
Vol. 176, No. 1JOURNAL OF BACTERIOLOGY, Jan. 1994, p. 213-220
0021-9193/94/$04.00+0
Copyright X) 1994, American Society for Microbiology

Characterization of the Vibrio anguillarum fur Gene:
Role in Regulation of Expression of the FatA

Outer Membrane Protein and Catechols
MARCELO E. TOLMASKY, ANNE M. WERTHEIMER, LUIS A. ACTIS, AND JORGE H. CROSA*

Department of Molecular Microbiology and Immunology, School of Medicine,
Oregon Health Sciences University, Portland, Oregon 97201-3098

Received 25 August 1993/Accepted 28 October 1993

The chromosomally encoded Vibrio anguiUlarum fur gene was characterized. The amino acid sequence of the
Fur protein showed a very high degree of homology with those of V. cholerae and V. vulnificus. The degree of
homology was lower, although still high, with the Escherichia coli and Yersinia pestis Fur amino acid sequences,
while the lowest degree of homology was found with the Pseudomonas aeruginosa Fur protein. The C-terminal
portion of Fur is the least conserved region among these Fur proteins. Within this portion, two regions spanning
amino acids 105 to 121 and 132 to the end are the least consetved. A certain degree of variation is also present
in the N termini spanning amino acids 28 to 46. Regulation of expression of the V. anguillarum fur gene by iron
was not detected by immunoblot analysis. Mutations in the clonedfur gene were generated either by site-directed
mutagenesis (the Lys-77 was changed to a Gly to generate the derivative FurG77) or by insertion of a DNA
fragment harboring the aph gene in the same position. FurG77 was impaired in its ability to regulate a reporter
gene with the Fur box in its promoter, while the insertion mutant was completely inactive. V. anguillarum fur
mutants were obtained by isolating manganese-resistant derivatives. In one of these mutants, which encoded a
Fur protein with an apparent lower molecular weight, the regulation of the production of catechols and synthesis
of the outer membrane protein FatA were partially lost. In the case of another mutant, no protein was detected
by anti-Fur serum. This derivative showed a total lack of regulation of biosynthesis of catechols and FatA
protein by iron.

The ability of a bacterial pathogen to scavenge iron from its
host's fluids is an important virulence factor (34, 60). Most
bacteria possess efficient iron uptake systems that are ex-
pressed when the bacterial cell enters a mammalian host,
which is a low-iron environment, allowing it to capture iron
from the high-affinity host's iron binding proteins. In Esche-
richia coli, the iron regulation of the iron uptake gene expres-
sion depends on a single regulatory gene, fur (ferric uptake
regulator), which acts as a classical repressor, blocking tran-
scription in the presence of high corncentrations of iron (5, 28,
44). The C-terminal portion of the E. coli Fur protein binds
Fe2`, inducing a conformational change in the N-terminal
region of the protein which allows binding to the operator of
the Fur-regulated genes (13). This operator consists of a 21-bp
dyad symmetric consensus sequence (10, 11, 20-22). Fur was
subsequently found in other bacteria: Salmonella typhimurium
(25), Yersinia pestis (45), Vibrio cholerae (33), V vulnificus (35),
and Pseudomonas aeruginosa (37). It was demonstrated that
Fur also controls the expression of toxins and other virulence
factors apparently unrelated to iron metabolism, e.g., hemoly-
sin in V cholerae (46), Shiga-like toxin of E. coli (10), and
pH-regulated proteins in S. typhimurium (25).
V anguillarum is the causative agent of the fish disease

vibriosis (40). Some virulent strains carry a virulence plasmid,
such as pJM1 in strain 775 (14-16, 53), which encodes a very
efficient iron uptake system composed of anguibactin, a sid-
erophore that has hydroxamate and catechol moieties in its
molecule (1, 30), and membrane components that play a role
in internalization of iron(III)-anguibactin complexes inside the
cell (3, 32). This is one of the first systems in which a perfect

correlation of virulence and iron uptake was demonstrated (14,
19, 52, 61). The expression of many genes of this system was
shown to be regulated by the concentration of iron in the
medium (2, 17, 49). Studies of the regulation of expression of
genes encoding different components of this iron-uptake sys-
tem demonstrated that, in the V anguillarum pJM1-encoded
system, plasmid-encoded factors such as the AngR protein, the
trans-acting factor(s) (TAF), and an antisense RNA, RNAot,
play roles in regulation (41, 42, 49, 52, 55). However, we
recently demonstrated the presence of a chromosomally en-
coded Fur-like activity in V. anguillarum (58) and identified the
presence of a putative Fur binding site within the promoter
region of the gene encoding the bifunctional protein AngR
(24), a protein that plays a role as a regulator and can also
complement an entE mutant of E. coli (50). These findings
suggested a role for Fur in the pJM1-mediated iron uptake
system. Hence, we conducted this study of the V anguillarum
fur gene and present in this report its characterization and
nucleotide sequence, as well as evidence of Fur regulation of
expression of the outer membrane protein FatA and synthesis
of catechols, which are presumed to be intermediates in the
biosynthesis of anguibactih. In addition, the isolation and
characterization of V anguillarum fur mutants by the manga-
nese resistance selection method (28) are described.

