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The ferric uptake regulator (Fur) is a predominant bacterial regulator controlling the iron assimilation
functions in response to iron availability. Our previous microarray analysis on Yersinia pestis defined the
iron-Fur modulon. In the present work, we reannotated the iron assimilation genes in Y. pestis, and the
resulting genes in complementation with those disclosed by microarray constituted a total of 34 genome loci
(putative operons) that represent the potential iron-responsive targets of Fur. The subsequent real-time
reverse transcription-PCR (RT-PCR) in conjunction with the primer extension analysis showed that 32 of them
were regulated by Fur in response to iron starvation. A previously predicted Fur box sequence was then used
to search against the promoter regions of the 34 operons; the homologue of the above box could be predicted
in each promoter tested. The subsequent electrophoretic mobility shift assay (EMSA) demonstrated that a
purified His4 tag-fused Fur protein was able to bind in vitro to each of these promoter regions. Therefore, Fur
is a global regulator, both an activator and a repressor, and directly controls not only almost all of the iron
assimilation functions but also a variety of genes involved in various non-iron functions for governing a
complex regulatory cascade in Y. pestis. In addition, real-time RT-PCR, primer extension, EMSA, and DNase
I footprinting assay were used to elucidate the Fur regulation of the ybt locus encoding a virulence-required
iron uptake system. By combining the published data on the YbtA regulation of ybt, we constructed a concise
Fur/YDbtA regulatory network with a map of the Fur-promoter DNA interactions within the ybf locus. The data

presented here give us an overview of the iron-responsive Fur regulon in Y. pestis.

Iron acquisition is critical for the survival of pathogenic
bacteria during infection. In mammals, iron is bound to Fe**-
binding proteins (transferrin, lactoferrin, and ferritin) and hemo-
poteins (hemoglobin, haptoglobin-hemoglobin, hemopexin,
and albumin, etc). The level of free iron (10 to 18 M) is too low
to sustain bacterial growth (32). In light of the requirement for
iron and the stiff competition for this nutrient, it is no surprise
that successful pathogenic microorganisms have evolved mis-
cellaneous strategies to scavenge iron from the iron or heme
resources of mammalian hosts (1).

Bacteria regulate their iron metabolism in response to iron
availability. An excess of cellular iron is toxic because of its
ability to catalyze Fenton reactions leading to the formation of
active species of oxygen. Iron uptake is, therefore, exquisitely
regulated to maintain the intracellular concentration of this
metal within desirable ranges. The predominant iron-regulat-
ing system in bacteria is the ferric uptake regulator (Fur)
machinery (1, 13, 18). The Fur protein exhibits both sensory
and regulatory functions in response to the intracellular iron
concentration. Under iron-rich conditions, Fur binds to diva-
lent ion, acquiring a configuration able to bind to target DNA
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sequences generally known as the Fur box, and inhibits the
transcription of target genes/operons. Under iron-restricted
conditions, Fur does not bind, and genes commonly responsi-
ble for iron assimilation functions are expressed, endowing
bacterial cells with the ability to scavenge iron from various
extracellular environments.

Plague, caused by Yersinia pestis, is one of the most danger-
ous diseases in the world. Y. pestis possesses an array of viru-
lence determinants that promote infection in mammalian hosts
and/or transmission by flea vectors (23, 34). A variety of iron
acquisition systems (Ybt, Yfe, Yfu, Hmu, Has, Yiu, Iuc, and
Fhu) have been characterized in Y. pestis (6, 7, 10, 15, 16, 20,
22,25, 30), and at least two (Ybt and Yfe) of them were proven
to be required for full virulence (6, 7). Thus, this bacterium has
developed specialized strategies to obtain iron for its survival
and growth in hosts during infection.

In our previous DNA microarray analysis (35), mRNA levels
from wild-type (WT) Y. pestis cells treated with the iron che-
lator 2,2'-dipyridyl (DP) were compared to those supple-
mented with excessive iron, and then gene expression in the fur
mutant was compared to that in the WT strain under iron-rich
condition. This analysis identified genes both directly and in-
directly controlled by Fur, leading to the defining of iron-Fur
modulon that was defined as a collection of genes whose tran-
scription was affected by both the DP treatment (the iron
starvation) and the fur mutation.

