cells were assayed for each experimental condition. The data presented are the means of at least three experiments,
and the standard deviations of the means are indicated (error bars).
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expression when Shigella is intracellular (16, 27) and since iron
levels regulate suf expression, we hypothesized that low iron
was the signal mediating increased intracellular expression of
suf. To test this hypothesis, we examined the expression of the
Shigella suf-gfp fusion in various regulator mutant backgrounds
(oxyR, iscR, and fur) when the strains were grown within Henle
cells. We infected Henle cells with S. flexneri regulator mutant
strains carrying the suf-gfp fusion and measured the level of
bacterial gene expression using flow cytometry. The relative
amount of GFP per bacterial cell driven by the suf promoter
when UR010 (fur::Tn5) was intracellular was similar to GFP
levels in extracellular UR010 and similar to GFP levels in
intracellular SM100 (Fig. 6). Furthermore, the pattern of suf
expression in Henle cells (Fig. 6) most closely matches that
seen with iron limitation in extracellular expression studies, as
shown in Fig. 3B. Taken together, these data support the
model for iron limitation as the signal that increases the intra-
cellular expression of suf.

DISCUSSION

Genome-wide analysis of gene expression when bacteria
are within the cytoplasm of eukaryotic cells suggests that
regulation of basic metabolism and physiology is an impor-
tant component of adaptation to the intracellular environ-
ment (12, 16, 27). Since we previously found that the Suf
Fe-S metabolism system was induced when Shigella was
within Henle cells, we hypothesized that the ability to build
and maintain Fe-S clusters might be important for intracel-
lular life. This is especially likely to be true given that Fe-S
clusters are found in proteins with diverse functions, includ-
ing redox reactions, Fe storage, and gene regulation (for a
review, see reference 11).

Examination of the phenotypes of mutations in each of
the Shigella Fe-S cluster biosynthesis systems demonstrated
a role for both systems in oxidative-stress survival. Muta-
tions in either system led to a decreased ability to survive
exposure to either hydrogen peroxide or superoxide gener-
ated from PMS (Table 3). Similar effects of suf and isc
mutations on superoxide survival have been observed in E.
coli, but there are conflicting reports on whether the Suf
system mediates survival to hydrogen peroxide exposure (14,
33). In natural human infections, the presence of the Isc
and/or the Suf systems might therefore enhance Shigella
survival after exposure to reactive oxygen species released
by macrophages.

Outten et al. (21) found that growth of an E. coli suf mutant
was more sensitive to iron starvation than the wild-type strain
in media in which glucontate was the sole carbon source. They
proposed that the lower growth of the suf mutant in iron-
limiting gluconate minimal medium was due to decreased de
novo synthesis of the Fe-S cluster in gluconate dehydratase,
which is required for growth on gluconate via the Entner-
Doudoroff pathway. Although Shigella contains the genes for
this pathway, we saw no difference in growth between the S.
flexneri suf mutant and the parent strain in iron-limiting glu-
conate minimal medium. These data suggest that there are
some differences in the roles of the Suf system in Shigella and
E. coli.

Although both the suf and isc systems had increased expres-

sion levels when Shigella was intracellular (Fig. 6), only the isc
genes were required for Shigella to form plaques on Henle cell
monolayers (Fig. 1). The isc genes may compensate for the lack
of the suf genes when Shigella is intracellular or proteins con-
taining Suf-dependent Fe-S clusters may not be required for
intracellular survival/multiplication. Further analysis of the vir-
ulence phenotypes of the isc mutant showed that the isc mutant
could not form plaques because the mutant was noninvasive.
There are several reasons why the isc mutant may be nonin-
vasive. A protein required for invasion may contain an Isc-
dependent Fe-S cluster protein. A role of redox reactive pro-
teins in Shigella virulence has been demonstrated by Watarai et
al. (36). In this study, the disulfide oxidoreductase activity of
DsbA was required for Shigella invasion of MK2 cells. Al-
though DsbA does not use an Fe-S cluster for redox reactivity,
an Fe-S-containing protein may interact with some of the vir-
ulence proteins in Shigella in a manner similar to that of DsbA.
Finally, it is formally possible that the lower growth rate of the
isc mutant may indirectly influence expression of Shigella in-
vasion proteins and, thus, invasion.