(Part of this research was presented at the 93rd General
Meeting of the American Society for Microbiology, Atlanta,
Ga., 16 to 20 May 1993.)

MATERUILS AND METHODS

Bacterial strains, plasmids, and media. The genotypes and
sources of strains and plasmids used in this study are shown in
Table 1. E. coli HB101 or JM107 was used as the bacterial host.* Corresponding author.
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TABLE 1. Bacterial strains and plasmids

Bacterial strain or plasmid Relevant characteristics Source or reference

Strains
E. coli
HB101 F- thr-I leuB6 dam-4 thi-1 hsdSl lacYl tonA21 l mutant supE44 8
JM107 thiD(lac-proAB) gyrA96 end41 hsdRl7 relAl supE44 F'(traD36 proAB laclq lacZDM15) 62
BL21(DE3)(pLysE) entE derivative of AB1515 47
BN4020 fur::TnS 6
RRJC1 Derivative of E. coli BN4020 (fur mutant) with a lacZ reporter under the control of the 39

fhuF Fur box

V anguillarum
775 Natural isolate, prototype (pJM1) 14
H775-3 Plasmidless derivative of strain 775 18
775MET9 fur mutant isolated in the presence of 10 mM MnCl2 This work
775MET11 fur mutant isolated in the presence of 10 mM MnCl2 This work

Plasmids
pBCSK+ Cloning vector Stratagene
pT7-5 Expression vector 48
pUC4K Contains the Tn9O3 aph in a restriction site mobilizing element 57
pSC27.1 fur reporter gene. ,B-galactosidase is under the control of Fur 11
pMH15 E. coli fur gene cloned in pACYC184 27
pTAW1.8 fur V anguillarum gene cloned in pBCSK+ This work
pTAW3.12 Site-directed mutagenized fur mutant derivative of pTAW1.8. Nucleotides 229 and 230 This work

were changed from AA to GG
pTAW4.1 Kmr fragment from pUC4K inserted into the BamHI site in pTAW3.12 This work
pTAW2.1 V anguillarum fur gene cloned in pT7-5 This work
pMET31 Insertionally mutated fur gene from pTAW4.1 cloned in pT7-5 This work
pMET67 Recombinant clone carrying the V anguillarum fur gene 58

Plasmid pBCSK+ (Stratagene, La Jolla, Calif.) was used as
vector for DNA sequencing and site-directed mutagenesis.
Plasmid pT7-5 was used for overexpression of Fur with E. coli
BL21(DE3)(pLysE) as the host. The uses of the other plasmids
and strains are described below. V. anguillarum was grown in
either Trypticase soy broth or agar supplemented with 1%
NaCl or M9 minimal medium containing either 50 ,uM FeCl3
(iron rich) or 2.5 puM ethylenediaminedi-(o-hydroyphenyl)
acetic acid (EDDHA [iron limiting]).

Chemical and enzymatic determinations. Levels of 2,3-
dihydroxybenzoic acid in culture supernatants were deter-
mined with the Arnow phenolic assay (4). 1B-Galactosidase
levels were measured by the method described by Putnam and
Koch (38). Units were determined as described by Miller (36).
All experiments to determine 2,3-dihydroxybenzoic acid and
3-galactosidase levels were performed at least four times. The

ratios between the values among the different strains were
constant. Protein concentrations were determined as described
by Bradford (9).

General DNA procedures. Plasmid DNA was purified ac-
cording to the method of Birnboim and Doly (7) with the
modifications described by Weickert and Chambliss (59).
Transformations were performed by the method of Cohen et
al. (12). Sequencing of double-stranded DNA was performed
by the dideoxy chain termination method (43) with the Seque-
nase kit (U.S. Biochemical Corp., Cleveland, Ohio), with T7
and T3, and, in some cases, with specific synthetic primers.
Site-directed mutagenesis of pTAW1.8 was carried out with
the Muta-Gene Phagemid in vitro mutagenesis kit (Bio-Rad
Laboratories, Richmond, Calif.) and the synthetic mutagenic
oligonucleotide AAGGTGGAGGATCCGlTTl, following the
recommendations of the manufacturer with modifications pre-
viously described (26), to generate plasmid pMETAW3.12.
The mutation was confirmed by the fast DNA sequencing

method (51) with the appropriate primers. Basically, the
method consisted of electrophoresis of the sequencing reaction
mixtures obtained as described above (43) in a small gel 18 cm
long run at 1,000 V for 20 min. Plasmid pMETAW4.1 was
generated by insertion mutagenesis performed by ligating the
kanamycin resistance (Kmr) fragment from pUC4K into the
BamHI site generated after site-directed mutagenesis. Hybrid-
ization experiments were carried out at 37°C under low-
stringency conditions (0.75 M sodium chloride, 0.075 M so-
dium citrate, Denhardt's solution, 1 mM EDTA, 0.1% sodium
dodecyl sulfate [SDS], 25% formamide). After hybridization,
the filters were washed at 50°C in a solution containing 0.3 M
sodium chloride, 0.03 M sodium citrate, and 0.1% SDS.
Immunoblot analysis. Antiserum against Fur was raised in