In the present work, a total of 34 putative operons (mainly
responsible for the iron assimilation functions) were identified
as the direct Fur targets, based on the combined use of real-
time reverse transcription-PCR (RT-PCR), primer extension
analysis, and electrophoretic mobility shift assay (EMSA). It
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was shown that Fur was a global regulator, both an activator
and a repressor, governing a complex regulatory cascade in Y.
pestis. The subsequent DNase I footprinting assay enabled the
mapping of Fur-DNA interactions within the ybt locus, also
known as the high pathogenicity island (HPI).

MATERIALS AND METHODS

Bacterial strains. The WT strain 201 was isolated from Microtus brandti in
Inner Mongolia, China, with the phenotypes F1* (able to produce fraction 1
antigen or the capsule), VW™ (presence of V antigen), Pst* (able to produce
pesticin) and Pgm™ (pigmentation on Congo red medium). It belongs to a newly
established Y. pestis biovar, microtus (36), with a 50% lethal dose of <10 cells for
mice by the subcutaneous challenge. The fur mutant (35) was constructed by
using a Lambda Red recombination system (11).

Bacterial growth and RNA isolation. Both the WT and the fur mutant were
grown at 26°C to mid-logarithmic phase (4459, ~1.0) in a chemically defined
TMH medium (29) containing 10 M FeCl; as the sole iron source. The cell
cultures were diluted by 20-fold in fresh TMH medium, and the cells experienced
at least 10 generations in the medium at 26°C prior to reaching to an Ag;, of
~1.0. The cell cultures were then transferred to 37°C for 1 h. The culture was
split, and one-half was treated with 100 uM DP to elicit the iron starvation. The
other half was supplemented with an additional 40 M FeCl; to ensure iron-rich
conditions. Growth was continued for 30 min at 37°C, and then the cells were
harvested to isolate total cellular RNA. RNA isolation was conducted as de-
scribed previously (35).

Real-time RT-PCR. Gene-specific primers were designed to produce a 150- to
200-bp amplicon for each gene when Y. pestis genomic DNA was used as the
template for PCR. The contaminated genomic DNA in RNA samples was re-
moved by using an Ambion DNA-free kit. cDNA was generated by using 5 pug of
total RNA and 3 pg of random hexamer primers. Real-time PCR was performed
in triplicate for each RNA preparation by using LightCycler system (Roche)
together with the Sybr green master mix, with a 1:200 dilution of cDNA as
templates. To ensure that there was no contamination of genomic DNA, negative
controls were performed by using “cDNA” generated without reverse transcrip-
tase as templates. Reactions containing primer pairs without template were also
included as blank controls. A standard curve was made for each RNA prepara-
tion with the 16S rRNA gene. Relative transcriptional level was determined by
calculating the threshold cycle (AC) of each gene. The 16S rRNA gene was used
to normalize all of the other genes. The transcriptional variation for each gene
in relative quantity of cDNA molecules present under the indicated paired
conditions was ultimately calculated. A mean ratio of two was taken as the cutoff
of statistical significance.

Primer extension. Primer extension assay was performed by using a primer
extension system-AMYV reverse transcriptase kit (Promega). The extension prim-
ers were end labeled with [y-3?P]ATP. Three nanograms of each end-labeled
primer were annealed with 10 to 30 pg of total RNA and extended according to
the manufacturer’s protocol. cDNA products were recovered by ethanol precip-
itation and subjected to electrophoresis in a 6% polyacrylamide-8 M urea gel.
The gel was analyzed by autoradiography (Kodak film). To serve as sequence
ladders, sequencing reactions were also performed with the same primers used
for primer extension, using an fmol DNA cycle sequencing system (Promega).

Preparation of His-Fur and Fur with the His tag removed. The entire fur
coding region of strain 201 was cloned into plasmid pET28a (Novagen) (between
BamHI and HindIII sites). The recombinant plasmids encoding a His-Fur fusion
protein were transformed into Escherichia coli BL21(DE3) cells. Overexpression
of His-Fur was induced by addition of isopropyl-B-p-thiogalactoside. The recom-
binant His-Fur protein was purified under native conditions with a QIAexpres-
sionist Ni*"-affinity column (Qiagen), since its His tag is able to bind to the Ni**
molecule in the column. After we stringently washed off contaminated pro-
teins, we eluted the purified His-Fur protein with the elution buffer (250 mM
iminazole, 50 mM NaH,PO,, 300 mM NacCl).

