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We have previously described an iron-regulated virulence determinant in Vibrio cholerae. Strain MBG40,
which contains a TnphoA insertion mutation in the iron-regulated gene irgA, has reduced virulence in a

newborn mouse model and has lost the major 77-kDa iron-regulated outer membrane protein. We report here
the cloning of the irgA'-'phoA gene fusion, the sequencing of the 5'-proximal portion of irgA, and the definition
of its promoter region by primer extension. The deduced amino acid sequence of the amino-terminal portion
of IrgA is homologous to the ferrienterochelin receptor of Escherichia coli (FepA), suggesting that IrgA may be
the iron-vibriobactin outer membrane receptor. Iron regulation of irgA in an E. coli background and that of
the E. coli gene slt-IA in a V. cholerae background are reciprocal, suggesting a common mechanism of iron
regulation. Regulation of irgA by iron in V. cholerae occurs at the transcriptional level, and there is an

interrupted dyad symmetric sequence in the vicinity of the promoter that is homologous to Fur binding sites of
E. coli. Unlike iron-regulated genes in E. coli, however, transcription of irgA requires an additional 900 bp of
upstream DNA that contains an open reading frame in inverse orientation to irgA.

Vibrio cholerae is the causative agent of a severe dehy-
drating and occasionally fatal diarrhea that occurs primarily
in developing countries of Asia and Africa. Disease develops
after ingestion of the organisms in contaminated fresh or salt
water. The organisms pass through the stomach into the
small intestine, where they penetrate the mucus gel overly-
ing the intestinal mucosa, adhere to intestinal epithelial cells,
and produce several extracellular secreted proteins, includ-
ing cholera toxin, neuraminidase, and hemolysin. Cholera
toxin genes are present in all pathogenic strains; the genetic
regulation of these genes and a toxin-coregulated pilus
(TcpA) in response to environmental signals has been de-
scribed before (29, 37). The pathogenic role and genetic
regulation of other virulence determinants in V. cholerae are
less well understood.

Several virulence determinants in bacteria are regulated
by the concentration of free iron in the environment, with
increased expression occurring with low iron concentra-
tions. These virulence determinants include Shiga toxin of
Shigella dysenteriae 1 (9), Shiga-like toxin I of Escherichia
coli (5), diphtheria toxin of Corynebacterium diphtheriae
(28), and exotoxin A of Pseudomonas aeruginosa (3, 4). We
have previously described an iron-regulated virulence deter-
minant in V. cholerae (10). V. cholerae MBG40, which
contains a TnphoA insertion mutation in the iron-regulated
gene irgA, has reduced virulence in a newborn mouse model
and has lost the 77-kDa major iron-regulated outer mem-

brane protein. Several other outer membrane proteins in V.
cholerae have been shown to be regulated by iron (17, 32,
33), as has a hemolysin (36), but no role in virulence has yet
been described for these other proteins. The molecular
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mechanism of iron regulation of any of these genes in V.
cholerae has not been determined.
Two systems of iron assimilation from the environment

have been described in V. cholerae, one involving the
siderophore vibriobactin and a second that appears to utilize
ferric citrate as a source of iron (11, 34). Vibriobactin is a

phenolate-type siderophore that has structural similarities to
other siderophores, including enterochelin, ferrichrome, and
agrobactin (11). Work by Griffiths et al. (11) suggests that
vibriobactin and enterochelin have similar synthetic path-
ways and that vibriobactin and agrobactin may recognize a

shared membrane receptor or uptake mechanism.
In E. coli, several genes in addition to those encoding

Shiga-like toxin I are regulated by iron, including the genes
encoding the ferrienterochelin receptor (fepA) (30), the aero-

bactin uptake outer membrane protein (iucA) (2), and other
genes involved in iron assimilation (26). Coordinate regula-
tion of these diverse genes occurs by a regulatory locus, fur,
whose protein product acts as a repressor at the transcrip-
tional level in the presence of sufficient iron (1, 12, 13).
Calderwood and Mekalanos have identified and characterized
a 21-bp dyad symmetric nucleotide sequence, overlapping the
Shiga-like toxin I promoter, that serves as an operator binding
site for Fur in the presence of iron (5, 6). This operator
binding site is homologous to similar elements in the promot-
ers of the other iron-regulated genes in E. coli (5, 30).

