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Biofilm formation is a complex developmental process regulated by multiple environmental signals. In
addition to other nutrients, the transition metal iron can also regulate biofilm formation. Iron-dependent
regulation of biofilm formation varies by bacterial species, and the exact regulatory pathways that control
iron-dependent biofilm formation are often unknown or only partially characterized. To address this gap in our
knowledge, we examined the role of iron availability in regulating biofilm formation in Escherichia coli. The
results indicate that biofilm formation is repressed under low-iron conditions in E. coli. Furthermore, a key
iron regulator, IscR, controls biofilm formation in response to changes in cellular Fe-S homeostasis. IscR
regulates the FimE recombinase to control expression of type I fimbriae in E. coli. We propose that iron-
dependent regulation of FimE via IscR leads to decreased surface attachment and biofilm dispersal under

iron-limiting conditions.

Biofilms consist of structured, surface-attached bacterial
communities encased in a secreted polymeric matrix (12).
Biofilm formation occurs when free-living, planktonic cells
interact with a surface, become irreversibly attached, secrete
extracellular polymeric substances (EPS), and develop com-
plex biofilm architectures (40). Biofilms can also disperse,
releasing cells into the environment to resume planktonic
growth. Environmental signals such as nutrient availability
regulate biofilm formation. Many gram-negative bacteria,
such as Escherichia coli, form biofilms under nutrient-rich
conditions and tend to disperse when nutrient levels de-
crease.

Iron is a key nutrient that has been shown to regulate
biofilm formation in multiple bacterial species. In some spe-
cies, such as Legionella pneumophila, Staphylococcus aureus,
and Streptococcus mutans, iron limitation induces biofilm
formation (18, 21, 25). In contrast, iron limitation inhibits
biofilm formation in other species such as Vibrio cholerae
and Xylella fastidiosa (5, 6, 28, 34). However, iron regulation
of biofilm formation can be quite complex even within the
same species. The complicated relationship between iron
availability and biofilm formation has been most well stud-
ied in the opportunistic pathogen, Pseudomonas aeruginosa.
In P. aeruginosa, iron limitation can reduce biofilm forma-
tion by blocking early steps in microcolony formation (6).
The iron-chelation activity of human lactoferrin can also
diminish P. aeruginosa biofilm formation, and it has been
suggested that this may play a role in limiting infection (46).
Recently, it was demonstrated that the broad-specificity di-
valent cation chelator EDTA causes biofilm dispersal and
cell death in P. aeruginosa biofilms (5). The addition of iron,

* Corresponding author. Mailing address: Department of Chemistry
and Biochemistry, University of South Carolina, 631 Sumter Street,
Columbia, SC 29208. Phone: (803) 777-8151. Fax: (803) 777-9521.
E-mail: wayne.outten@chem.sc.edu.

+ Supplemental material for this article may be found at http://jb
.asm.org/.

¥ Published ahead of print on 12 December 2008.

1248

calcium, or magnesium protected against EDTA-mediated
killing, suggesting that these metals are critical for biofilm
maintenance. However, elevated iron salts have also been
shown to disrupt biofilm formation in P. aeruginosa (36, 52).

It seems likely that differential responses to iron availability
are dictated in part by the organisms metabolic requirements,
including the repertoire of iron metallo-enzymes needed for
specific metabolic pathways. Various differences in iron trans-
port and acquisition systems, physical characteristics of the cell
surface, and exact composition of the EPS matrix may also
determine whether biofilm formation is stimulated or re-
pressed in response to iron availability. Iron-dependent gene
regulation in P. aeruginosa, E. coli, and other bacterial species
is partially mediated by the Fur iron metalloregulatory protein.
When Fur coordinates ferrous iron, it binds DNA and re-
presses transcription of multiple target genes involved in iron
homeostasis. Under iron-limited conditions, apoFur dissoci-
ates from DNA allowing transcription of genes involved in iron
transport (4). A P. aeruginosa strain carrying a fur point mu-
tation can still form biofilms similar to wild-type strains but
shows enhanced biofilm production in the presence of lacto-
ferrin compared to wild-type strains, possibly due to increased
expression of iron uptake systems and iron accumulation (6).

There has also been a growing interest in iron-dependent
regulation of biofilm formation in other bacterial species. E.
coli is perhaps the best studied microorganism from a molec-
ular standpoint, but the role of iron in E. coli biofilm formation
is still an emerging area of research. In the present study, we
examine how iron availability affects E. coli biofilm formation
and characterize the role of the iron metalloregulatory pro-
teins in modulating biofilm formation in response to iron. Our
results indicate that E. coli biofilm formation is reduced by iron
limitation under otherwise nutrient-rich conditions and that
mature E. coli biofilms are sensitive to disruption by iron lim-
itation. Furthermore, we have discovered that the Fe-S metal-
loregulatory protein IscR regulates E. coli biofilm formation by
controlling the expression of type I fimbriae that are involved
in irreversible cell attachment during biofilm development.
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MATERIALS AND METHODS

Growth medium and conditions. Bacterial cells were grown in Luria-Bertani
broth (LB). Unless otherwise indicated, all chemicals were obtained from Sigma.
‘When necessary, kanamycin (40 pg/ml) or ampicillin (100 pg/ml) was added to
the LB. For cells grown under various iron conditions, different concentrations of
2,2'-dipyridyl, diethylene triamine pentaacetic acid (DETAPAC) or FeCl; were
added to the LB. For streptonigrin sensitivity assays, streptonigrin was added to
the LB at final concentrations of 1 or 2 pg/ml as described previously (37), and
the percent cell survival was measured by determining the final optical density at
600 nm (ODygy) after 18 h of growth. For AiscR complementation experiments,
0.05% of L-arabinose was added to the LB at the time of strain inoculation.

