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Identification of the Vibriobactin Receptor of Vibrio cholerae
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Vibrio cholerae produces the novel phenolate siderophore vibriobactin and several outer membrane proteins
in response to iron starvation. To determine whether any of these iron-regulated outer membrane proteins
serves as the receptor for vibriobactin, the classical V. cholerae strain 0395 was mutagenized by using TnphoA,
and iron-regulated fusions were analyzed for vibriobactin transport. One mutant, MBG14, was unable to bind
or utilize exogenous vibriobactin and did not grow in low-iron medium. However, synthesis of the siderophore
and transport of other iron complexes, including ferrichrome, hemin, and ferric citrate, were unaffected in
MBG14. Analysis of membrane proteins by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
demonstrated the loss from the mutant of a 74-kDa iron-regulated outer membrane protein present in the
parental strain when grown in iron-limiting conditions. This protein partitioned into the detergent phase
during Triton X-114 extraction, suggesting that it is a hydrophobic membrane protein. DNA sequences
encoding the gene into which TnphoA had inserted, designated viuA (vibriobactin uptake), restored the
wild-type phenotype to the mutant; the complemented mutant expressed the 74-kDa outer membrane protein
under iron-limiting conditions and possessed normal vibriobactin binding and uptake. These data indicate that
the 74-kDa outer membrane protein of V. cholerae serves as the vibriobactin receptor.

Vibio cholerae, the causative agent of cholera, requires
iron for growth and survival. However, this element is not
freely available either in the environment or within a human
host. To acquire sufficient iron, V. cholerae depends on one

or more high-affinity transport systems which function in
iron uptake in vivo and in vitro. In iron-limiting environ-
ments, the organism secretes vibriobactin, a high-affinity,
iron-binding catechol which can solubilize iron and transport
it into the cell (10, 16). Synthesis of vibriobactin is tightly
regulated by iron, and the compound is not detected in
supernatants of iron-sufficient cultures (20). Additionally, V.
cholerae can utilize ferric citrate (21) and possesses a

heme-iron transport system which allows the organism to
utilize iron contained in heme or hemoglobin (24). The heme
transport system may be important during colonization and
infection of the host.

Iron restriction also serves as a regulatory signal for other
genes in V. cholerae. The production of a cytotoxic hemo-
lysin and synthesis of several outer membrane proteins (9,
19, 20, 24) are induced in low-iron cultures. The hemolysin
may aid in iron acquisition in vivo by liberating host intra-
cellular iron compounds, such as heme and hemoglobin,
which can be used by the bacterium. Synthesis of the
hemolysin, like that of vibriobactin, is repressed by iron, and
both systems are regulated by a Fur-like protein (24). The
Vbrio Fur system is functionally analogous to the Esche-
richia coli Fur (4) system, and a recombinant plasmid
containing the E. coli fur sequences complements a V.
cholerae mutation which resulted in a loss of the ability to
repress synthesis of the hemolysin and vibriobactin in the
presence of iron (24).
The iron-regulated outer membrane proteins include a

group of five proteins ranging in size from 62 to 77 kDa and
a 220-kDa protein (20). These proteins were detected in in
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vitro-grown cells of both classical and El Tor biotypes.
Additionally, Sciortino and Finkelstein (19) have shown that
iron-regulated outer membrane proteins ranging in size from
16 to 68 kDa are expressed in vivo, and Amaro et al. (1)
demonstrated the presence of outer membrane proteins
ranging in size from 70 to 78 kDa in iron-starved 01 and
non-O1 V. cholerae. The functions of these iron-regulated
outer membrane proteins are unknown, although at least one
is required for virulence. Goldberg et al. (9) have demon-
strated that the loss of the 77-kDa protein results in reduced
virulence in mice. Although this protein is iron regulated, it
does not appear to be involved in iron transport. The mutant
shows normal transport of vibriobactin, heme, ferrichrome,
and ferric citrate, and growth was comparable to that of the
wild type in low-iron media (8). It is likely that one or more
of the other proteins functions as a receptor(s) for these iron
complexes. This study was undertaken to identify the iron-
regulated outer membrane protein which is the receptor for
ferric vibriobactin.