To cleave the His tag, the thrombin (Novagen, Madison, WI) was incubated
with the uneluted, purified His-Fur (after the above stringent washing) in a
Ni-nitrilotriacetic acid column at 4°C for 14 h. The subsequent washing and
elution were conducted as described above. The eluted liquids were collected
sequentially into various tubes, each at a volume of 500 pl, and then the protein
sample in each tube was subjected to sodium dodecyl sulfate-15% polyacryl-
amide gel electrophoresis (SDS-15% PAGE). The thrombin-cleaved Fur (TC-
Fur) protein would be present in the former several tubes according to SDS-
PAGE, given that this protein still has 11 His residues scattered in its protein
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sequence (it thereby is able to bind to the Ni** column, with an affinity lower
than that of His-Fur).

The eluted, purified His-Fur or TC-Fur was dialyzed and then concentrated to
a final concentration of 0.1 to 0.3 mg/ml in the storage buffer containing Tris-HCI
(pH 7.5), 50 mM NaCl, 2 mM CaCl,, and 15% glycerol by using an Amicon
Ultra-15 (Millipore). The purity of the resulting His-Fur-TC-Fur was verified by
SDS-15% PAGE.

EMSA. Primers were designed to amplify the 400- to 500-bp promoter-prox-
imate region extending upstream from the start codon of each first gene of the
operons tested. An EMSA was performed by using the gel shift assay system
(Promega). The 5’ ends of DNA were labeled by using [y-*P]JATP and T4
polynucleotide kinase. DNA binding was performed in a 10-pl reaction volume
containing binding buffer (100 puM MnCl,, 1 mM MgCl,, 0.5 mM dithiothreitol,
50 mM KCl, 10 mM Tris-HCI [pH 7.5], 0.05 mg of sheared salmon sperm
DNA/mI, 0.05 mg of bovine serum albumin/ml, and 4% glycerol), labeled DNA
(1,000 to 2,000 cpm/ul), and increasing amounts of His-Fur or Fur with the His
tag removed. We still included two control reactions: one contained the specific
DNA competitor (unlabeled promoter DNA regions), while the other is the
nonspecific protein competitor (rabbit anti-F1-protein polyclonal antibody). Af-
ter incubation at room temperature for 30 min, the products were loaded onto a
native 4% (wt/vol) polyacrylamide gel and electrophoresed in 0.5X Tris-borate
(TB) buffer containing 100 uM MnCl, for 30 min at 220 V. Radioactive species
were detected by autoradiography.

DNase I footprinting. To obtain each promoter DNA fragment with a single
32p_labeled end, PCR amplification was performed with the promoter-specific
primer pair used in the EMSA, except that either the sense or the antisense
primer was end labeled. The PCR products were purified by using MinElute
reaction cleanup columns (Qiagen). Increasing amounts of His-Fur was incu-
bated with the purified, labeled DNA fragment (2 to 5 pmol) for 30 min at room
temperature in a final 10-pl reaction volume containing the same binding buffer
used for the EMSA. Before DNA digestion, 10 ul of Ca®>*/Mg>" solution (5 mM
CaCl, and 10 mM MgCl,) was added, followed by the incubation for 1 min at
room temperature. Then, the optimized RQ1 RNase-Free DNase I (Promega)
was added to the reaction mixture, and the mixture was incubated at room
temperature for 40 to 90 s. The reaction was quenched by adding 9 pl of the stop
solution (200 mM NaCl, 30 mM EDTA, and 1% SDS), followed by incubation
for 1 min at room temperature. The partially digested DNA samples were
extracted with phenol-chloroform, precipitated with ethanol, and analyzed in a
6% polyacrylamide-8 M urea gel. Protected regions were identified by compar-
ison with the sequence ladders. For sequencing, we used the fmol DNA cycle
sequencing system (Promega). The templates for sequencing were the same as
the DNA fragments of DNase I footprinting assays. Radioactive species were
detected as described above.

Computational promoter analysis. The 500-bp promoter region extending
upstream from the start codon of every first gene in each indicated operon was
retrieved with the retrieve-seq program (31). Matching the Fur consensus se-
quence within the promoter regions was performed by using the patser-matrix
tool (31). This analysis generated a weight score for each promoter DNA. A
larger number of this score value corresponds to a higher probability of the
presence of a Fur site.