In this paper, we report the cloning and sequencing of the
5'-proximal portion of irgA and the definition of its promoter
region. The deduced amino acid sequence of the amino-
terminal portion of IrgA is homologous to the ferrientero-
chelin receptor (FepA) of E. coli, suggesting that IrgA may
be the iron-vibriobactin outer membrane receptor. Regula-
tion of irgA by iron in V. cholerae occurs at the transcrip-
tional level and involves an operator binding site homolo-
gous to Fur binding sites of E. coli.
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MATERIALS AND METHODS Km

Bacterial strains. The V. cholerae wild-type strain used in
this study was classical Ogawa strain 0395 Smr (22). V.
cholerae MBG40 is 0395 irgA::TnphoA (10). E. coli CC118 is
aphoA deletion derivative of MC1000 (21), and E. coli SM10
has been described previously (35). E. coli DH5a was
obtained from Bethesda Research Laboratories Life Tech-
nologies, Inc., Gaithersburg, Md.
Media. Two types of liquid media were used to assess the

effect of iron concentration on gene expression as described
previously (10): (i) LB medium with or without the addition
of the iron chelator 2,2-dipyridyl (final concentration, 0.2
mM) and (ii) Tris-buffered medium (T medium) with or
without the addition of 36 ,uM FeSO4. For E. coli strains, T
medium was supplemented with thiamine (10 jig/ml) and the
L-amino acids arginine and leucine (40 ,ug/ml each). For
citrate utilization assays, sodium citrate was added to T
media at a final concentration of 10 mM.

Solid media containing a normal concentration of iron
were made by using LB agar. Low-iron LB plates supple-
mented with 0.3% glucose were made after overnight treat-
ment with Chelex-100 (Bio-Rad Laboratories, Richmond,
Calif.), as described previously (10). Ampicillin (100 pg/ml),
tetracycline (15 ,ug/ml), kanamycin (45 tug/ml), streptomycin
(100 jig/ml), and 5-bromo-4-chloro-3-indolyl phosphate (XP)
(40 ,ug/ml; Amresco) were added to the media as appropri-
ate. XP is a chromogenic substrate that allows blue-white
colony screening on agar plates for alkaline phosphatase
activity.

Construction of plasmids. pSBC34 is a derivative of the
broad-host-range plasmid pRK290 (8) modified to contain a
gene fusion between the iron-regulated Shiga-like toxin I A
gene (slt-IA) from E. coli and phoA, the E. coli gene for
alkaline phosphatase. To construct pSBC34, the 5.5-kbp
BamHI fragment of pSC105 (A2) (5), encompassing the sit-I
promoter, slt-IA fused to phoA, and the downstream kana-
mycin resistance marker, was purified by gel electroelution.
This fragment was ligated into the unique BglII restriction
site of pRK290, with selection for tetracycline resistance
(encoded by pRK290) and kanamycin resistance. pRK290
and its derivatives are not self-transmissible, but can be
mobilized at high frequency if supplied with mobilization
functions on RP4 in trans. pSBC34 was therefore trans-
formed into SM10, a derivative of E. coli C600 that con-
tains a chromosomally integrated RP4-2 (Tc::Mu). SM10
(pSBC34) was conjugated with V. cholerae 0395, with dou-
ble selection for tetracycline (encoded by pSBC34) and
streptomycin (encoded by 0395) resistance.

Strain MBG40 contains a chromosomal gene fusion be-
tween irgA and phoA, constructed by TnphoA mutagenesis
(10). This fusion is contained within a 10-kbp BamHI restric-
tion fragment, extending from a BamHI site in the chromo-
some approximately 5 kbp upstream of the fusion joint to the
unique BamHI site within TnphoA, approximately 5 kbp
downstream of the fusion joint. The BamHI site within
TnphoA is located downstream of the end of phoA and the
kanamycin resistance marker of the transposon.