Since the Suf and Isc systems mediate oxidative-stress sur-
vival, it is logical that expression of these systems increases in
the presence of oxidative stress. Our data, like those from E.
coli, indicate that hydrogen peroxide-dependent induction of
the S. flexneri suf operon is mediated by both OxyR and IscR
(14, 21, 37, 38) and that the hydrogen peroxide-dependent
increase in isc expression is mediated by alleviation of IscR
repression (21, 30, 37).

Even though our data suggest that the S. flexneri Suf system
does not have a specialized role in Fe-S cluster metabolism
during iron-limiting conditions, we still found that expression
from both the suf and isc promoters increased when iron was
limiting (Fig. 3). However, the proteins that mediate the iron
regulation are different for each promoter. Iron-dependent
repression of isc was predominantly independent of Shigella
Fur. Increased expression of isc in iron-limiting media may be
a result of alleviation of IscR repression because of the de-
creased availability of Fe-S clusters for the repressor IscR.

Iron regulation of suf expression was more complicated than
that of isc. There is a Fur box in the Shigella suf promoter and,
as in E. coli (23, 37), Fur mediated repression of S. flexneri suf
expression in iron-replete media. However, the maximal in-
crease in suf expression when iron was limiting also depended
on the presence of IscR, which has not been reported before.
There are several possibilities for this observation. First, a
deletion of iscR could increase iron levels in the cell, making
Fur-Fur repression more efficient. This seems somewhat un-
likely, since an increase in expression of a number of genes
under IscR repression, which encode proteins with Fe-S clus-
ters, might actually decrease free Fe in the cell and thus par-
tially relieve Fur repression (5). Furthermore, iron regulation
of two other promoters (iucA and sitA) is normal in S. flexneri
strains carrying iscR mutations (L. Runyen-Janecky, unpub-
lished observations). Alternatively, IscR could regulate an un-
known regulator of suf expression. At least two genes of un-
known function that are regulated by IscR in E. coli are
transcriptional regulators (5). One of these (yqjI) is located
adjacent to the yqjH gene which has significant homology to
siderophore receptors; however, yqjH is predicted to be a pseu-
dogene in S. flexneri.
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The data presented here support the model that a decreased
iron level is the main signal to which the suf promoter, and
possibly the isc promoter, is responding. First, when the Shi-
gella fur mutant was within Henle cells, there was no significant
additional increase in suf expression relative to the extracellu-
lar expression. Since oxidative stress is able to induce the suf
operon in the fur mutant, a similar induction would be ex-
pected in Henle cells if oxidative stress was a relevant environ-
mental signal. Second, since the intracellular environment
thought to be reducing because the ratio of reduced gluta-
thione to oxidized glutathione is at least 30:1, a high level of
oxidative stress in epithelial cells is not likely (10). Further-
more, the Shigella oxyR mutant shows an increased intracel-
lular expression of suf that was similar to that of the parental
strain. Finally, like suf and isc, numerous other iron-re-
pressed genes have increased expression levels when Shi-
gella is intracellular, suggesting that a decreased iron level is
an important environmental signal for intracellular Shigella
(16, 25, 27, 28).

ACKNOWLEDGMENTS

We gratefully thank the following individuals for their generous
help: T. Maurelli, R. Ranallo, and K. Murphy for strains and advice
related to the one-step inactivation of chromosomal gene procedure
and P. Kiley for pPK4194.

This work was supported by Public Health Service grant AI57511,
awarded to L.R.-J., by funding from the University of Richmond
School of Arts and Sciences, and by an American Society for Micro-
biology Undergraduate Research Fellowship to C.W.

REFERENCES

1. Agar, J. N., C. Krebs, J. Frazzon, B. H. Huynh, D. R. Dean, and M. K.
Johnson. 2000. IscU as a scaffold for iron-sulfur cluster biosynthesis: sequen-
tial assembly of [2Fe-2S] and [4Fe-4S] clusters in IscU. Biochemistry 39:
7856–7862.

2. Datsenko, K. A., and B. L. Wanner. 2000. One-step inactivation of chromo-
somal genes in Escherichia coli K-12 using PCR products. Proc. Natl. Acad.
Sci. USA 97:6640–6645.

3. Ditta, G., S. Stanfield, D. Corbin, and D. R. Helinski. 1980. Broad host range
DNA cloning system for gram-negative bacteria: construction of a gene bank
of Rhizobium meliloti. Proc. Natl. Acad. Sci. USA 77:7347–7351.

4. Flint, D. H. 1996. Escherichia coli contains a protein that is homologous
in function and N-terminal sequence to the protein encoded by the nifS
gene of Azotobacter vinelandii and that can participate in the synthesis of
the Fe-S cluster of dihydroxy-acid dehydratase. J. Biol. Chem. 271:16068–
16074.