Bacterial strains and plasmid construction. E. coli K-12 laboratory strain
MG1655 and its derivatives were used for the present study (Table 1). Gene
deletions were constructed according to previously published recombineering
protocols (13) using gene-specific primers (see Table S1 in the supplemental
material) to amplify the kanamycin resistance cassette from pKD4 (15). The
PCR product was purified and transformed by electroporation into NM400 (13).
Successful recombinants were selected on LB-kanamycin plates and confirmed
by colony PCR with flanking primers (see Table S1 in the supplemental mate-
rial). The mutations were then moved to strain MG1655 by P1 transduction. In
some cases, kanamycin resistance cassettes were removed from deletion strains
using pCP20 as described previously (15). For monitoring labile intracellular iron
levels, a ®(fhuF-lacZ) construct was introduced into lacZ mutant strain DJ480 by
P1 transduction. A donor strain containing the ®(fhuF-lacZ) construct was
kindly provided by Eric Masse. For monitoring fimB and fimE expression, the
promoter regions of the two genes were cloned into plasmid pPK7035 (26). The
lacI-Kn-promoter-lacZ region was amplified from the pPK7035 derivatives and
integrated into the chromosome of NM400 as described previously (26). The
promoter-lacZ fusions were also moved to other strains via P1 transduction.

To generate the arabinose-inducible plasmid pFWO2, primers pUC18_up and
pUC18_Ncol_dn (see Table S1 in the supplemental material) were used to
amplify the poly linker from pUC18. This PCR product was purified and digested
with Ncol and HindIIl, and then cloned into the corresponding sites on
pBAD202 (Invitrogen) with removal of the original Ncol/HindIII fragment from
pBAD202 (S. Wang, unpublished results). For complementation experiments,
the iscR open reading frame was amplified with primers (see Table S1 in the
supplemental material) that contained BspHI and Xbal sites, digested with
BspHI and Xbal, and cloned into Ncol and Xbal sites of plasmid pFWO2 to
generate piscR. The C92A, C98A and C104A mutations in IscR were generated
by using a QuikChange II site-directed mutagenesis kit (Stratagene) to obtain
piscR-CTM (for cysteine triple mutant). The fimE open reading frame was
amplified with primers (see Table S1 in the supplemental material) that con-
tained EcoRI and HindIII sites, digested with EcoRI and HindIII, and cloned
into EcoRI and HindIII sites of plasmid pRI (39) to generate the plasmid
pRI-fimE. Successful clones and mutants were confirmed by sequencing.

Biofilm formation assay. Overnight cultures grown in LB were diluted and
normalized to an ODg, of 0.05 in fresh LB medium. Aliquots of 200 pl of
diluted fresh culture were added to 96-well microtiter plates and cells were grown
at 25°C for 24 h without shaking. The level of planktonic cell growth was
determined by measuring the final ODy, using the plate reader Spectramax Plus
(Molecular Devices) with a path length of 0.6 cm. Planktonic cells were removed,
and wells were washed with distilled water two times to remove unattached cells.
A total of 220 pl of 0.1% (wt/vol) crystal violet (Sigma) was used to stain the
attached cells for 10 min. Unattached dye was rinsed away by washing three times
with distilled water, the plate was dried for 30 min, and stained biomass was
dissolved with 1:4 (vol/vol) mixture of acetone and ethanol. After 10 min, the
ODjs, was measured to quantify biofilm cells.

B-Galactosidase assay. PB-Galactosidase activity measurements were per-
formed as previously described (35). Strains were grown at 37°C to an ODy of
0.5 to 0.6 (for exponential-phase experiments) or overnight (for stationary-phase
experiments). To measure the activity of the ®(fhuF-lacZ) fusion, a 0.3-ml
portion of cells was diluted to 1 ml in Z buffer, for ®(fimB-lacZ) 0.05 ml of cells
was used, and for ®(fimE-lacZ) 0.5 ml of cells was used in the stationary phase
and 1.0 ml of cells was used in the exponential phase.

Primer extension assay. RNA was extracted from MG1655 (wild-type) and
WO30 (AiscR) strains by using the hot phenol method. Primer PfimA_ext (see
Table S1 in the supplemental material) was labeled by [y-*P]ATP using T4
polynucleotide kinase (NEB). Primer extension with Superscript II reverse trans-
criptase (Invitrogen) was carried out according to the manufacturer’s instruc-
tions. Ten micrograms of total RNA was used as a template for cDNA synthesis.
The cDNA products were separated on an 8% denaturing polyacrylamide gel.
The gel was dried and exposed to CL-XPosure film (Thermo Scientific).
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TABLE 1. Strains examined in this study

Strain or plasmid Genotype and/or characteristics® fgfi ?;g;

Strains
MG1655 Wild-type E. coli K-12 Laboratory

strain
WO30 MG1655 AiscR::Kan® This study
GSO101 MG1655 AiscS:Kan" 42
w0232 MG1655 AiscU This study
WO419 MG1655 AiscA This study
WO0420 MG1655 Aflu::Kan" This study
WO0421 MG1655 AiscR/Aflu::Kan* This study
WO0422 MG1655 AcsgDEFG::Kan" This study
WO0423 MG1655 AiscR/AcsgDEFG::Kan® This study
WO424 MG1655 AfimAICDFGH::Kan" This study
WO425 MG1655 AiscR/AfimAICDFGH)::Kan" This study
WO166 MG1655 Afur::Kan" This study
WO426 MG1655 AsufC This study
WO0427 MG1655 AiscR/Afur::Kan" This study
WO0428 MG1655 ArelA::Kan* This study
WO0429 MG1655 AspoT::Kan" This study
NM400 MG1655 mini-\, Cm', ts 13
WO0430 MG1655 O(fimB-lacZ) This study
WO0431 MG1655 O(fimE-lacZ) This study
WO0432 MG1655 AiscR ®(fimB-lacZ) This study
WO0433 MG1655 AiscR ®(fimE-lacZ) This study
WO434 MG1655 Afur O(fimB-lacZ) This study
WO435 MG1655 Afur ®(fimE-lacZ) This study
WO436 MG1655 AiscR piscR This study
WO0437 MG1655 AiscR piscR-CTM This study
WO0438 MG1655 AiscR pPFWO2 This study
DJ480 MG1655 AX74lac Laboratory
strain