This gene fusion was cloned into pUC19 as follows.
Chromosomal DNA from MBG40 was digested with BamHI
and ligated into the BamHI site on pUC19. The ligation mix
was electroporated into DH5a according to methods de-
scribed below. Colonies containing the correct clone
(pMBG47) were isolated by selecting for ampicillin (carried
on pUC19) and kanamycin (carried on TnphoA) resistance.
pMBG47 was then digested with BamHI, and the 10-kbp
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FIG. 1. Construction of plasmids used in this study. pMBG53
was constructed by cloning the irgA'-'phoA fusion gene from
MBG40 into pBR322. pMBG55 was derived from pMBG53 by
deletion of the fragment between the two NheI restriction sites.
pMBG59 was derived from pMBG55 by deletion of the fragment
between the two NruI restriction sites. The lightly stippled bar
represents MBG40 chromosomal DNA contained in the insert. The
open bar represents DNA from TnphoA. The darkly stippled bar
(Km) represents the kanamycin resistance gene carried on TnphoA.
The hatched bar (Ap) represents the ampicillin resistance gene
carried on pBR322. The arrow indicates the direction of transcrip-
tion of irgA. B, BamHI; Bg, BgIII; N, NheI; Nr, NruI.

fragment was separated from the parent plasmid by gel
electroelution and ligated into the BamHI site on pBR322,
creating plasmid pMBG53 (Fig. 1). Presence of the correct
insert in pMBG53 was confirmed by sequencing the junction
between pBR322 and the TnphoA end of the fragment.
Subsequent subcloning of pMBG53 to make pMBG55 and
pMBG59 was performed as shown in Fig. 1, pMBG59
contains an insert of approximately 1.8 kbp of chromosomal
DNA fused to 2.9 kbp of TnphoA. All plasmids were
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propagated in E. coli CC118, which contains a chromosomal
deletion of alkaline phosphatase.
Plasmid subclones pMBG57 and pMBG58 were derived

from pMBG55 by deletion of portions of the chromosomal
insert from each of two BgIH restriction sites within the
insert to the BamHI restriction site at the junction of the
insert with pBR322. Plasmid subclones pMBG102,
pMBG105, pMBG109, and pMBG110 were similarly derived
from pMBG59 by deletion of portions of the chromosomal
insert from AccI, NcoI, ClaI, and HincII restriction sites
respectively within the insert to the NruI site in pBR322.
Plasmid subclone pMBG103 was derived from pMBG59 by
deletion from the BalI site within the chromosomal insert to
the BalI site in pBR322.

Genetic methods. Except as noted, plasmid constructs
were transformed into E. coli strains and conjugated into V.
cholerae 0395 by mobilization from the E. coli SM10 by
standard techniques (31). Electroporation used in the trans-
formation of pMBG47 into CC118 was performed in a Gene
Pulser (Bio-Rad) according to the manufacturer's protocol.
Electroporation conditions were 2,500 V at 25-,uF capaci-
tance, producing a time constant of 4.8 ms.

Assays. The enzymatic activity of alkaline phosphatase
encoded on TnphoA permitted screening of plasmid sub-
clones containing the irgA'-'phoA gene fusion for the pres-
ence or absence of fusion gene expression under low-iron
growth conditions by streaking E. coli CC118 containing
subclones onto Chelex-LB agar containing XP. Colonies
having a PhoA+ phenotype are blue on XP, whereas colo-
nies having a PhoA- phenotype are white.

Similarly, the enzymatic activity of alkaline phosphatase
encoded on TnphoA permitted the comparison of fusion
gene expression in liquid media when V. cholerae MBG40 or
E. coli CC118 carrying plasmid subclones of the gene fusion
were grown in low versus high iron conditions. Strains were
grown overnight in T medium with or without added FeSO4.
Alkaline phosphatase activity was determined as described
previously (23) from measurement of hydrolysis of p-nitro-
phenyl phosphate (Amresco) by permeabilized cells. Activ-
ity was normalized to the A6. of the bacterial cells and
defined as described by O'Callaghan et al. (27).
DNA and RNA analyses. DNA and RNA analyses, includ-

ing preparation of DNA and RNA, restriction mapping, and
Northern (RNA) blot analysis, were performed by standard
molecular biological techniques (31). For Northern blot
analysis, an equivalent amount of RNA, as calculated from
optical density at 260 nm, was loaded into each lane. DNA
sequencing was performed with the Sequenase DNA Se-
quencing Kit (United States Biochemical Corp., Cleveland,
Ohio). Primer extension and primer extension sequencing
were performed essentially as described by Miller et al. (24),
except that the oligonucleotide primers were hybridized to
RNA in 0.4 M NaCl and 40 mM PIPES [piperazine-N,N'-bis
(2-ethanesulfonic acid)], pH 6.4, without formamide, at 60°C
for 2 h. RNasin and avian myeloblastosis virus reverse
transcriptase were obtained from Bethesda Research Labo-
ratories Life Technologies, Inc.