5. Giel, J. L., D. Rodionov, M. Z. Liu, F. R. Blattner, and P. J. Kiley. 2006.
IscR-dependent gene expression links iron-sulphur cluster assembly to the
control of O-2-regulated genes in Escherichia coli. Mol. Microbiol. 60:1058–
1075.

6. Hale, T. L., and S. B. Formal. 1981. Protein synthesis in HeLa or Henle 407
cells infected with Shigella dysenteriae 1, Shigella flexneri 2a, or Salmonella
typhimurium W118. Infect. Immun. 32:137–144.

7. Ho, S. N., H. D. Hunt, R. M. Horton, J. K. Pullen, and L. R. Pease. 1989.
Site-directed mutagenesis by overlap extension using the polymerase chain
reaction. Gene 77:51–59.

8. Hong, M., Y. Gleason, E. E. Wyckoff, and S. M. Payne. 1998. Identification
of two Shigella flexneri chromosomal loci involved in intercellular spreading.
Infect. Immun. 66:4700–4710.

9. Hong, M., and S. M. Payne. 1997. Effect of mutations in Shigella flexneri
chromosomal and plasmid-encoded lipopolysaccharide genes on invasion
and serum resistance. Mol. Microbiol. 24:779–791.

10. Hwang, C., A. J. Sinskey, and H. F. Lodish. 1992. Oxidized redox state of
glutathione in the endoplasmic reticulum. Science 257:1496–1502.

11. Johnson, D. C., D. R. Dean, A. D. Smith, and M. K. Johnson. 2005. Structure,
function, and formation of biological iron-sulfur clusters. Annu. Rev. Bio-
chem. 74:247–281.

12. Joseph, B., K. Przybilla, C. Stuhler, K. Schauer, J. Slaghuis, T. M. Fuchs,
and W. Goebel. 2006. Identification of Listeria monocytogenes genes con-

tributing to intracellular replication by expression profiling and mutant
screening. J. Bacteriol. 188:556–568.

13. Krebs, C., J. N. Agar, A. D. Smith, J. Frazzon, D. R. Dean, B. H. Huynh, and
M. K. Johnson. 2001. IscA, an alternate scaffold for Fe-S cluster biosynthe-
sis. Biochemistry 40:14069–14080.

14. Lee, J. H., W. S. Yeo, and J. H. Roe. 2004. Induction of the sufA operon
encoding Fe-S assembly proteins by superoxide generators and hydrogen
peroxide: involvement of OxyR, IHF and an unidentified oxidant-responsive
factor. Mol. Microbiol. 51:1745–1755.

15. Loiseau, L., S. Ollagnier-de-Choudens, L. Nachin, M. Fontecave, and F.
Barras. 2003. Biogenesis of Fe-S cluster by the bacterial SUF system—SufS
and SufE form a new type of cysteine desulfurase. J. Biol. Chem. 278:38352–
38359.

16. Lucchini, S., H. Liu, Q. Jin, J. C. Hinton, and J. Yu. 2005. Transcriptional
adaptation of Shigella flexneri during infection of macrophages and epithelial
cells: insights into the strategies of a cytosolic bacterial pathogen. Infect.
Immun. 73:88–102.

17. Murphy, K. C., and K. G. Campellone. 2003. Lambda Red-mediated recom-
binogenic engineering of enterohemorrhagic and enteropathogenic E. coli.
BMC Mol. Biol. 4:11.

18. Nachin, L., M. El Hassouni, L. Loiseau, D. Expert, and F. Barras. 2001.
SoxR-dependent response to oxidative stress and virulence of Erwinia chry-
santhemi: the key role of SufC, an orphan ABC ATPase. Mol. Microbiol.
39:960–972.

19. Nachin, L., L. Loiseau, D. Expert, and F. Barras. 2003. SufC: an unorthodox
cytoplasmic ABC/ATPase required for [Fe-S] biogenesis under oxidative
stress. EMBO J. 22:427–437.

20. Oaks, E. V., M. E. Wingfield, and S. B. Formal. 1985. Plaque formation by
virulent Shigella flexneri. Infect. Immun. 48:124–129.

21. Outten, F. W., O. Djaman, and G. Storz. 2004. A suf operon requirement for
Fe-S cluster assembly during iron starvation in Escherichia coli. Mol. Micro-
biol. 52:861–872.