MATERIALS AND METHODS

Bacterial strains and plasmids. The classical V. cholerae
strain 0395 and the TnphoA insertion mutant strains derived
from it have been described previously (9). V cholerae
Lou1510 (10) is a vibriobactin transport-deficient El Tor
strain used for the production of vibriobactin. Plasmid
pJRB15 contains 0395 sequences encoding viuA cloned into
pUC18 (6). All strains were maintained at -80°C in L broth
plus 20% glycerol.
Media and reagents. Strains were grown on L agar or in L

broth at 37°C. Kanamycin (50 ,ug/ml) was added to cultures
of strains containing TnphoA insertions, and carbenicillin
(250 ,ug/ml) was added to cultures of cells containing
pJRB15. The iron chelator ethylenediamine-di(o-hydroxy-
phenylacetic acid) (EDDA) (Sigma Chemical Co.), defer-
rated by the method of Rogers (18), was added to L broth or
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L agar to induce iron limitation. Tris-buffered minimal
medium (T medium) (22) without added iron was used as
described previously (20) to assay for siderophore produc-
tion, to determine growth in low-iron medium, and in vibrio-
bactin binding assays. Hemin was obtained from Sigma
Chemical Co., and ferrichrome was a gift from Paul Szanis-
zlo, University of Texas, Austin.
Growth stimulation assay. Strains were grown overnight at

37°C in L broth and washed once in saline. L agar containing
EDDA (75 ,ug/ml) was inoculated with 104 bacteria per ml
and poured into plates. Solutions of iron complexes or fully
grown bacterial cultures were spotted (10-,ul drops) onto the
surface of the hardened agar and allowed to dry. The plates
were incubated for 18 to 24 h and then observed for zones of
growth around each compound. Iron compounds or sidero-
phores tested were FeSO4 (10 mM), hemin (8 mM), vibrio-
bactin (2 mM), and ferrichrome (1 ,uM).

Analysis of membrane proteins. V. cholerae cells were
fractionated to prepare outer membranes as previously de-
scribed (20). Overnight cultures were diluted 1:100 into L
broth and grown to stationary phase. To induce iron starva-
tion, EDDA (100 ,ug/ml) was added when cells reached an
A650 of 0.5. The procedure of Inouye and Guthrie (12) was
used to prepare total cell envelopes. Outer membranes were
isolated by the method of Filip et al. (7) by using 1%
Sarkosyl (CIBA-GEIGY Corp., Summit, N.J.) for 20 min to
solubilize the inner membrane. Outer membrane fractions
were solubilized in Laemmli solubilization buffer (13) and
heated at 100°C for 3 min, and the polypeptides were
separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE).

Alternatively, Triton X-114 (5, 17) was used to extract
surface proteins from cells grown in either high- or low-iron
media as follows. Cultures were grown to stationary phase
as described above, 1.5-ml aliquots were centrifuged, and
the pellets were resuspended in 100 ,ul of ice-cold 100 mM
Tris buffer, pH 7.5. One hundred microliters of ice-cold 2%
Triton X-114 was added, and the mixture was vortexed
gently and kept on ice for 20 min. The mixture was vortexed
gently two additional times during incubation and then
centrifuged at 4°C for 10 min. The supernatant was trans-
ferred to a new tube, placed in a 37°C water bath for 10 min,
and then centrifuged at room temperature for 5 min. To
separate the lower detergent-enriched (hydrophobic) phase
and the upper detergent-depleted (hydrophilic) phase, each
phase was transferred to a new tube and washed as follows.
Seven microliters of 20% Triton X-114 (room temperature)
was added to the hydrophilic phase and mixed. Fifty micro-
liters of 100 mM Tris (room temperature) was added to the
hydrophobic phase and mixed. Each tube was reincubated at
37°C for 10 min and then centrifuged for 5 min at room
temperature. The Tris wash of the hydrophobic phase was
discarded, and the detergent wash of the hydrophilic phase
was discarded. The procedure was repeated once more for a
total of two washes. Proteins were precipitated by adding 4
volumes of acetone and incubating at -20°C for 2 to 4 h.
Samples were centrifuged at 4°C for 10 min to pellet pro-
teins. The proteins were resuspended in 50 to 100 pul of
sterile deionized water. An equal volume of 2x Laemmli
solubilization buffer (13) was added, the mixture was boiled
for 5 min, and samples were analyzed by SDS-PAGE.
SDS-PAGE of outer membranes. Membrane polypeptides