Synthetic oligonucleotides for use both as probes for
Northern blot analysis and as primers for DNA sequencing
and primer extension were the generous gift of Brian Seed.

Protein analysis. Whole-cell and periplasmic proteins were
prepared following growth in low- and high-iron media as
described previously (16). Proteins were separated on a
sodium dodecyl sulfate-12.5% polyacrylamide gel and trans-
ferred to a NitroScreen West membrane (Dupont, Boston,
Mass.) with a semidry blotting apparatus (Hoefer Scientific

TABLE 1. Alkaline phosphatase assays in T media with
and without added iron

Alkaline phosphatase activity
Strain (U/A6M)

With iron Without iron

V. cholerae 0395(pSBC34) 82 496
E. coli CC118(pMBG53) 63 277

Instruments, San Francisco, Calif.). Immunoreactive pro-
teins were visualized by sequential incubation with poly-
clonal rabbit anti-PhoA antibody (a generous gift of John J.
Mekalanos) and goat anti-rabbit immunoglobulin-conjugated
alkaline phosphatase (Sigma Chemical Co., St. Louis, Mo.),
followed by staining for alkaline phosphatase activity as
described previously (25).

Protein data base searches. Data base searches and protein
alignments were done by using IBI-Pustell Sequence Anal-
ysis software (International Biotechnologies, Inc., New Ha-
ven, Conn.) to search the NBRF Protein Database (Release
19), using the FASTP algorithm for protein homology (19).
The hydropathicity index profile of IrgA was calculated by
the technique of Kyte-Doolittle (18), using IBI-Pustell Se-
quence Analysis software.

RESULTS
Reciprocity of iron regulation between V. cholerae and E.

coli. We compared iron regulation of the V. cholerae gene
irgA in an E. coli background with iron regulation of the E.
coli gene sit-IA in a V. cholerae background, using alkaline
phosphatase activities of the respective gene fusions follow-
ing growth in low- and high-iron media (Table 1). These
assays demonstrated reciprocal iron regulation of each gene
fusion in the heterologous background, suggesting that V.
cholerae and E. coli may share a common mechanism of iron
regulation. We attempted to transform the irgA'-'phoA gene
fusion on pMBG53 into an E. colifur0 background, but were
unable to establish a stable transformant, perhaps due to
toxicity of the overexpressed fusion protein in the fur0
background.
Mapping of irgA by analysis of protein products and RNA

transcripts. (i) Western blot analysis of IrgA'-'PhoA fusion
protein. We performed Western blot (immunoblot) analysis
of whole-cell and periplasmic proteins from MBG40 and
0395 following growth in low- and high-iron media, using an
anti-PhoA antibody probe (Fig. 2). As expected, strain 0395
produced no immunoreactive protein and production of
IrgA'-'PhoA by MBG40 was iron regulated. The IrgA'-
'PhoA fusion protein had an apparent molecular mass of 70
kDa in whole-cell extracts (Fig. 2, lane 4), with several
smaller immunoreactive species probably representing fu-
sion protein breakdown products. The fusion protein was
transported to the periplasmic space (Fig. 2, lane 3), but we
were unable to resolve with certainty whether the largest
band in periplasmic extracts was the same size as in whole-
cell extracts or slightly smaller, as would occur with proteo-
lytic processing by signal peptidase. Since the PhoA portion
of the fusion protein has a predicted molecular mass of
approximately 50 kDa, the upstream IrgA portion of the
fusion protein would have a predicted molecular mass of
approximately 20 kDa. Therefore, plasmid pMBG59, which
contains approximately 1.8 kbp of DNA upstream of the
fusion joint, should contain the 5' terminus of irgA, plus
more than 1.2 kbp of additional upstream DNA.

VOL. 172, 1990



6866 GOLDBERG ET AL.

1 2 3 4

95-

55-

43-

36-

FIG. 2. Western blot analysis of proteins from MBG40 and 0395
prepared after growth in low- and high-iron media and probed with
anti-PhoA antibody. Lanes: 1, whole-cell proteins of 0395 grown in
high iron; 2, whole-cell proteins of MBG40 grown in high iron; 3,
periplasmic extract of MBG40 grown in low iron; 4, whole-cell
proteins of MBG40 grown in low iron. The sizes (in kilodaltons) of
molecular weight standards are indicated on the left.