22. Outten, F. W., M. J. Wood, F. M. Munoz, and G. Storz. 2003. The SufE
protein and the SufBCD complex enhance SufS cysteine desulfurase activity
as part of a sulfur transfer pathway for Fe-S cluster assembly in Escherichia
coli. J. Biol. Chem. 278:45713–45719.

23. Patzer, S. I., and K. Hantke. 1999. SufS is a NifS-like protein, and SufD is
necessary for stability of the [2Fe-2S] FhuF protein in Escherichia coli. J.
Bacteriol. 181:3307–3309.

24. Payne, S. M., D. W. Niesel, S. S. Peixotto, and K. M. Lawlor. 1983. Expres-
sion of hydroxamate and phenolate siderophores by Shigella flexneri. J. Bac-
teriol. 155:949–955.

25. Runyen-Janecky, L. J., E. Dazenski, S. Hawkins, and L. Warner. 2006. Role
and regulation of the Shigella flexneri Sit and MntH systems. Infect. Immun.
74:4666–4672.

26. Runyen-Janecky, L. J., M. Hong, and S. M. Payne. 1999. The virulence
plasmid-encoded impCAB operon enhances survival and induced mutagen-
esis in Shigella flexneri after exposure to UV radiation. Infect. Immun. 67:
1415–1423.

27. Runyen-Janecky, L. J., and S. M. Payne. 2002. Identification of chromo-
somal Shigella flexneri genes induced by the eukaryotic intracellular environ-
ment. Infect. Immun. 70:4379–4388.

28. Runyen-Janecky, L. J., S. A. Reeves, E. G. Gonzales, and S. M. Payne. 2003.
Contribution of the Shigella flexneri Sit, Iuc, and Feo iron acquisition systems
to iron acquisition in vitro and in cultured cells. Infect. Immun. 71:1919–
1928.

29. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, NY.

30. Schwartz, C. J., O. Djaman, J. A. Imlay, and P. J. Kiley. 2000. The cysteine
desulfurase, IscS, has a major role in in vivo Fe-S cluster formation in
Escherichia coli. Proc. Natl. Acad. Sci. USA 97:9009–9014.

31. Takahashi, Y., and U. Tokumoto. 2002. A third bacterial system for the
assembly of iron-sulfur clusters with homologs in archaea and plastids.
J. Biol. Chem. 277:28380–28383.

32. Taylor, R. K., C. Manoil, and J. J. Mekalanos. 1989. Broad-host-range
vectors for delivery of TnphoA: use in genetic analysis of secreted virulence
determinants of Vibrio cholerae. J. Bacteriol. 171:1870–1878.

33. Tokumoto, U., S. Kitamura, K. Fukuyama, and Y. Takahashi. 2004. Inter-
changeability and distinct properties of bacterial Fe-S cluster assembly sys-
tems: functional replacement of the isc and suf operons in Escherichia coli
with the nifSU-like operon from Helicobacter pylori. J. Biochem. 136:199–
209.

34. Tokumoto, U., and Y. Takahashi. 2001. Genetic analysis of the isc operon in
Escherichia coli involved in the biogenesis of cellular iron-sulfur proteins.
J. Biochem. (Tokyo) 130:63–71.

35. Wang, R. F., and S. R. Kushner. 1991. Construction of versatile low-copy-

VOL. 76, 2008 SHIGELLA Suf AND Isc SYSTEMS 1091



number vectors for cloning, sequencing and gene expression in Escherichia
coli. Gene 100:195–199.

36. Watarai, M., T. Tobe, M. Yoshikawa, and C. Sasakawa. 1995. Disulfide
oxidoreductase activity of Shigella flexneri is required for release of Ipa
proteins and invasion of epithelial cells. Proc. Natl. Acad. Sci. USA 92:4927–
4931.

37. Yeo, W. S., J. H. Lee, K. C. Lee, and J. H. Roe. 2006. IscR acts as an activator
in response to oxidative stress for the suf operon encoding Fe-S assembly
proteins. Mol. Microbiol. 61:206–218.

38. Zheng, M., X. Wang, L. J. Templeton, D. R. Smulski, R. A. LaRossa, and G.
Storz. 2001. DNA microarray-mediated transcriptional profiling of the Esch-
erichia coli response to hydrogen peroxide. J. Bacteriol. 183:4562–4570.

Editor: J. B. Bliska

1092 RUNYEN-JANECKY ET AL. INFECT. IMMUN.