were separated by the SDS-PAGE system of Ames (2) as
described previously (20). Stacking and separating gels con-
sisted of 4% (wt/vol) and 12% (wt/vol) acrylamide, respec-
tively. Gels were stained with Coomassie brilliant blue R

(Sigma), destained, and dried. Protein standards (molecular
weights) were phosphorylase b (94,000), albumin (67,000),
catalase (60,000), ovalbumin (43,000), carbonic anhydrase
(30,000), trypsin inhibitor (20,100), and lactalbumin (14,400)
(Pharmacia Fine Chemicals, Piscataway, N.J.).

Isolation of vibriobactin. V. cholerae Loul510 was grown
in low-iron T medium at 37°C for 24 h, and vibriobactin was
extracted from the culture supernatant according to the
procedure of Griffiths et al. (10). Purified vibriobactin was
dissolved in methanol and stored at -20°C. Activity of
purified vibriobactin was verified by measuring its ability to
stimulate growth of iron-starved V. cholerae 0395 in a
bioassay.

55Fe-vibriobactin binding to outer membrane proteins.
Binding of ferric vibriobactin to purified outer membrane
proteins was performed by a modification of the procedure
of Ichihara and Mizushima (11). Cells were grown overnight
in L broth with or without EDDA, and outer membranes
were isolated by the Sarkosyl procedure as described above.
Outer membranes were resuspended in distilled H20 and
stored at -20°C. Protein concentrations were determined by
using the Bio-Rad microprotein assay, and 100 pug of protein
was used for each binding assay.

Purified vibriobactin was labeled with "FeCl3 as follows.
Ten microliters each of 100 puM nitrilotriacetate, 2 mM
vibriobactin, and 1 mM 55FeC13 was mixed in 5 ml of T
medium (22). The mixture was incubated at 37°C for 45 min,
filtered through a Millipore filter, and stored at -20°C in a
polypropylene tube. The specific activity of the labeled
vibriobactin was 560 cpm/pmol. For each assay, 0.3 ml of
"Fe-vibriobactin was warmed to 37°C, added to the outer
membrane sample suspended in an equal volume of T
medium, and incubated for 5 min at 37°C. The mixtures were
filtered through a Millipore filter (0.45 pum pore size; pre-
soaked in 10 mM EDTA, pH 7.0) and washed with T
medium. The filters were air dried and counted in scintilla-
tion fluid.

RESULTS

Characterization of TnphoA fusions in iron-regulated genes
of V. cholerae. Classical V. cholerae strain 0395 was muta-
genized with the transposon vector TnphoA (14), and phos-
phatase expression was monitored to detect fusion of the
phoA sequences to genes encoding membrane or secreted
proteins. The construction and isolation of these TnphoA
insertion mutant strains have been described previously (9).