(ii) Verification that pMBG59 contains those sequences
necessary for the expression and iron regulation of irgA. We
determined alkaline phosphatase activities in low- and high-
iron media of V. cholerae MBG40 and E. coli CC118
containing plasmid subclones pMBG47, pMBG53, pMBG55,
and pMBG59. Alkaline phosphatase activity of MBG40
increased from -1 U after growth in iron-supplemented T
medium to 126 U after growth in T medium without added
iron, while activity of CC118 containing each of the plasmid
subclones increased from approximately 70 U after growth
in iron-supplemented T medium to approximately 200 U
after growth in T medium without iron. Therefore, expres-
sion and iron regulation of the gene fusion on each of these
plasmid subclones are similar, suggesting that they each
contain the DNA sequences necessary for the expression
and iron regulation of irgA. The difference in induction ratio
of iron regulation between CC118 containing the plasmid
subclones and MBG40 is probably due to a plasmid copy
number effect and less efficient regulation of a V. cholerae
gene in an E. coli background.

(iii) Deletion subcloning and mapping of fusion gene expres-
sion and iron regulation. Alkaline phosphatase assays were

performed on CC118 containing plasmid deletion subclones
pMBG1O9, pMBG110, pMBG105, pMBG102, pMBG103,
pMBG58, and pMBG57 after growth in low- and high-iron T
media (Fig. 3). Alkaline phosphatase activity of CC118
containing pMBG109 was comparable to that of pMBG59,
but alkaline phosphatase activity of all subclones having
<1.5 kbp of chromosomal DNA upstream of the fusion joint
was minimal. This amount of upstream chromosomal DNA
is substantially more than that predicted to encode IrgA
based on Western blot analysis.

(iv) Northern blot analysis of the irgA transcript. RNA was
prepared from strains MBG40 and 0395 following growth in
low- and high-iron media and run on a Northern blot. The
blot was probed with the restriction fragment located be-
tween the HindI11 and SmaI sites on the insert of pMBG59
(Fig. 3). A single band is seen at 2.2 kb in RNA from 0395
grown under low-iron conditions (Fig. 4, lane lb), and two
less intense bands are seen at 2.5 and 2.1 kb in RNA from

MBG40 grown under low-iron conditions (lane 2b). No
bands are seen in either strain grown under high-iron condi-
tions (lanes la and 2a), demonstrating that iron regulation
occurs at the transcriptional level. After DNA sequencing,
these results were confirmed by probing with a synthetic
oligonucleotide shown to be entirely internal to irgA (data
not shown).
To investigate the basis of the two bands seen in MBG40,

we synthesized oligonucleotides complementary to phoA
and to an open reading frame immediately downstream of
phoA, as reported by Chang et al. (7). Probing additional
Northern blots with these two oligonucleotides demon-
strated that the two bands seen in MBG40 are not a result of
two transcriptional start sites for irgA, but a result of two
downstream transcription termination sites within the
TnphoA portion of the insert, one after phoA and the second
located 400 bp further downstream, after the next open
reading frame beyond phoA (data not shown). The 2.1-kb
band from MBG40 is the transcript formed when termination
occurs at a site located approximately 1.4 kb downstream
from the fusion joint, and the 2.5-kb band is the transcript
formed when termination occurs at a site approximately 1.8
kbp downstream from the fusion joint.
Comparison of the size of the IrgA'-'PhoA fusion protein

by Western blot analysis (70 kDa) with the size of the smaller
transcript seen in MBG40 by Northern blot analysis (2.1 kb)
suggests that the RNA transcript for irgA is monocistronic
and has a transcription start site located near the 5' BglII
restriction site in the DNA upstream of the fusion joint (Fig.
3). Localization of the transcription start site to this region
was confirmed by probing Northern blots of MBG40 RNA
with synthetic oligonucleotides complementary to DNA
sequence located between the HindIII and upstream Bg1II
restriction sites (irgA transcript not seen) and to a DNA
sequence located approximately 220 bp downstream of this
BglII site (irgA transcript seen; data not shown). These data,
coupled with the alkaline phosphatase assays of the plasmid
deletion subclones (Fig. 3), suggest that approximately 900
bp of DNA upstream of the predicted transcription start site
is required for production of an active IrgA'-'PhoA fusion
protein.