RESULTS AND DISCUSSION

Collection of candidate genes. In addition to the character-
ized iron acquisition systems (Ybt, Yfe, Yfu, Hmu, Has, Yfu,
Yiu, Iuc, and Fhu), there are still several other predicted iron
assimilation (acquisition and/or storage) functions in the ge-
nome annotation of Y. pestis CO92 (27), KIM (33), and 91001
(28). To give a full collection of iron assimilation systems in Y.
pestis, all available literatures about bacterial iron assimilation
were reviewed, and the deriving protein sequences of reported
bacterial iron assimilation genes were compared to the
genomic sequence data of CO92, by using the BLASTP, to find
their homologues in Y. pestis. In addition, the BLASTP analysis
of all of the iron-Fur modulon members of Y. pestis, as deter-
mined by our previous microarray expression analysis (35), was
performed against the GenBank data to test whether each of
them was homologous to a bacterial iron assimilation gene.
Taken together, a total of 20 proven or putative iron assimi-
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lation-related genomic loci (80 genes) were found in Y. pestis,
as shown in Table 1.

Beside the above iron assimilation genes, Table 1 still in-
cluded the following genes: (i) genes whose transcription was
affected by both DP treatment and the fur mutation, as shown
by our previous microarray analysis (35) (these genes encode
various non-iron functions), and (ii) several genes belonging to
the iron uptake-associated gene cluster, as determined by the
clustering analysis on the data of 25 microarray expression
profiles of Y. pestis (in addition, EMSA has shown that the
His-Fur binds to the upstream DNA region of these genes)
17).

All of the genes in Table 1 were visually scrutinized accord-
ing to the transcriptional organization in relation to their sur-
rounding genes to identify the putative operons (defined as a
cluster of adjacent genes that have intergenic regions <150 bp
in length and were putatively or definitely transcribed in the
same orientation). This analysis generated a total of 34 oper-
ons, and 13 of them contained only a single gene.

Identification of iron-responsive Fur-regulated genes. For
every first gene in each of the above 34 operons, the real-time
RT-PCR analysis was performed so that the mRNA level from
WT cells treated with DP was compared to those supple-
mented with excessive iron, and then gene expression in the fur
mutant was compared to that in the WT strain under iron-rich
conditions. It was found that, except for fepB (YPO0701) and
feuA (YPO1753), the transcription of all of the other genes
tested was shown to be affected by both the DP treatment and
the fur mutation.

Both fepB and fcuA encoded the iron acquisition function.
The primer extension assay further confirmed that their tran-
scription was independent of both Fur and iron (Fig. 1). For
the primer extension assay, we used the same RNA prepara-
tions to analyze the Fur- and iron-dependent transcription of
each gene tested. An oligonucleotide primer was designed to
be complementary to a portion of the RNA transcript of each
gene (operon). The yield of each primer extension product
would indicate the mRNA level of the corresponding gene
(operon) under the specific growth condition.

Both the previous microarray analysis (35) and the current
RT-PCR assay were conducted by using the same Y. pestis
strains and identical growth conditions. However, the compar-
ison between these two kinds of data revealed the discrepancy
for 10 operons, i.e., the negative results in microarray com-
pared to RT-PCR (Table 1). The further primer extension
assay on eight of these operons showed the reasonability of the
RT-PCR data (see Fig. 1 and 3). DNA microarray offers a
powerful tool for genomewide analysis of gene regulation at
the transcriptional level, enabling the identification of both
regulons and stimulons (37). However, its result is influenced
by microarray construction, RNA extraction, probe labeling,
hybridization conditions, and data analysis (21, 26, 37). Be-
cause of the inherent limitations in reliability, microarray re-
sults should be validated by at least one traditional method
(37).

Along with our previous microarray data, the real-time RT-
PCR analysis in conjunction with the primer extension assay
herein enabled the identification of a large array of genes or
operons whose transcription was regulated, both positively and
negatively, by Fur using the iron as the cofactor. Expect for
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fepB and fcuA genes, all of the other proven or predicted iron
acquisition systems in Y. pestis should be induced in response
to the iron starvation, which is mediated by the transcriptional
repression of Fur protein using the iron as corepressor.

Like other bacteria, Y. pestis possesses two types of iron
storage functions, the Bfr-Bfd system (the haem-containing
bacterioferritin and the Bfr-associated ferredoxin, respec-
tively) and FtnA (the haem-free ferritin) (19). The iron-Fur
complex divergently modulated the transcription of these two
iron-storage functions (Table 1).

The iron-Fur complex still affected some genes involved in
various non-iron functions (ribonucleoside-diphosphate reduc-
tase, Fe-S cluster assembly, electron transport, and oxidative
defense, etc.) and also a variety of genes with unknown func-
tion. In addition to its classically negative regulatory activities,
Fur activates gene transcription, indicating that Fur is a global
regulator rather than a specific repressor.