WO0439 DJ480 O (fhuF-lacZ) This study
WO440 DJ480 A iscR ®(fhuF-lacZ) This study
WO0441 MG1655 AfimE::Kan" This study
WO0442 MG1655 AiscR/AfimE::Kan" This study
WO443 MG1655 AiscR, pRI This study
WO444 MG1655 pRI-fimE This study
WO445 MG1655 AiscR, pRI-fimE This study
WO446 MG1655 AfimE, pRI-fimE This study
WO447 MG1655 AiscR/AfimE, pRI-fimE This study
WO0448 MG1655 AryhB::Kan" This study
WO449 MG1655 AiscR/AryhB::Kan* This study
WO450 MG1655 Afur/AryhB::Kan" This study
WO451 MG1655 AiscR/Afur/AryhB::Kan* This study

Plasmids
pFWO2 Arabinose-inducible expression vector This study

(Kan")
piscR pFWO?2 with iscR (Kan") This study
piscR-CTM  pFWO?2 with iscR with C92A, C94A,  This study
C104A (Kan")

pRI Constitutive expression vector (Amp") 39
pRI-fimE pRI with fimE (Amp") This study

“ Amp', ampicillin resistance; Kan', kanamycin resistance.

Detection of the ON/OFF state of the fimS region. Detection and quantifica-
tion of the percentage of cells with the fimS region (containing the fimA pro-
moter) in the “ON” orientation were performed by a PCR amplification-based
method as previously described (1). Briefly, primers fimE_in_fwd and fimA_in-
_rev (see Table S1 in the supplemental material) were used to amplify the fimS
region, producing a 687-bp fragment. The resulting fragment was digested by
Hinfl and separated on a 6.5% polyacrylamide gel. Generation of restriction
fragments of 515 and 172 bp indicated the promoter was in the “OFF” state,
while generation of fragments of 458 and 229 bp indicated the promoter was in
the ON state. Ethidium bromide-stained gels were quantified by using Chemi-
Doc XRS system equipped with QuantityOne 1-D analysis software (Bio-Rad).
The intensities of the ON (229 bp) fragment and OFF (172 bp) fragments were
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FIG. 1. Inhibition of biofilm formation by the iron chelator dipyri-
dyl. (A) Wild-type strain was grown in increasing amounts of 2,2'-
dipyridyl. (B) Wild-type strain was incubated in LB or LB with 200 pM
2,2-dipyryidyl. Increasing concentrations of ferric chloride or magne-
sium chloride were added to the dipyridyl-containing samples. Strains
were grown at 25°C for 24 h in LB. Final planktonic growth was
recorded at 600 nm (light gray bars). After washing, staining with
crystal violet, and solubilization, final biofilm formation was recorded
at 570 nm (dark gray bars). The average of triplicate experiments is
shown.

measured, and the background was subtracted. Because the intensity directly
correlates with the size of the fragment, the following formula was used to
calculate percentage ON: percentoy = [(intensityon)/(fragment sizeoyn)]/
[(intensityon/fragment sizegy) + (intensityopgp/fragment sizegpr)].

Electrophoretic mobility shift assay (EMSA). The DNA fragment containing
the fimB-fimE intergenic region was amplified by using the primers fimE_X-
hol_fwd and fimE_BamHI_rev (see Table S1 in the supplemental material) from
plasmid pPK7035-PfimE. [y->*P]ATP was used to label the fragment by T4
polynucleotide kinase (NEB). The labeled fragment was mixed with 500 nM
apolscR containing the C92A, C98A, and C104A mutations (kindly provided by
P. Kiley) in buffer composed of 5% glycerol, 100 mM potassium glutamate, 1 mM
EDTA, 10 mM potassium phosphate, 50 pg of bovine serum albumin/ml, 50 pM
dithiothreitol, 10 mM MgCl,, and 3 mM Tris (pH 7.9). After 20 min, the mixed
samples were separated on a 10% polyacrylamide gel with 1X Tris-borate-
EDTA. The gel was dried and exposed to CL-XPosure film. Double-stranded
oligonucleotide DNA used for competition for IscR binding was made as follows.
Two complementary oligonucleotide DNA sequences (see Table S1 in the sup-
plemental material) were mixed together in 100 mM Tris-HCI with 200 mM
NaCl (pH 7.5) at final concentration of 10 pM each. Samples were heated at
95°C for 5 min and then were slowly cooled to room temperature to allow
annealing of single-stranded oligonucleotides.

RESULTS

Iron limitation reduces biofilm formation and disrupts ma-
ture biofilms. To test whether iron limitation alters biofilm
formation in E. coli, wild-type strain MG1655 was grown in
increasing amounts of the membrane-permeable ferrous iron
chelator 2,2'-dipyridyl or membrane-impermeable ferric iron
chelator DETAPAC. These chelators have been used to in-
duce iron starvation and activate the Fur regulon in E. coli
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FIG. 2. Dispersion of mature biofilm by the iron chelator dipyridyl.
Wild-type strain was grown at 25°C for 24 h in LB. Planktonic cells
were removed by washing with sterile media and fresh LB (dark gray
bars) or fresh LB with 200 pM 2,2'-dipyridyl (light gray bars) was
added (time = 0). At various time points, wells from each condition
were washed, stained with crystal violet, and solubilized. Final biofilm
formation was recorded at 570 nm. The average of triplicate experi-
ments is shown.

(33). After 24 h of growth, planktonic cell density and biofilm
formation were measured by using the assay of O’Toole et al.
(41). Figure 1A shows that chelation of iron by increasing
amounts of 2,2'-dipyridyl results in selective inhibition of bio-
film formation relative to planktonic growth. The addition of
ferric chloride partially reverses the dipyridyl inhibition of bio-
film formation, while addition of magnesium chloride to the
same level had no effect, indicating that depletion of iron by
2,2'-dipyridyl limits biofilm formation (Fig. 1B). Inhibition of
biofilm formation was also observed upon addition of the ex-
tracellular ferric chelator DETAPAC (see Fig. S1A in the
supplemental material). The addition of ferric chloride to LB
alone does not alter levels of biofilm formation, indicating that
the typical iron concentration in LB is not limiting for biofilm
growth in E. coli (see Fig. S2A in the supplemental material).