Insertion mutants containing iron-regulated gene fusions
were obtained and analyzed for vibriobactin transport by
using a growth stimulation assay. One strain, MBG14, failed
to utilize exogenous vibriobactin for growth in iron-re-
stricted medium, and its growth was not stimulated by the
vibriobactin-producing parental strain (Table 1). This mutant
produced vibriobactin as determined by the Arnow (3) assay
for catechols (23) and was able to stimulate growth of the
parental strain 0395 (Table 1), indicating that the TnphoA
fusion had not interrupted any vibriobactin synthesis genes.
The mutant was assayed for utilization of other iron com-

pounds. It was found to utilize exogenous iron, hemin, and
ferrichrome for growth in the growth stimulation assay
(Table 1) and could grow with ferric citrate as the sole iron
source in T medium (23). The ability to grow with all the iron
sources except vibriobactin indicated that the mutation was
specific to vibriobactin transport and was not a more general
transport defect such as a tonB-like mutation. This mutation
was designated viuA, for vibriobactin uptake.
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TABLE 1. Growth stimulation of V. cholerae strains by producer
strains and various iron sources

Producer strain or Zone of growth of indicator straina
iron compound 0395 MBG14

0395 26 0
MBG14 20 0
Vibriobactin 30 0
Ferrichrome 34 30
Hemin 33 32
Fe 16 15
a Diameter (in millimeters) of zone of growth around the producer strain or

iron source.

Growth of 0395 and MBG14. To determine the effect of the
mutation on growth, strains 0395 and MBG14 were grown in
L broth with or without EDDA. Both parental 0395 and
mutant MBG14 grew equally well under iron-replete condi-
tions (23). A striking difference was observed, however,
when the two strains were grown under iron restriction.
When grown in L broth plus EDDA, MBG14 grew poorly,
whereas parental 0395 in the presence of EDDA grew to a
density comparable to that in L broth (23).

5"Fe binding to V. cholerae outer membrane proteins. If the
insertion in MBG14 interrupted the gene for the vibriobactin
receptor, the mutant should lack the ability to bind vibrio-
bactin to the outer membrane. Outer membranes were
isolated from the wild-type and mutant strains and assayed
for the ability to bind 5 Fe-labeled vibriobactin (Table 2).
Binding of vibriobactin to the parental strain was increased
when the cells were starved for iron, indicating that iron
limitation derepressed expression of the receptor. Levels of
siderophore binding to the outer membrane were similar to
those observed for the binding of enterobactin to the outer
membrane of E. coli (15). In contrast, there was no increased
binding when the mutant was starved for iron. Thus, the
defect in the mutant is in the ability to bind ferric vibriobac-
tin to the outer membrane.
A plasmid containing the wild-type viuA gene, pJRB15 (6),

was introduced into the mutant to determine whether it
would restore vibriobactin binding (Table 2). The presence
of viuA on a high-copy-number vector resulted in high levels
of vibriobactin binding to the outer membrane. Binding was
reduced to background levels when the recombinant strain
was grown in the presence of excess iron, indicating that the
cloned gene was regulated in the same manner as the
chromosomal locus.

Characterization of envelope proteins produced by MBG14.
In response to iron starvation, V. cholerae produces in-
creased amounts of several outer membrane proteins, one of

TABLE 2. Binding of ferric vibriobactin to outer membranes
of V. cholerae

Growth 55Fe-vibriobactinStrain medium bound'

0395 +Fe 3,668
0395 -Fe 6,646
MBG14 +Fe 2,741
MBG14 -Fe 2,875
MBG14/pJRB15 +Fe 2,058
MBG14/pJRB15 -Fe 29,502

aCounts per minute per 100 p.g of total membrane protein.

0395 MBG14
L LE LE L

kDa
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FIG. 1. Outer membrane proteins of V. cholerae 0395 and

MBG14 grown in high- and low-iron media. Lanes (from left to
right): L, 0395 grown in high-iron L broth; LE, 0395 grown in
low-iron L broth plus EDDA; LE, MBG14 grown in low-iron L
broth plus EDDA; L, MBG14 grown in high-iron L broth. Arrow
indicates the 74-kDa protein which is absent from MBG14. Sizes and
positions of protein standards are shown at the left.