(v) Northern blot analysis of irgA transcription from plas-
mid deletion subclones. RNA was prepared from CC118
containing the plasmid deletion subclones in parallel with
MBG40 RNA, following growth in low-iron media, and run
on a Northern blot. The blot was probed with the HindIII-
SmaI restriction fragment used previously. Identical double
bands, representing the two irgA transcripts, were seen in
lanes containing RNA from MBG40 and RNA from CC118
containing pMBG53, pMBG59, and pMBG109, but were
absent in all other lanes (Fig. 3). Thus, plasmid deletion
subclones having full iron-regulated alkaline phosphatase
activity also had the irgA transcripts, and those lacking
alkaline phosphatase activity lacked the irgA transcripts.
The presence of approximately equal amounts ofRNA in the
lanes of this Northern blot was confirmed for the plasmid
deletion subclones by reprobing the membrane with a re-
striction fragment internal to the ampicillin resistance gene
from pBR322 (data not shown). These data suggest that 900
bp of DNA upstream of the predicted transcription start site
is necessary for transcription of irgA, rather than for a
posttranscriptional event. That the irgA transcripts seen in
E. coli CC118 containing the active plasmid deletion sub-
clones are identical to the transcripts seen with the
irgA::phoA fusion on the chromosome of V. cholerae
MBG40 suggests that the results with CC118 (Fig. 3) are not
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FIG. 3. Restriction map of irgA and upstream chromosomal DNA in pMBG59. The locations of restriction enzyme sites are indicated, as

well as mapping of the plasmid subclones, assays of alkaline phosphatase activity of plasmid subclones, and the presence (+) or absence (-)
of an irgA'-'phoA transcript from the plasmid subclones in CC118 after growth in low iron. The indicated NcoI and HindIII restriction sites
are not unique in the insert. The solid bar represents MBG40 chromosomal DNA. The diagonally hatched bar represents TnphoA DNA. The
stippled bar indicates the position of irgA upstream of the fusion with phoA. The striped bar indicates the location of the 894-bp open reading
frame (ORF) in inverse orientation to irgA.

a plasmid-related artifact or unique to E. coli rather than V.
cholerae.
DNA sequence of the irgA'-'phoA fusion and upstream

DNA. Figure 5 shows the DNA sequence of the chromo-
somal insert of pMBG59 from the ClaI site to the fusion with
phoA. A 453-bp open reading frame, which is in-frame with
phoA, begins at position 1077, representing the 5' portion of
irgA. A Shine-Dalgarno sequence is located just upstream of
the initiating methionine. The size of irgA upstream of the
fusion joint with phoA is slightly smaller than we had
predicted by Western blot of IrgA'-'PhoA and by Northern
blot of the irgA transcript, but within reasonable experimen-
tal error.
The 900-bp region ofDNA upstream of the BglII site that

is required for transcription of irgA includes an 894-bp open
reading frame in inverse orientation to irgA (Fig. 3). This
open reading frame begins at position 932, 144 bp upstream
of the irgA open reading frame, and terminates at position
39, just downstream of the ClaI restriction site.
Primer extension analysis of the start site of irgA transcrip-

tion. Primer extension analysis of RNA from MBG40 grown
in low iron was done with two distinct synthetic oligonucle-
otides complementary to DNA sequences located 20 and 64
bases downstream of the methionine start codon (data not
shown). Both oligonucleotides identified the same approxi-
mate transcription start site, which is indicated by an aster-
isk in Fig. 5. A -10 box, reasonably homologous to the E.
coli consensus sequence (14), was located approximately 7
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FIG. 4. Northern blot analysis of RNA from MBG40 and 0395,
probed with a 32P-labeled fragment of irgA. Lanes: la, 0395 grown in
high iron; lb, 0395 grown in low iron; 2a, MBG40 grown in high iron;
2b, MBG40 grown in low iron. The position of single-stranded RNA
molecular weight markers (in kilobases) are indicated on the left.
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TCr GIG ACA CTA GGC TrA ATIG T TCG GCT AGC GCr TIT GCr CAA GAC GCG ACG
Ser Val Thr Leu Gly LeU Met Phe Ser Ala Ser Ala Phe Ala Gln Asp Ala Thr