Next, we sought to determine whether iron limitation can
disrupt a mature biofilm. Biofilms preestablished over a 24-h
period were washed to remove planktonic cells and incubated
with fresh LB with or without 200 uM 2,2'-dipyridyl. Levels of
biofilm in treated (fresh LB plus dipyridyl) and untreated
(fresh LB only) samples were monitored over time for biofilm
inhibition or dispersal. The amount of biofilm continued to
increase over the additional 24 h in untreated samples where
fresh LB only was added (Fig. 2). This result indicates that
under these static conditions in 96-well plates, replacing spent
medium with fresh LB after 24 h strongly stimulates additional
biofilm growth, possibly due to the depletion of nutrients or the
accumulation of metabolic side products in the spent LB. In
contrast to the untreated samples, biofilm levels in treated
samples (with fresh LB plus dipyridyl) remained static for
approximately 12 h and then gradually decreased by 50% after
24 h (relative to the starting level of biofilm at time zero) (Fig.
2). This confirms that dipyridyl addition can disperse a mature
biofilm and also inhibit new biofilm formation in this experi-
ment. If we calculate the percent difference in biofilm forma-
tion between treated and untreated samples (setting the bio-
film formation in untreated samples as “100% formation” at
each time point), this shows that dipyridyl addition results in
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suppression and/or dispersion of ca. 90% of total biofilm after
24 h of treatment (see Fig. S2B in the supplemental material).

IscR regulates biofilm formation. We next sought to deter-
mine whether known iron metalloregulatory proteins have a
role in regulating biofilm formation in E. coli. Both Fur and
IscR have been shown to regulate genes in response to cellular
iron levels (4, 42). Fur contains a mononuclear iron center, and
holoFur represses target genes required for iron uptake. IscR
regulates genes involved in Fe-S cluster assembly and those
encoding Fe-S enzymes (20, 45, 53). IscR can activate or re-
press transcription depending on the specific target promoter.
IscR regulation is responsive to cellular Fe-S cluster status in
vivo and IscR can coordinate a [2Fe-2S] cluster in vitro (45).
The current model for IscR regulation is that the [2Fe-2S]
cluster acts as an allosteric switch to control IscR DNA-bind-
ing activity for target promoters. Dipyridyl addition can induce
transcription of the isc operon that encodes the Isc pathway for
Fe-S cluster assembly, and IscR is required for the dipyridyl-
responsive regulation of isc. Disruption of the [2Fe-2S] cluster
in IscR by dipyridyl presumably causes isc induction by reliev-
ing transcriptional repression of the isc operon. Based on pub-
lished studies showing that both IscR and Fur respond to
dipyridyl addition, we hypothesized that the effect of dipyridyl
on biofilm formation is in part a result of inducing the Fur and
IscR regulons. To test this hypothesis, we measured biofilm
formation in the Afur and AiscR strains in nutrient-rich me-
dium (LB) (Fig. 3). The Afur strain showed biofilm formation
nearly equivalent to the wild-type strain. In contrast, biofilm
formation increased considerably in the AiscR strain relative to
the wild-type strain (Fig. 3A). The addition of the iron chelator
2,2'-dipyridyl (see Fig. S3A in the supplemental material) sup-
presses the enhanced biofilm formation phenotype in the AiscR
strain, and the dipyridyl inhibition can be reversed by iron
addition (Fig. S3B). The effect of 2,2'-dipyridyl on biofilm
formation is disproportionately greater than the effect on
planktonic growth for the AiscR strain (see Fig. S3A in the
supplemental material).

Deletion of both fur and iscR reduced the high biofilm levels
observed in the AiscR strain but did not completely restore
biofilm formation to wild-type levels (Fig. 3A). Since deletion
of fur partially suppresses biofilm formation in the AiscR strain
and since the levels of dipyridyl used here are sufficient to
activate the Fur regulon (33), our results suggest that suppres-
sion of biofilm formation in AiscR, by iron limitation (see Fig.
S3A in the supplemental material) or through the deletion of
fur (Fig. 3A), could be caused in part by upregulation of the
Fur regulon. The small RNA RyhB is a key mediator of the
Fur-regulated response to iron starvation. Increased transcrip-
tion of RyhB, upon dipyridyl addition or in a Afur strain, can
stimulate the degradation of mRNAs that encode iron metal-
loproteins, thereby sparing iron for critical cellular functions
(24, 31, 32). Despite its important role in iron homeostasis,
deletion of ryhB does not alter biofilm formation in the wild-
type or AiscR strains (data not shown). Furthermore, the Afur/
AiscR/AryhB triple mutant strain shows the same biofilm for-
mation phenotype as the Afur/AiscR strain, indicating that
upregulation of RyhB is not needed to suppress biofilm for-
mation in the Afur/AiscR strain (see Fig. S3C in the supple-
mental material).

Since 2,2'-dipyridyl addition was able to strongly decrease
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FIG. 3. Role of IscR in regulating biofilm formation. Strains indi-
cated were grown at 25°C for 24 h in LB. Final planktonic growth was
recorded at 600 nm (light gray bars). After washing, staining with
crystal violet, and solubilization, final biofilm formation was recorded
at 570 nm (dark gray bars). The average of triplicate experiments is
shown. For panel C, 0.05% L-arabinose was also added to all strains at
the time of inoculation. piscR expresses wild-type IscR and piscR-CTM
expresses the C92A-C98A-C104A triple cysteine mutant of IscR.
pFWO?2 is the empty parent control plasmid.

biofilm formation in both wild-type (Fig. 1A) and AiscR strains
(see Fig. S3A in the supplemental material), whereas the Afur
mutation had no effect in an otherwise wild-type strain (Fig.
3A), dipyridyl must act through misregulation of other path-
ways distinct from the Fur regulon. Indeed, dipyridyl addition
was able to further suppress biofilm formation in the AiscR/
Afur strain despite the fact that the Fur regulon is constitutively
expressed in that strain (see Fig. S3D in the supplemental
material). At present, it is not clear how the Afur mutation or
dipyridyl addition suppress the increased biofilm formation in
the AiscR strain (see the Discussion). Nevertheless, our find-
ings point to a key role for iron in controlling biofilm formation
through the Fur and IscR metalloregulatory proteins.
ApolscR mediates proper regulation of biofilm formation. It
has been shown that deletion of genes in the isc locus respon-
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sible for Fe-S cluster assembly leads to activation of IscR-
regulated genes in vivo, presumably due to loss of the [2Fe-2S]
cluster assembly in IscR and an increase in apolscR (45). To
test whether cellular Fe-S biosynthesis is linked to biofilm
formation, we measured biofilm levels in the iscS, iscU, and
iscA deletion mutant strains. Deletion of these three genes that
partially encode the Isc Fe-S cluster assembly pathway leads to
global defects of Fe-S cluster assembly in E. coli (48). All three
isc mutant strains showed diminished biofilm formation rela-
tive to the wild-type strain (Fig. 3B). This result provides the
strongest reported phenotype for the AiscA strain, which typ-
ically shows little to no growth defect in rich medium (48).