which could serve as the receptor for vibriobactin. There-
fore, the outer membrane protein profiles of 0395 and
MBG14 were compared to determine whether a loss of
vibriobactin transport was associated with a loss of a specific
outer membrane protein. Previous studies have shown that
the Sarkosyl procedure can be used to identify outer mem-
brane proteins of V. cholerae (20). Therefore, cells were
grown in L broth or L broth plus EDDA, and the outer
membrane proteins obtained from Sarkosyl-solubilized total
envelopes were analyzed by SDS-PAGE. Unlike the paren-
tal strain 0395, MBG14 lacks the 74-kDa iron-repressible
outer membrane protein (Fig. 1). A 62-kDa protein was also
absent in some membrane preparations from the mutant
strain. However, expression of this protein appears to be
influenced by the growth phase of the mutant, and it was
present in some preparations (Fig. 2), whereas the 74-kDa
protein was uniformly absent.
Envelope proteins were also extracted with the detergent

Triton X-114 under conditions in which cell lysis did not
occur (Fig. 2). Surface proteins are extracted by this proce-
dure, and the extracted proteins then partition into either
a hydrophilic, detergent-depleted phase or a hydrophobic,
detergent-enriched phase. The major outer membrane pro-
tein and at least four of the iron-regulated outer membrane
proteins (77, 76, 74, and 62 kDa) partitioned into the deter-
gent-enriched phase, indicating that they are hydrophobic in
nature. Again, it was observed that the 74-kDa iron-repress-
ible protein was missing in mutant MBG14. Other V. chol-
erae 0395 mutants containing TnphoA insertions which did
not disrupt vibriobactin transport were similarly analyzed,
and all produced a 74-kDa hydrophobic membrane protein
(23). Only MBG14 lacked the 74-kDa protein.
When mutant MBG14 was supplied with the wild-type

viuA encoded by pJRB15, the 74-kDa protein was restored
(Fig. 3). Levels of the protein in the outer membrane were
somewhat lower than might have been expected from a
high-copy-number plasmid, and increased amounts of a
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FIG. 2. Hydrophobic membrane proteins of V. cholerae 0395
and MBG14 grown in high- and low-iron media. Lanes (from left to
right): L, 0395 grown in high-iron L broth; LE, 0395 grown in
low-iron L broth plus EDDA; LE, MBG14 grown in low-iron L
broth plus EDDA; L, MBG14 grown in high-iron L broth. Hydro-
phobic membrane proteins were isolated by using the detergent
Triton X-114. Arrow points to the 74-kDa protein, which is missing
in MBG14. Asterisk indicates the position of the 62-kDa protein
present in both 0395 and MBG14 grown under low-iron conditions.
Sizes and positions of protein standards are shown at the left.

70-kDa protein are seen. It is not known how overexpression
of viuA affects the levels of other membrane proteins or
whether the 70-kDa protein is a degraded or processed form
of the 74-kDa species. It is unlikely, however, that the
70-kDa protein is a separate protein encoded by pJRB15
since the sequencing data indicate that only a single open
reading frame is contained on pJRB15 (6). The expression of
the protein from the cloned sequences, like vibriobactin
binding, was repressed by iron (23), indicating that the

V.,

FIG. 3. Outer membrane proteins of V. cholerae 0395, MBG14,
and MBG14/pJRB15 grown in low-iron L broth plus EDDA. Arrow
points to the 74-kDa protein, which is restored by plasmid pJRB15.

promoter and essential regulatory sequences are also con-
tained on the cloned DNA fragment.
The ability to bind and transport vibriobactin, therefore,

correlated with the expression of the iron-regulated 74-kDa
protein alone. Since MBG14 fails to bind or utilize exoge-
nous vibriobactin and does not grow in low-iron media, these
data indicate that the 74-kDa protein is required for vibrio-
bactin transport in V. cholerae and acts as the receptor for
ferric vibriobactin complexes.