Computational analysis of Fur sites. The E. coli Fur protein,
upon association with iron, binds a 19-bp consensus site with
the sequence 5'-GATAATGATAATCATTATC-3’ (known as
the classic Fur box) and represses the transcription of down-
stream gene (13). Based on our previous microarray data, the
regulatory motif discovery analysis generated a conserved mo-
tif, which was considered as the Fur consensus in Y. pestis (35).
A concise interpretation of this consensus showed a 9-1-9 in-
verted repeat (5'-AATGATAATNATTATCATT-3'). In addi-
tion, a position frequency matrix (PFM) that represented the
conserved signals for Fur recognition in Y. pestis was subse-
quently obtained (see supplemental data S1 for details).

The 500-bp upstream DNA region of every first gene in each
of the 34 operons listed in Table 1 (including fepB and fcuA)
was screened with the above PFM. Its homologue could be
predicted in each promoter sequence analyzed. The presence
of a sequence with high similarity with Fur consensus is a very
good predictor of Fur-specific binding.

Characterization of recombinant His-Fur and Fur. A re-
combinant His-Fur protein was expressed in E. coli by using
the pET28a vector. A 34-amino-acid peptide including a His,
tag was fused with Fur at its N terminus. The His tag was
subsequently cleaved by thrombin. Compared to the WT Fur
protein of Y. pestis, the TC-Fur (thrombin-cleaved Fur) still
contained 17 amino acid resides at its N terminus. As expected,
the size of TC-Fur is slightly less than that of His-Fur,
as verified by SDS-15% PAGE (see Fig. S1 in supplemental
data S2).

We further characterized the DNA-binding properties of
His-Fur/TC-Fur by using EMSA. For EMSA, the primers were
designed to amplify a 400- to 500-bp DNA fragment upstream
from the translational start site for each gene tested. Each
upstream promoter DNA is radioactively labeled, incubated
with a purified His-Fur or TC-Fur protein, and then subjected
to native gel electrophoresis. It has been shown previously in
other bacteria that the binding affinity of Fur to regulatory
DNA sequences is dependent on the presence of divalent
metal ions and that the addition of EDTA will result in a loss
of affinity of Fur (12, 13). The Mn?*" ions are routinely used in
the Fur-binding experiments in place of Fe?" because of its
greater redox stability (12, 13). Accordingly, we tested different
modified binding/electrophoresis buffers by EMSA (by remov-
ing Mn?" and/or EDTA in each buffer), using the ybtP pro-
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FIG. 1. Primer extension analysis of five selected genes. There were
10 operons for which the RT-PCR data were inconsistent with the
microarray ones (see Table 1). Five (YPOO0164, fepB, ysuE, fcuA, and
fhuC) of them were chosen for primer extension analysis. RNA was
isolated from the WT strain or the fur mutant grown in the presence
(—) or absence (+) of iron. By using an oligonucleotide primer com-
plementary to RNA transcript, cDNA was synthesized from the RNA
templates. Electrophoresis of primer extension products was per-
formed with a 6% polyacrylamide-8 M urea gel. Lanes C, T, A, and G
represent the Sanger sequencing reactions. The transcriptional start
sites were underlined.

moter region as the DNA probe (see Fig. S2 in supplemental
data S2). It was demonstrated that the presence of Mn** (100
pwM) plus the absence of EDTA in both binding and electro-
phoresis buffers would give the strongest binding affinity of
His-Fur-TC-Fur. Accordingly, buffers containing 100 pM
Mn?" without EDTA would be used for the following DNA-
binding experiments.

In addition, the promoter regions of four genes (yptP,
YPO2163, bfd, and yfeA) were analyzed by EMSA to compare
the DNA-binding affinities of His-Fur—TC-Fur (see Fig. S3 in
supplemental data S2). The results showed that the TC-Fur
protein had a DNA binding affinity stronger than that of
His-Fur.

J. BACTERIOL.

To compare the DNA-binding sites of His-Fur-TC-Fur, the
DNase I footprinting assay was performed on both coding and
noncoding strands of PCR-generated ybtP promoter fragment
(see Fig. S4 in supplemental data S2). The radioactively la-
beled promoter DNA was incubated with increasing amounts
of His-Fur or TC-Fur; after partial digestion with DNase I, the
resulting fragments were analyzed by denaturing gel electro-
phoresis. Both His-Fur and TC-Fur gave an identical footprint
(an identical binding site) on each DNA strand.