Deletion of iscR or the Isc Fe-S cluster assembly pathway
leads to misregulation of a number of genes involved in global
Fe-S metabolism (20). The increased biofilm production in the
AiscR strain may result from indirect disruption of cellular iron
homeostasis rather than from loss of the IscR protein per se.
To test this possibility, we sought to determine whether iron
homeostasis is broadly disrupted in the AiscR strain, leading to
an increase or decrease in cellular iron pools used for iron
cofactor biosynthesis. First, we utilized the Fur regulated fhuF-
lacZ promoter fusion. FhuF is a ferric reductase involved in
iron uptake, and its expression is repressed by holoFur under
iron-replete conditions. Transcription of fhuF increases when
Fur repression is lost under iron-limiting conditions. The fhuF-
lacZ fusion provides a sensitive measure of disrupted iron
homeostasis by virtue of its Fur regulation. Both wild-type and
AiscR strains show similar activation of the fhuF-lacZ construct
in LB and in LB with 2,2'-dipyridyl addition (see Fig. S4 in the
supplemental material), indicating that cellular iron pools are
not disrupted in the AiscR strain.

Although the fhuF-lacZ promoter fusion should respond to
changes in the cellular iron pools sensed by Fur, it is possible
that separate pools of iron, which are not sensed by Fur, are
altered in the AiscR strain. To test this hypothesis, we also
measured the resistance of the wild-type and AiscR strains to
the iron-activated antibiotic streptonigrin. Streptonigrin toxic-
ity increases when cellular iron content increases due to ge-
netic defects or environmental conditions (50, 51, 54). Thus, it
can be useful to measure both streptonigrin sensitivity and the
activity of the Fur-regulated fhuF-lacZ promoter fusion when
characterizing changes in cellular iron pools. Both wild-type
and AiscR strains showed roughly equal resistance to streptoni-
grin while the Afur strain, a positive control strain that accu-
mulates high levels of iron relative to the wild-type strain, is
highly sensitive to streptonigrin (see Table S2 in the supple-
mental material). Together, the fhuF-lacZ fusion activity and
the streptonigrin sensitivity measurements indicate that cellu-
lar iron pools are not disrupted in the AiscR strain compared to
the wild-type control strain, and therefore the biofilm pheno-
type must be due directly to loss of IscR.

To directly determine whether IscR can restore biofilm for-
mation to wild-type levels in the AiscR strain, the AiscR strain
was complemented with an arabinose-inducible plasmid ex-
pressing the wild-type IscR or IscR with C92A, C98A, and
C104A mutations. Since these three conserved cysteines are
thought to form the [2Fe-2S] binding site, the cysteine triple
mutant IscR (IscR-CTM) should be constitutively locked in
the apolscR form (53). Both wild-type and IscR-CTM are able
to complement the AiscR strain and reduce biofilm formation
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to wild-type levels (Fig. 3C). These results indicate that dele-
tion of iscR leads to increased biofilm formation because
apolscR somehow represses biofilm formation in wild-type
strains. Consistent with this suggestion, Fig. 1A and Fig. 3B
show that conditions that would be predicted to increase the
ratio of apolscR to holoIscR, such as dipyridyl addition or
deletion of the isc Fe-S cluster assembly pathway, lead to
decreased biofilm.

We also noted that addition of arabinose, used to induce
iscR expression from the plasmid constructs, caused an inde-
pendent reduction in biofilm formation in all strains (compare
570 nm absorbance values in Fig. 3C to 3A). Added arabinose
may block binding sites on the E. coli cell surface and prevent
cell adhesion to the well surface or arabinose may alter central
carbon metabolism to indirectly influence biofilm formation.
Since cell surface proteins such as the FimH subunit of type I
fimbriae are known to bind carbohydrates, the first possibility
seems most likely (see below) (29). Nevertheless, though all
strains showed reduced biofilm formation upon arabinose ad-
dition, induction of piscR and piscR-CTM in the AiscR strain
caused a much stronger reduction in biofilm production as
compared to the AiscR strain with the empty vector pFWO2
(Fig. 3C).

Type I fimbriae mediate biofilm formation in the AiscR
strain. Several cell surface structures, such as fimbriae, curli,
and autotransporter proteins, play a role in biofilm develop-
ment by mediating surface attachment and cell-cell contact
(10, 14, 43, 49). Recent DNA microarray analysis of the AiscR
strain revealed that a number of cell surface adhesion and
motility genes are differentially regulated in the AiscR strain
(20). The fimAICDFGH operon (encoding type I fimbriae) and
the flu gene (encoding the autotransporter antigen 43) are
both upregulated in the AiscR strain relative to the wild-type
strain. Furthermore, the csgD regulator of the curli append-
ages has recently been suggested to regulate FecR, an iron-
responsive signaling protein involved in Fecl regulation (9).
Since increased expression of the fim, flu, or csg loci can lead
to increased biofilm formation and each of these loci has some
connection to iron metabolism, we tested if deletion of any of
these loci will suppress the enhanced biofilm phenotype of the
AiscR strain. Deletion of the ¢sgDEFG locus or the flu gene
had no effect on the enhanced biofilm production of the AiscR
strain (Fig. 4). In contrast, deletion of the fimAICDFGH
operon completely suppressed the enhanced biofilm produc-
tion of the AiscR strain to the same level as the isogenic
wild-type control strain (Fig. 4). Primer extension analysis of
the fimA mRNA confirmed that expression of type I fimbriae
is increased in the AiscR strain (see Fig. SS5A in the supple-
mental material) as previously shown by DNA microarray
analysis. Addition of methyl a-D-mannoside, which binds and
blocks the FimH subunit of type I fimbriae (29), was able to
completely reverse the enhanced biofilm formation of the
AiscR strain (see Fig. S5B in the supplemental material). These
results indicate that increased expression of type I fimbriae
leads to enhanced biofilm production in the AiscR strain.