DISCUSSION

Microorganisms have the ability to alter their metabolism
rapidly in response to environmental changes. In response to
iron deprivation, V. cholerae derepresses synthesis of a
number of proteins, some of which are involved in iron
acquisition. These include proteins involved in siderophore-
mediated iron transport and heme-iron uptake as well as a
number of outer membrane proteins.
The outer membrane proteins produced in response to

iron deprivation presumably include surface receptors re-
quired for transport of iron complexes, but specific functions
have not been assigned previously to any of these iron-
regulated membrane proteins. The 77-kDa outer membrane
protein, IrgA, is required for virulence, but its mechanism of
action in vivo is unknown (8, 9). Although this protein is iron
regulated, it does not appear to be involved in iron transport;
MBG40, a TnphoA insertion mutant lacking the 77-kDa
protein, has no defect in growth in low-iron media, and
transport of vibriobactin, heme, and ferric citrate in MBG40
is normal (8).

Analysis of additional TnphoA mutants of V. cholerae
0395 indicated that one, MBG14, contained an iron-regulated
gene fusion which eliminated the ability of this strain to grow
in low-iron media. This mutant synthesized vibriobactin but
failed to utilize exogenously supplied vibriobactin in a
growth stimulation assay, indicating that the defect was in
transport of the siderophore. Although MBG14 could not use
vibriobactin, it could transport and utilize ferrichrome,
heme, and ferric citrate for growth. Thus, the mutation in
this strain was specific for vibriobactin and not in a general
transport function, like tonB.
The failure to utilize vibriobactin was associated with the

inability of the mutant to bind the siderophore to the outer
membrane. Outer membranes isolated from the mutant
failed to bind 55Fe-vibriobactin, while those from the parent
strain bound the siderophore. The introduction of a plasmid
containing the wild-type viuA gene restored the ability of the
mutant to bind the ferric siderophore. Subjecting wild-type
cells to iron starvation increased binding, as would be
predicted for an iron-regulated receptor.

Analysis of proteins of the mutant revealed the absence of
a 74-kDa, iron-regulated outer membrane protein present in
wild-type V. cholerae. Complementation of the mutant with
viuA in trans restored synthesis of the 74-kDa protein and
restored the ability to bind ferric vibriobactin. Previous
studies have demonstrated the presence of an iron-regulated
protein of 73 to 74 kDa in clinical isolates of both classical
and El Tor biotypes (20), environmental El Tor strains (20),
and non-O1 V. cholerae (1), all of which synthesize and use
vibriobactin (1, 20, 24). Amaro et al. (1) noted that the
74-kDa protein was consistently derepressed by iron starva-
tion in all the non-O1 strains tested. In the classical strain
used in this study, the 74-kDa protein appears to be located
on the cell surface; it is found in the outer membrane
fraction, and it can be extracted into the detergent Triton
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X-114 in the absence of cell lysis. The protein is hydrophobic
in nature, as it partitions into the detergent phase during
Triton X-114 extraction. Because the loss of expression of
the 74-kDa protein correlated with the failure to utilize
vibriobactin and the inability to bind vibriobactin to the
outer membrane, we propose that this iron-regulated outer
membrane protein of V cholerae is the vibriobactin recep-
tor.

ACKNOWLEDGMENTS

This work was supported by grant DMB 8819169 (to S.M.P.) from
the National Science Foundation and by Public Health Service grant
A127329 (to S.B.C.) from the National Institute of Allergy and
Infectious Diseases.

REFERENCES
1. Amaro, C., R. Aznar, E. Alcaide, and M. L. Lemos. 1990.

Iron-binding compounds and related outer membrane proteins
in Vibrio cholerae non-01 strains from aquatic environments.
Appl. Environ. Microbiol. 56:2410-2416.

2. Ames, G. F. L. 1974. Resolution of bacterial proteins by
polyacrylamide gel electrophoresis on slabs. J. Biol. Chem.
249:634 644.

3. Arnow, L. E. 1937. Colorimetric determination of the compo-
nents of 3,4-dihydroxyphenylalanine-tyrosine mixtures. J. Biol.
Chem. 228:531-537.

4. Bagg, A., and J. B. Neilands. 1987. Molecular mechanism of
regulation of siderophore-mediated iron assimilation. Microbiol.
Rev. 51:509-518.