1170 1180 1190 1200 1210
AAA ACG GAT GAA ACC AmG GIG GGC ACr GOG GCG GGA TAC GCG C GTG AT CAALys Thr Asp Glu Thr Met Val Val Thr Ala Ala Gly Tyr Ala Gln Val Ile Gln

1230 1240 1250 DglII 1260 1270
AAT GCA CCA GOC APr ATC AtT GMG ATT TCA AGA GAA GAT CTG GAA TMC CC ITA
Asn Ala Pro Ala Ser Ile Ser Val Ile Ser Arg Glu Asp Leu Glu Ser Arg Tyr

1280 1290 1300 1310 1320
TAC CGT GAT GTG ACC GAT GCG CTA AAA ArC GrA COG GGT GG A' GMC ACC G.AT[yr Arg Asp Val Thr Asp Ala Ieu Lys Ser Val pro Gly Val Thr Val Thr Gly

1330 1340 1350 1360 1370
GGG GGC GAT ACr ACC GAT ATC AGC ATT aGI GG ATG GGA WA AAC TAT ACT CIT
Gly Gly Asp Thr Thr Asp Ile Ser Ile Arg Gly Met Gly Ser Asn Tyr I1hr Ieu

1390 1400 1410 1420 1430
ATC TIG GIG GAT GGT AAG CCC CAA ACC WA CGC CAG ACC Mr CCA AAC AGC GATIle 1-eu Val Asp Gly Lrs Arg Gln Thr Ser Arg Gln Thr Arg pro Asn Ser Asp

SmaI 1450 1460 1470 1480GGC COG GGC ATT GAG CAA WGT GG TIA COG OCA CIG CMA GOG MT GA WIr MCGly Pro Gly Ile Glu Gln Gly Trp Leu Pro Pro Leu Gln Ala Ile Glu Arg Ile
1500 1510 1520 1530

GAG GIG ATC CGT GGC COG AIG TC ACG CIG TAC GGC TOG GAT Gct gac ...
Glu Val Ile Arg Gly Pro Met Ser Thr Leu Tyr Gly Ser Asp Ala Asp
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jbgE GAAATTAAGAATAATTATC

CONSENSUS GATAATGATAATCATTATC

FIG. 6. Nucleotide homology between the proposed iron regula-
tory region of irgA and the Fur box consensus sequence of E. coli (5,
6). Arrows refer to areas of interrupted dyad symmetry.

bases upstream of the transcription start site, but no consen-
sus -35 box was identified. A 19-bp interrupted dyad
symmetric sequence, homologous to the Fur binding con-
sensus sequence of E. coli (5, 6), was located immediately
downstream of the transcription start site (Fig. 6; indicated
by converging horizontal arrows in Fig. 5).
IrgA protein analysis. The predicted amino acid sequence

encoded by the portion of irgA located upstream of the
fusion joint with phoA is shown in Fig. 5.

(i) Hydropathicity index. The hydropathicity index profile
of this portion of IrgA suggested a signal sequence at the
amino terminus. A second stretch of hydrophobic residues
further downstream, 24 a. tino acids in length, was sugges-
tive of a possible transmembrane domain.

(ii) Homology of IrgA to E. coli ferrienterochelin receptor.
The 151 amino acids at the amino terminus of IrgA were
analyzed for homologous proteins in the NBRF Protein
Database. The best match was to the E. coli ferrienteroche-
lin receptor, FepA, an 80-kDa iron-regulated outer mem-
brane protein (20). The optimized score between the amino
terminus of IrgA and FepA was 185. There were several
regions of amino acid homology at roughly the same posi-
tions in each protein, including one stretch of 10 consecutive
identical amino acid residues (Fig. 7).

Citrate utilization by MBG40. Cell density and alkaline
phosphatase activity were measured for MBG40 after
growth in low- and high-iron media with and without the
addition of citrate (Table 2). The addition of citrate to
iron-deficient media partially restores growth of the mutant,
demonstrating that the mutant is able to utilize citrate.
Further, alkaline phosphatase activity of the irgA'-'phoA
fusion was not regulated in response to citrate. These data
suggest that the ferric citrate iron uptake system is intact in
the mutant MBG40 and that irgA is not involved in ferric
citrate uptake.