Expression of the fim system is phase variable and is regu-
lated by the reversible inversion of a 314-bp region (fim.S) that
contains the promoter for the fimbrial structural genes (fim-
AICDFGH) (Fig. 5A) (3, 19, 27). Two tyrosine-class recombi-
nases, FimB and FimE, catalyze the inversion switch of the
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FIG. 4. Type I fimbriae are required for the AiscR biofilm pheno-
type. Strains indicated were grown at 25°C for 24 h in the LB. Final
planktonic growth was recorded at 600 nm (light gray bars). After
washing, staining with crystal violet, and solubilization, final biofilm
formation was recorded at 570 nm (dark gray bars). The average of
triplicate experiments is shown.

fimS region between ON and OFF states where in the ON state
the promoter is oriented correctly toward the fimAICDFGH
operon. FimB can invert the fimA promoter to either the ON
or the OFF state, while FimE only catalyzes conversion to the
OFF state. To confirm that the fim system is upregulated by
inversion of the fimA promoter to the ON state, we analyzed
the fimA promoter orientation in chromosomal DNA isolated
from both the wild-type and AiscR strains (Fig. 5B). In the
AiscR strain the percentage of total fimA promoter DNA in the
ON state was two- to threefold higher than in the wild-type
strain, roughly corresponding to the three- to fourfold increase
in biofilm formation we observe in the AiscR strain (Fig. 3).
The difference in fimA promoter orientation between wild-type
and AiscR strains was consistent in both exponential and sta-
tionary growth phases (Fig. 5B).

Increased ON rates for the fimA promoter could be due to
altered regulation of the FimB and FimE recombinases. To
test this hypothesis, the promoters of fimB and fimE were
joined to lacZ to generate transcriptional fusions. The activity
of the fusions was measured in wild-type and AiscR strains
during the exponential and stationary phases of growth (Fig.
6). The expression of fimB is mildly repressed by ca. 40%
during exponential-phase growth in the AiscR strain (Fig. 6A).
In both wild-type and AiscR strains, fimB expression is induced
in stationary phase compared to the exponential phase, but
there is little difference between the two strains (Fig. 6A). In
contrast, fimE expression is repressed threefold in the AiscR
strain during the exponential phase (Fig. 6B). Although fimE
expression drops during stationary phase in both wild-type and
AiscR strains, fimE expression is still twofold lower in the AiscR
strain compared to the wild-type strain (Fig. 6B). Since the
FimE recombinase is responsible for switching the fimA pro-
moter to the OFF state, decreased fimE expression is consis-
tent with the increased levels of ON fimA (Fig. 5B) and with
the increased transcription of fimA4 mRNA (see Fig. SS5A in the
supplemental material) observed in the AiscR strain.

To further confirm that decreased expression of FimE leads
to increased biofilm formation in the AiscR strain, we con-
structed AfimE and AiscR/AfimE mutant strains. Deletion of
fimE increased biofilm formation to the same level as that
observed in the AiscR strain, and the AiscR/AfimE strain
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FIG. 5. Measurement of fimA ON/OFF status in wild-type and
AiscR strains. (A) Diagram showing the PCR fragment used to deter-
mine whether fimS$ (the fimA promoter) is in the ON or OFF state.
Relative orientation of the Hinfl restriction site and the fimA pro-
moter are shown. Different fragments generated by HinfI digestion in
both ON and OFF state are labeled. (B) Gel showing the relative
abundance of ON and OFF fimS fragments in wild-type and AiscR
strains. Quantification of ON fimS is shown below the gel (see Mate-
rials and Methods).

showed no further increase in biofilm formation relative to the
single mutant strains (Fig. 6C). Finally, constitutive expression
of FImE from a plasmid construct reversed the biofilm pheno-
type of AiscR, AfimE, and AiscR/AfimE strains (Fig. 6C). These
studies support the hypothesis that misregulation of fimE leads
to increased biofilm formation in the AiscR strain.

ApolscR directly binds to the fimB-fimE intergenic region.
Although the fimAICDFGH operon was shown by DNA mi-
croarray analysis to be upregulated in the AiscR strain, the
mechanism of activation was not determined (20). Regulation
of fimB and fimE is complex. H-NS (heat-stable nucleoid-
structuring protein) represses the expression of both fimB and
fimE (38). The fimB promoter is activated by the stationary
phase o-factor RpoS, the sialic acid response regulator NanR,
the two-component response regulator RcsB, the regulatory
alarmone guanosine tetraphosphate (ppGpp), RNA polymer-
ase binding protein DksA (dnaK suppressor), and the tran-
scription elongation factors GreA and GreB (1, 2, 16, 17, 38,
44, 47). Expression of fimE is activated by LrhA (LysR homo-
logue A) and Lrp (leucine-responsive regulatory protein) but
repressed by ResB (7, 8, 44).