5. Bordier, C. 1981. Phase separation of integral membrane pro-
teins in Triton X-114 solution. J. Biol. Chem. 256:1604-1607.

6. Butterton, J. R., J. A. Stoebner, S. M. Payne, and S. B.
Calderwood. Cloning, sequencing, and transcriptional regula-
tion of viuA, the gene encoding the ferric vibriobactin receptor
of Vibrio cholerae. J. Bacteriol., in press.

7. Filip, C., G. Fletcher, J. L. Wulff, and C. F. Earhart. 1973.
Solubilization of the cytoplasmic membrane of Escherichia coli
by the ionic detergent sodium-lauryl sarcosinate. J. Bacteriol.
115:717-722.

8. Goldberg, M. B., S. A. Boyko, J. R. Butterton, J. A. Stoebner
S. M. Payne, and S. B. Calderwood. Submitted for publication.

9. Goldberg, M. B., V. J. DiRita, and S. B. Calderwood. 1990.
Identification of an iron-regulated virulence determinant in
Vibiio cholerae, using TnphoA mutagenesis. Infect. Immun.

58:55-60.
10. Griffiths, G., S. P. Sigel, S. M. Payne, and J. B. Neilands. 1984.

Vibriobactin, a siderophore produced by Vibrio cholerae. J.
Biol. Chem. 259:383-385.

11. Ichihara, S., and S. Mizushima. 1977. Involvement of outer
membrane proteins in enterochelin-mediated iron uptake in
Escherichia coli. J. Biochem. 81:749-756.

12. Inouye, M., and J. P. Guthrie. 1969. A mutant which changes a
membrane protein of E. coli. Proc. Natl. Acad. Sci. USA
64:957-961.

13. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

14. Manoil, C., and J. Beckwith. 1985. TnphoA: a transposon probe
for protein export signals. Proc. Natl. Acad. Sci. USA 82:8129-
8133.

15. McIntosh, M. A., S. S. Chenault, and C. F. Earhart. 1979.
Genetic and physiological studies on the relationship between
colicin B resistance and ferrienterochelin uptake in Escherichia
coli K-12. J. Bacteriol. 137:653-657.

16. Payne, S. M., and R. A. Finkelstein. 1978. Siderophore produc-
tion by Vibrio cholerae. Infect. Immun. 20:310-311.

17. Radolf, J. D., N. R. Chamberlain, A. Clausell, and M. V.
Norgard. 1988. Identification and localization of integral mem-
brane proteins of virulent Treponema pallidum subsp. pallidum
by phase partitioning with the nonionic detergent Triton X-114.
Infect. Immun. 56:490-498.

18. Rogers, H. J. 1973. Iron-binding catechols and virulence in
Escherichia coli. Infect. Immun. 7:445-456.

19. Sciortino, C. V., and R. A. Finkelstein. 1983. Vbrio cholerae
expresses iron-regulated outer membrane proteins in vivo.
Infect. Immun. 42:990-996.

20. Sigel, S. P., and S. M. Payne. 1982. Effect of iron limitation on
growth, siderophore production, and expression of outer mem-
brane proteins of Vibrio cholerae. J. Bacteriol. 150:148-155.

21. Sigel, S. P., J. A. Stoebner, and S. M. Payne. 1985. Iron-
vibriobactin transport system is not required for virulence of
Vbnio cholerae. Infect. Immun. 47:360-362.

22. Simon, E. H., and I. Tessman. 1963. Thymidine-requiring mu-
tants of phage T4. Proc. Natl. Acad. Sci. USA 50:526-532.

23. Stoebner, J. A., J. R. Butterton, S. B. Calderwood, and S. M.
Payne. Unpublished data.

24. Stoebner, J. A., and S. M. Payne. 1988. Iron-regulated hemoly-
sin production and utilization of heme and hemoglobin by Vbrio
cholerae. Infect. Immun. 56:2891-2895.

J. BACTERIOL.