Taken together, the DNA binding properties of His-Fur
were almost identical to those of TC-Fur. Accordingly, the
His-Fur protein was used in the following EMSA and DNase I
footprinting experiments, since it was more convenient to be
purified.

Investigation of Fur-recognized promoters by EMSA. The
mere presence of a Fur consensus sequence, as detected by the
above computational promoter analysis, does not necessarily
mean that Fur should bind to these DNA sites. Accordingly,
the upstream DNA region of every first gene of each of the 34
operons in Table 1 was investigated by using EMSA to deter-
mine whether Fur would bind to these promoter regions in
vitro. It was shown that the His-Fur protein was able to bind in
vitro to each of the upstream DNA regions described above
(Fig. 2).

To confirm the specificity of EMSA, the EMSA experiments
still included the 269- and 528-bp DNA fragments in the cod-
ing regions of 16S rRNA and ybtP genes, respectively, as well
as a 456-bp upstream DNA fragment of YPOO0778, as the
negative controls (Fig. 2). The genes YPO1011-1012 and
YPOO0778-0770 were located in a continuous genomic region in
KIM, encoding a putative siderophore-based iron acquisition
system. Interestingly, this genomic region splits into two sepa-
rate genomic loci (YPO1011-1012 and YPOO0778-0770) in
CO92 due to the IS sequence-based homologous recombina-
tion. As expected, the EMSA showed that Fur bound to the
upstream DNA region of YPO1011, the first gene of the sid-
erophore-based system described above, rather than that of
YPOO0778 (Fig. 2), an internal member of this system. The ybtP
gene is the first gene of the YbrPQXS operon in the HPI, and
EMSA showed that His-Fur recognized the upstream pro-
moter region of this gene. Here, it was shown by EMSA that
His-Fur did not bind to the coding regions of both 16S rRNA
and ybtP genes (Fig. 2).

Accordingly, the EMSA experiments demonstrated that the
Fur protein could recognize in vitro the promoter sequences of
all of the operons listed in Table 1. We concluded that the
operons giving a positive result in both EMSA and RT-PCR
experiments were the direct targets of Fur using the iron as the
cofactor. All of these genes or operons constituted the iron-
responsive Fur regulon in Y. pestis.

The transcription of fepB and fcuA was independent of both
Fur and iron, as determined by microarray, RT-PCR and
primer extension. It should be noted that the result described
above is confined to Y. pestis strain 201 under the growth
conditions presented here. However, both computational pro-
moter analysis and EMSA showed that Fur recognized the
promoters of these two genes. Given that both of them en-
coded the iron acquisition functions, we presumed that the
transcription of these two genes should be under the direct
control of Fur (so they were still included in Table 1). Further
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FIG. 2. EMSAs. The PCR-generated, [y-*?P]-labeled target DNA probe or the corresponding cold probe (i.e., unlabeled target DNA) was incubated with
the purified His-Fur protein or an unrelated protein (purified goat anti-rabbit anti-F1 antigen antibody). The mixtures were directly subjected to the 4% (wt/vol)

PAGE. The band of free promoter DNA disappears with increasing amount of

Fur protein, and a retarded DNA band with decreased mobility turns up, which

presumably represents the Fur-DNA complex. A model graph of EMSA is shown as well.

experiments on the typical virulent Y. pestis strains and/or
other appropriate growth conditions are needed to elucidate it.

Fur-DNA interactions within HPI. The pgm locus is a 102-kb
unstable DNA region (YPO1902-1967 on the chromosome of
C0O92) embedded between two IS700 elements in the same ori-

entation (8). The recombination between the two IS700 elements
will delete this locus. YPO1902—, containing the ybt locus, was
referred to as the HPI. Mutants lacking the Ybt system (a well-
characterized siderophore-based iron acquisition system) are
completely avirulent to mice by subcutaneous infection but are
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FIG. 3. Primer extension analyses of the HPI genes. Primer exten-
sions assay was carried out to determine the transcriptional start sites
of fyuA, irp2, ybtA, and ybtP. See Fig. 1 for the technical notes. irp2,
ybtA, and ybtP also belonged to the 10 operons whose RT-PCR data
were inconsistent with their microarray ones (Table 1).

J. BACTERIOL.

fully virulent via an intravenous route (7), suggesting that the Ybt
is essential to iron acquisition at the site of flea bite, in the
lymphatic system and/or the lymph nodes.