ApolscR can activate the transcription of the suf operon
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FIG. 6. Role of FimE in the AiscR biofilm phenotype. Wild-type or
AiscR strains containing the (A) ®(fimB-lacZ) or (B) ®(fimE-lacZ)
transcriptional fusions were grown in LB until mid-exponential phase
or overnight to stationary phase. The B-galactosidase activity was mea-
sured and the Miller units were calculated as described previously. The
average of triplicate experiments is shown. (C) The strains indicated
were grown at 25°C for 24 h in LB. Final biofilm formation was
recorded at 570 nm (dark gray bars). The average of triplicate exper-
iments is shown. pRI-fimE constitutively expresses the FimE recom-
binase. pRI is the empty parent control plasmid.

encoding an Fe-S cluster assembly pathway (53). The cysteine
triple mutant of IscR should not be able to coordinate an Fe-S
cluster and is locked in the apolscR form. That the IscR cys-
teine triple mutant is still able to complement the AiscR biofilm
phenotype (Fig. 3C) suggests that apolscR directly regulates a
target gene involved in type I fimbria expression. One model
consistent with our data is that apoIscR activates expression of
the fimE gene under conditions where Fe-S cluster metabolism
is perturbed. Increased expression of FimE would result in
switching of the fimsS region to the OFF state, decreasing fimA
expression and decreasing biofilm formation. In the AiscR
strain, expression of fimE is reduced (Fig. 6B) by the complete
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FIG. 7. EMSA analysis of apolscR binding to the fimB-fimE inter-
genic region. Unlabeled oligonucleotides were added to compete with
the labeled fimB-fimE intergenic region PCR fragment (bottom). The
PfimE oligonucleotide corresponds to the proposed IscR binding site
in the fimB-fimE intergenic region (top). The PsufA4 oligonucleotide
corresponds to the previously mapped binding site for IscR in the suf4
promoter. The nonspecific oligonucleotide is an unrelated sequence of
the same length. All oligonucleotide sequences are listed in Table S1
in the supplemental material. Each oligonucleotide was added to the
same three final concentrations (200, 600, or 1,000 nM), while apolscR
is present at 500 nM in all samples.

absence of the apolscR activator, leading to a higher ON rate
for the fimA promoter, increased type I fimbria expression, and
increased biofilm formation.

To test whether apolscR directly binds to the fimE pro-
moter, the IscR cysteine triple mutant protein was incubated
with a DNA fragment consisting of 456 bp from the fimB-fimE
intergenic region, from +152 to —304 relative to the previously
mapped fimE transcriptional start site (38). The mixture was
then analyzed by EMSA. Figure 7 shows that apoIscR binds to
the fimB-fimE intergenic region causing a corresponding shift
in the mobility of the **P-labeled DNA fragment. While 500
nM apolscR was used in Fig. 7, binding of apolscR to the
fimB-fimE intergenic region was observed at lower protein
concentrations with an inflection point in the gel shift pattern
at approximately 100 to 150 nM apolscR (data not shown).

Analysis of the fimB-fimE intergenic region revealed a pu-
tative type 2 IscR binding site located at positions —153 to
—178 relative to the fimE transcriptional start site (20; P. Kiley,
unpublished data) (Fig. 7). An unlabeled oligonucleotide con-
taining this putative IscR binding site is able to efficiently
compete with the 456-bp **P-labeled DNA fragment, suggest-
ing that this sequence is a binding site for apolscR in the fimE
promoter (Fig. 7). An unlabeled oligonucleotide containing
the previously mapped apolscR binding site in the suf pro-
moter (20, 53) was also able to compete with the fimB-fimE
intergenic region DNA fragment (Fig. 7). In contrast, an un-
labeled nonspecific oligonucleotide of the same length and
used at the same concentrations was unable to block apolscR
binding to the fimB-fimE intergenic region (Fig. 7). These
EMSA results suggest that apolscR directly binds upstream of
the fimE gene to regulate its expression.
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DISCUSSION

Iron-responsive regulators are critical for controlling biofilm
formation in response to iron availability. The global iron met-
alloregulatory protein Fur has been shown to regulate biofilm
formation in S. aureus and the Fur-regulated small RNA RyhB
is required for biofilm formation in V. cholerae (25, 34). IscR is
an iron-dependent regulator that contains an Fe-S cluster and
regulates a host of genes in response to changes in cellular
Fe-S cluster status. For example, IscR regulates genes in re-
sponse to iron limitation and oxidative stress, two stress con-
ditions that perturb Fe-S cluster homeostasis by disrupting iron
uptake and trafficking (23).

In the present study, we show that IscR plays an important
role in regulating biofilm formation in E. coli. Our results
indicate that deletion of iscR leads to upregulation of the
fimAICDFGH operon and increased biofilm formation. In con-
trast, deletion of the iscS, iscU, or iscA genes involved in Fe-S
cluster assembly inhibits biofilm formation. Together, our find-
ings demonstrate that Fe-S cluster status is a key variable that
regulates the switch from planktonic growth to biofilm forma-
tion. These results suggest that adequate Fe-S cluster assembly
is a signal for increased biofilm formation in E. coli and closely
parallel the observations that nutrient-rich conditions in gen-
eral tend to spur biofilm formation in this organism. If Fe-S
cluster levels decrease, due to environmental stresses such as
iron limitation or due to genetic defects in cluster assembly,
biofilm formation is inhibited. This results in an increase in
planktonic cells for dispersal of the bacterial population to a
more favorable environment.

When Fe-S cluster levels in the cell are adequate, IscR
represses the isc operon encoding the basal Fe-S cluster
assembly pathway in E. coli (20, 45). HoloIscR coordinates
a [2Fe-2S] cluster in vitro, and repression by holoIscR is lost
in vivo when Fe-S cluster demand increases or when Fe-S
cluster levels drop, leading to increased expression of the Isc
cluster assembly pathway. As apolscR accumulates under
conditions that perturb Fe-S cluster assembly (such as iron
limitation and oxidative stress), it can directly activate tran-
scription of the suf operon encoding a stress-response Fe-S
cluster assembly pathway (20, 53). In the current model of
IscR function, holoIscR represses one subset of genes when
cellular Fe-S synthesis is adequate. As the [2Fe-2S] cluster is
lost from IscR (by diversion of clusters due to high demand
and/or by cluster damage due to stress), apolscR no longer
represses the original subset of target genes but is now
competent to regulate a second subset of genes.

We have found that biofilm formation is suppressed under
conditions where levels of apolscR would be predicted to
increase, such as during iron starvation or in the absence of
the Isc cluster assembly system. Deletion of IscR leads to
increased biofilm formation through induction of type I
fimbriae encoded by the fimAICDFGH operon. Further-
more, the three conserved cysteine residues thought to co-
ordinate the IscR [2Fe-2S] cluster are not required for IscR-
dependent repression of biofilm growth. Therefore, our
results suggest that apolscR regulates type I fimbriae to
repress biofilm formation when Fe-S cluster levels are low
(Fig. 8).