DISCUSSION
Using TnphoA mutagenesis of V. cholerae 0395, we have

previously constructed the mutant strain MBG40, which
contains a TnphoA insertion in the iron-regulated gene irgA
and has reduced virulence in a newborn mouse model (10).
By using the FASTP algorithm, the 151 amino acids at the
amino terminus of IrgA were found to have significant
homology to the E. coli ferrienterochelin receptor, FepA.
FepA, an 80-kDa iron-regulated outer membrane protein, is
quite similar in size and localization to the 77-kDa major

IrgA 132 QAIERIEVIRGPMS

I I lI I I
FepA 139 EMIERIEVIRGPAR

FIG. 7. One region of homology between the peptide sequences
of IrgA and FepA. The number of residues from the amino terminus
of each precursor protein to the start of each sequence is indicated
to the left.

iron-regulated outer membrane protein lost in MBG40.
These findings suggest that IrgA may be the receptor for the
related V. cholerae siderophore vibriobactin, and irgA is
most likely the structural gene for this 77-kDa outer mem-
brane protein. Mutant strain MBG40 has significantly re-
duced virulence in a newborn mouse 50% lethal dose assay,
suggesting that the vibriobactin-iron assimilation system
may be essential to full virulence of this organism. Sigel et al.
(34) have previously described a V. cholerae mutant defec-
tive in the iron-vibriobactin transport system that had nor-
mal virulence in a mouse intestinal fluid accumulation assay.
It is unclear whether these differences in observed virulence
are based on the use of different virulence assays, the nature
of the defects of the two mutants, or other as yet unknown
factors. Our data also suggest that irgA does not have a role
in the ferric citrate iron uptake system, the other iron
assimilation system that has been described in V. cholerae
(34), since growth of MBG40 was restored by the addition of
citrate to low-iron media.

In this study, we have analyzed the molecular mechanism
of iron regulation of the V. cholerae gene irgA and have
demonstrated its similarity to the mechanism of iron regula-
tion in E. coli. irgA is negatively regulated at the transcrip-
tional level in the presence of sufficient iron. There is
reciprocity of iron regulation of the V. cholerae gene irgA in
E. coli and of the E. coli gene sit-IA in V. cholerae. Stoebner
and Payne have previously demonstrated that the cloned E.
coli fur gene, introduced in trans, restores normal iron
regulation to a V. cholerae mutant that constitutively syn-
thesizes vibriobactin and hemolysin, providing further evi-
dence that a Fur-like mechanism may be operative in V.
cholerae (36). We have identified a 19-bp interrupted dyad
symmetric nucleotide sequence in the promoter region of
irgA, with significant homology to the E. coli Fur binding
consensus sequence, which may represent a binding site for
a Fur-like protein in V. cholerae. In contrast to iron-
regulated genes in E. coli, however, the irgA promoter lacks
a consensus -35 box.
Our data suggest that approximately 900 bp of DNA

upstream of the irgA transcription start site is required for
transcription of irgA. Within this region is an 894-bp open
reading frame, in inverse orientation to irgA, that begins just
upstream of the irgA promoter and terminates just down-
stream of the ClaI restriction site (Fig. 3). When any portion
of this open reading frame was deleted, transcription of irgA
was lost (Fig. 3). Further experiments investigating the
nature of this open reading frame are under way.

FIG. 5. Nucleotide sequence of irgA upstream of its fusion with phoA, the promoter region of irgA, and the large region of upstream DNA
required for its transcription, starting at the ClaI site. The first five nucleotides of the phoA sequence after the fusion joint with irgA are
indicated by lowercase letters at the end of the sequence. The locations of restriction enzyme sites are noted. The deduced amino acid
sequence of the amino-terminal portion of IrgA is shown in three-letter code. The approximate transcription start site (*), -10 box (-10), and
Shine-Dalgarno sequence (SD) are indicated. A 19-bp interrupted dyad symmetric element homologous to the Fur box of E. coli is indicated
by inverted horizontal arrows below the sequence.
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TABLE 2. Growth and alkaline phosphatase activity of
V. cholerae MBG40 grown overnight in low- and high-

iron T media, with and without added citrate

Growth conditions A~w Alkaline phosphataseGrowthconditioactivity (U/A6w)
Low iron, without citrate 0.397 320
Low iron, with citrate 0.801 167
High iron, without citrate 1.431 1
High iron, with citrate 1.663 1
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