The ybt locus is transcribed into four operons (fyuAd, irp2-
irpl-ybtUTE, ybtA, and ybtPQXS) (9, 10). RT-PCR analysis
here showed that the whole ybt locus was induced in response
to iron starvation, which is mediated by the transcriptional
repression of Fur protein using iron as corepressor. In addition
to confirmation of the RT-PCR results presented above, the
primer extension was used to map the 5’ terminus of RNA
transcript of each of these four operons, enabling the deter-
mination of transcriptional start sites and helping to localize
the core promoter region (—10 and —35 elements). The length
of detecting cDNA reflects the number of bases between the
labeled nucleotide of the primer and the 5’ end of RNA tran-
script. A single transcriptional start site (a single primer exten-
sion product) was detected for each of fjud and ybtPQOXS (Fig.
3). Thus, a single promoter was transcribed for each operon
under the iron starvation condition. Two transcriptional start
sites (two primer extension products) were detected for irp2-
irpl-ybtUTE and ybtA, indicating that two promoters were tran-
scribed for each operon (Fig. 3). All of the detecting promoters
here were repressed by the Fur regulator upon the extracellu-
lar iron excess.

Then, the DNase I footprinting assay was used to identify
the precise Fur sites within the Fur-dependent promoters dis-
cussed above. This analysis confirmed the binding of His-Fur
protein to these promoter DNA samples, as seen in EMSA.
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FIG. 4. DNase I footprinting assays. Coding and noncoding strands containing the predicted Fur box region were labeled with [y->?P] at the
5’ end, incubated with various amounts of purified His-Fur (lanes 1, 2, 3, 4, and 5 contained 0, 500, 1,000, 2,000, and 3,000 nM, respectively), and
subjected to DNase I footprinting assays. Lanes G, A, T, and C represent the Sanger sequence reactions. On the right-hand side is indicated the
protected region (bold line). The DNA sequences of footprints are shown from the bottom (5') to the top (3').
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FIG. 5. Transcriptional organization of the Ybt locus under the control of Fur and YbtA. Shown is the Fur/YbtA regulatory network consisting
of the Fur and YbtA regulator plus the four operons of HPI. Transcription and/or translational start sites, core promoter region (—10 and —35
elements), and Fur/YDbtA sites are depicted for each promoter to give a map of Fur/YbtA-DNA interactions within the HPI.

For each promoter DNA tested, His-Fur protected a single
distinct region against the DNase I digestion in a dose-depen-
dent fashion (Fig. 4). Each footprint harbored a sequence
resembling the predicted Y. pestis Fur box. These footprint
regions were considered the Fur sites (Fig. 4).

The Fur/YbtA regulatory network: a map of regulator-DNA
interactions within HPI. In the present study, we confirmed
that the Fur protein repressed the whole ybt locus in response
to excess extracellular iron and then defined the Fur sites
within the ybt locus by using DNase I footprinting. In addition,
the primer extension assay was used to determine the tran-
scriptional start sites of Fur-dependent promoters and to help
to localize the promoter —10 and —35 elements.

In addition to the Fur protein, the YbtA has been shown to
be another transcriptional regulator that functions as an acti-
vator of irp2-irpl-ybtUTE, ybtPQXS, and fyuA and as a repres-
sor of its own transcription (3, 14). The YbtA-DNA interac-
tions within the HPI in Y. pestis have been elucidated recently
3).

Taking all of the above results together, we depicted the
organization of Fur- and YbtA-dependent promoters to con-
struct a prototype Fur/YbtA regulatory network (Fig. 5). Fur
and YDtA shared all of the four operons within the HPI as the
direct targets at the transcriptional level. All of the Fur- and/or
YbtA-dependent promoters were elucidated according to the
primer extension assay. For fyuA, there was only a single pro-
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CCACTATTAGAAATAGTTATCATTTTCAATTCAC
GATAATCTTTATCAATAGTAAAAGT TAAGTGGTA

CATCCAATTGTTAATAATTATTATTATCATATGAGCAAT
TCGTAGGTTAACAATTATTAATAATAATAGTATACTCG

fpuA_YPO1906

ip2_YPO1911

e .. | 611cT6AGAATTAATGTGAATAATAACCATTATCAATAACTCA
pReF lnfergeetc CTCTTAATTACACT TATTATTGGTAATAGT TATTGAGTAGAT

‘ Alignment of Fur sites ‘

Known E. coli Furbox  GATAATGATAATCATTATC

FIG. 6. Alignment of Fur sites to generate the Fur box. The foot-
print regions (Fur sites) determined by the DNase I footprinting assays
were aligned to generate the Fur box. The 9-1-9 and 7-1-7 direct repeat
elements were indicated by solid and dashed arrows, respectively.

moter (P, 4) that was shared by Fur and YbtA, while irp2-
irpl-ybtUTE, ybtA, and ybtPQXS had two promoters. All of the
promoters of irp2-irplybtUTE (P1,,, and P2,,,) and ybtAd
(P1,,,4 and P2, ,) were recognized by Fur. For the two pro-
moters of the ybtPOXS operon, one (Pl,,,,) was under the
control of Fur, while the other one (P2,,,,) was regulated by
YbtA.