We propose that apolscR influences expression of type I
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FIG. 8. Proposed model for fimE regulation by IscR under iron and
iron-sulfur replete or iron and iron-sulfur limiting conditions. Induc-
tion of the FimE recombinase by apolscR leads to inversion of the
fimS region to the OFF position and decreases expression of the
fimAICDFGH locus. Decreased expression of type I fimbriae dimin-
ishes biofilm formation under iron and iron-sulfur limiting conditions.

by apolscR

fimbriae through activation of the FimE recombinase lead-
ing to downregulation of the fim operon by switching the
fimA promoter (fimS) to the OFF state (Fig. 8). Although
both fimB and fimE show some altered regulation in the
AiscR strain, fimE is more dramatically affected (Fig. 6).
Previous studies have clearly shown that FimE plays a more
dominant role than FimB in regulating type I fimbria ex-
pression under most growth conditions, supporting our
model that decreased fimE expression leads to increased
fimAICDFGH expression in the AiscR strain (22, 30). We
have shown that apolscR directly binds to the fimB-fimE
intergenic region (Fig. 7). Although the predicted IscR
binding site is somewhat distant from the putative —10 and
—35 elements, apolscR may activate fimE expression in a
manner similar to apolscR activation of the suf operon (53),
or IscR may interact with other regulators (such as H-NS,
LrhA, or Lrp) at the fimE promoter to regulate fimE ex-
pression. Unfortunately, specific binding sites for these
other transcription factors have not been mapped, making it
difficult to predict the effect of IscR binding on their activity.
The intermediate-size protein-DNA complexes observed
during competition with unlabeled oligonucleotides (Fig. 7)
could indicate the fimB-fimE region contains multiple
apolscR binding sites with various affinities, as has been
observed for IscR binding to the suf4 promoter (53). Al-
though it is also possible that altered fimB expression or
direct transcriptional regulation of the fimAICDFGH
operon may play some role in IscR-dependent control of
type I fimbriae, expression of FimE from a plasmid con-
struct is sufficient to reverse the AiscR phenotype. More
mechanistic studies to examine apolscR regulation of fimE
at the molecular level are currently under way.

How do activation of the Fur regulon and 2,2'-dipryidyl
addition suppress enhanced bioflm formation in the AiscR
strain? The results presented here also show that disruption of
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iron homeostasis, either by dipyridyl addition or in a Afur
strain, is sufficient to partially repress the AiscR biofilm phe-
notype. DNA microarray analysis previously showed that fimE
was mildly induced by 2,2'-dipyridyl and in the Afur strain (33).
Increased expression of fimE in the Afur strain could explain
the partial suppression of the AiscR phenotype. However, a
specific Fur binding site in the fimE promoter was not pre-
dicted by bioinformatics methods used in the DNA microarray
study (33). A separate study using a different information the-
ory model did predict a potential Fur binding site upstream of
fimE, but the score was near the cutoff utilized by the authors
for a valid prediction (11). We observed a 30% increase in
expression of the ®(fimE-lacZ) construct in a wild-type strain
upon addition of 200 wM 2,2'-dipyridyl to the LB, a finding
consistent with the published DNA microarray study (data not
shown). However, the ®(fimE-lacZ) construct showed the
same B-galactosidase activity in both the AiscR and AiscR/Afur
strains in LB alone (data not shown). Furthermore, primer
extension analysis showed that fim4 mRNA levels were the
same in the AiscR and AiscR/Afur strains, and both were con-
siderably higher than wild-type levels (data not shown). To-
gether, these results indicate that increased expression of
FimE in the Afur background is not sufficient to explain the
partial repression of the AiscR biofilm formation phenotype in
the AiscR/Afur double mutant. The lack of a distinct biofilm
phenotype in the Afur single mutant (Fig. 3A) suggests that if
Fur and apolscR do play similar roles in suppressing biofilm
formation under iron (or Fe-S) limited conditions, apolscR is
more important for iron-responsive biofilm regulation. Char-
acterization of the Afur repression of the AiscR biofilm phe-
notype awaits future study.

Since dipyridyl suppression of biofilm formation is more
pronounced than biofilm suppression caused by the Afur mu-
tation, it appears that dipyridyl may also disrupt Fur-indepen-
dent processes in the cell to suppress biofilm formation (in
both wild-type and AiscR strains). DNA microarray analysis of
the Afur strain and the wild-type strain exposed to dipyridyl
showed that dipyridyl induction of many genes is mediated
through Fur (33). However, the induction of some genes was
higher during dipyridyl exposure than in the Afur strain, sug-
gesting additional contributions from other metal-dependent
regulators distinct from Fur (such as IscR). Furthermore, bio-
film formation in the AiscR/Afur mutant is further suppressed
by the addition of dipryidyl (see Fig. S3D in the supplemental
material), so there must be other pathways distinct from both
IscR and Fur that are perturbed by dipyridyl. Iron addition up
to a twofold excess over dipyridyl concentration restores ca.
60% of biofilm formation (compared to untreated control)
(Fig. 1B). The failure of iron to completely reverse dipyridyl
inhibition indicates that dipyridyl may alter homeostasis of
other metals, which would explain the Fur- and IscR-indepen-
dent dipyridyl effect. Despite this complication in defining the
complete mechanism of dipyridyl action, our results clearly
show that the iron metalloregulatory proteins Fur and IscR
control iron-dependent biofilm formation, and both of these
regulators are responsive to dipyridyl addition.

To conclude, due to the importance of iron cofactors such as
Fe-S clusters and heme for multiple biochemical pathways,
iron is a key signal that regulates the developmental switch
from planktonic to biofilm growth. Here we have found that
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homeostasis of a specific iron cofactor, namely, Fe-S clusters, is
linked to the regulation of surface attachment for biofilm for-
mation. By identifying a role for IscR in biofilm formation, we
provide new insight into the metalloregulatory pathways re-
quired to properly coordinate biofilm formation with iron
availability in the gram-negative bacterium, E. coli.
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