Figure 5 also gave a physical map of Fur- and YbtA-DNA
interactions within the HPI. The Fur regulator recognized a
single DNA site in each promoter region, while it seemed that
YDbtA was able to bind to at least two relatively shorter sites.
No overlapping of Fur and Ybt sites within a specific promoter
region was observed. ybtA and ybtPQXS were divergently tran-
scribed. A single Fur-protected region in each of the coding
and noncoding strands of the ybtA/ybtP intergenic region was
identified. Thus, these two genes shared a single Fur site to
mediate their transcriptional regulation. There were three
YbtA sites disclosed in the ybtA/ybtP intergenic region, and
both ybt4 and ybtPQXS had a single YbtA-dependent pro-
moter. By deleting the three YbtA sites systematically and by
using the ybtA and ybtP transcriptional fusions, it has been
determined that different modes of YbtA binding are respon-
sible for the activation of ybtPQOXS and the repression of ybtA
in Y. enterocolitica, and a model of ybtP and ybtA promoter
regulation has been established accordingly (2). Given the high
conservation of HPI in the Yersinia spp., the mechanisms de-
scribed above of transcriptional regulation by YbtA should
generally be shared by Y. pestis.

Verified Y. pestis Fur box. As described above, by using the
bioinformatics tools, we predicted the Y. pestis Fur box se-
quence that was an overrepresented motif in the promoter
regions of the iron-Fur modulon members (35). Here, the
above footprint regions were aligned to graphically describe
the presence of a 9-1-9 direct repeat element in each of them.
As shown in Fig. 6, the resulting Fur box confirmed the one
disclosed by the previous computational promoter analysis
(35). This verified Y. pestis Fur box showed six position differ-
ences compared to the E. coli Fur box.

Although previous studies on the E. coli Fur box have in-
troduced the notion that Fur recognizes two 9-bp inverted
repeats, 5'-GATAATGAT-3’, separated by one unmatched
nucleotide, subsequent reports have strongly indicated that, for
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various bacteria (e.g., E. coli, Bacillus subtilis, and Pseudomo-
nas aeruginosa), the primary DNA determinants for Fur rec-
ognition include a core 7-1-7 (or closely related) inverted re-
peat of TGATAATNATTATCA (1, 4, 5, 13, 24). This 7-1-7
inverted repeat is also found in the Y. pestis Fur box.

Concluding remarks. Based on a former microarray analy-
sis, together with a former prediction of Fur box, a total of 32
putative operons in Y. pestis were shown by RT-PCR and
primer extension analysis to be regulated by Fur. As deter-
mined by EMSA, the purified His-Fur was able to bind to the
promoter DNA regions of all of these operons. Although Fur
bound to the promoters of fcuA and fepB, no iron-Fur depen-
dent regulation of them was observed. The detection of Fur-
independent fcuA and fepB expression is confined to strain 201
under the growth conditions described here. These two genes
were still presumed to be under the direct control of Fur, since
Fur recognized their promoters and both of them encoded the
iron acquisition functions. Accordingly, the 34 putative oper-
ons described here, including fcuA and fepB, were assigned to
the Fur regulon of Y. pestis (here, the regulon was defined as
the collection of direct targets of a specific transcriptional
regulator). Thus, the Y. pestis Fur is a global regulator (both an
activator and a repressor) that directly controls not only almost
all of the iron assimilation functions but also a variety of genes
involved in various non-iron functions for governing a complex
regulatory cascade in Y. pestis.

We searched the CO92 genome for sites matching the PFM
in supplemental data S1, generating a weight score for the
promoter DNA of each gene in the genome. When a score
value of 10 was taken as the cutoff value, more than 70 genes
were picked out as the potential direct Fur targets. This in
silico analysis indicates that there are still some other direct
Fur targets to be identified. Among them is especially the ryhB
gene that encodes a small RNA responsible for regulating
bacterial iron-assimilation genes. The identification of addi-
tional direct Fur targets in Y. pestis is under way.
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