6-month-old rabbits as previously described for FatA (2) by
using purified E. coli Fur protein (a gift from J. Neilands,
University of California, Berkeley). Antiserum against FatA
was prepared as described before (2). Proteins from cytosol,
total cell extracts, or outer membrane preparations were
separated by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE), as described by Crosa and Hodges (17), with
prestained high-range protein molecular weight standards
(Bio-Rad). After electrophoresis, the proteins were electro-
phoretically transferred to nitrocellulose paper (0.2-jxm pore
size, BAS 83, reinforced NC [Schleicher & Schuell]) essentially
as described by Towbin et al. (56) with the Genie electro-
phoretic blotter (Idea Scientific Co., Minneapolis, Minn.)
under the conditions recommended by the supplier. The blots
were incubated in the presence of the anti-Fur or anti-FatA
serum and developed by reaction with peroxidase and staining
with H202 and horseradish peroxidase color development
reagent (2).

Isolation of Fur mutants by manganese selection. Isolation
of Fur mutants in the presence of manganese was carried out
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FIG. 1. ,-Galactosidase activities of E. coli derivatives. 3-Galacto-
sidase activities, expressed as Miller units (36), were determined for E.
coli BN4020 harboring pSC27.1 (O), pSC27.1 and pMH15 (*), or

pSC27.1 and pMET67 (-) grown in minimal medium with the addition
of 1 ,uM EDDHA and the FeCl3 concentrations indicated.

essentially as described by Hantke (28) for E. coli, Serratia spp.,
and Klebsiella spp. with the modifications of Prince et al. (37)
for P. aeruginosa. V anguillarum 775 was cultured in Trypticase
soy broth supplemented with 1% NaCl at 24°C overnight.
Aliquots (100 ,ul) of this culture were spread onto Trypticase
soy agar plates supplemented with- 1% NaCl and 10 mM
MnCl2. After 5 days of incubation at 24°C, the Fur proteins in
growing colonies (about five per plate) were analyzed by
immunoblotting.

Overexpression of Fur in E. coli BL21(DE3)(pLysE). Both
intact and interrupted fur genes from recombinant clones
pTAW1.8 and pTAW4.1, respectively, were cloned under the
control of the 410 promoter with the vector pT7-5 (48).
Ligation of XbaI- and EcoRI-digested pT7-5 with the XbaI-
EcoRI fragment containing the fiur gene in pTAW1.8 gener-
ated pTAW2.1, and ligation with the XbaI-EcoRI fragment
containing the truncated fur gene in pTAW4.1 generated
pMET31. Recombinant clones pTAW2.1 and pMET31 were
transformed into E. coli BL21(DE3)(pLysE). Cells were grown
in Luria broth containing ampicillin at 37°C until the optical
density at 600 nm reached 0.7. Protein expression was then
induced by addition of 0.4 mM IPTG (isopropyl-,B-D-thioga-
lactopyranoside). The cells were incubated for an additional 3
h and collected by centrifugation. After washing with 1 volume
of 10 mM magnesium sulfate, the cells were lysed with
SDS-PAGE sample buffer at 100°C for 10 min and analyzed by
SDS-PAGE.

Nucleotide sequence accession number. The nucleotide and
predicted amino acid sequences of the V anguillarum fur gene
will appear in the EMBL and GenBank sequence libraries
under accession no. L19717.

RESULTS

Cloning of the V anguiUlarum fur gene. A recombinant clone
was isolated from the plasmidless V anguillarum H775-3
library (54) by screening pools of recombinant plasmid DNA
by Southern blot hybridization under low-stringency conditions
with a HindIII-BglI DNA fragment encompassing most of the
fur E. coli gene (27) used as a probe. Recombinant plasmids in
a hybridizing pool were then screened individually. Recombi-
nant clone pMET67 was isolated in this manner, and its

1 ATGTCAGATAATAACCAAGCGCTCAAGGATGCAGGTCTTAAAGTTACCCTTCCTAGGCTA 60
1 M S D N N Q A L K D A G L K V T L P R L 20
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FIG. 2. Nucleotide and predicted amino acid sequences of the V
anguillarum fur gene.

biological activity was tested by introduction of this plasmid
and the Fur reporter plasmid pSC27.1 (11) into the fur mutant
E. coli BN4020. The activity of ,B-galactosidase was inhibited in
the presence of high concentrations of iron, indicating that
pMET67 produced a Fur-like activity (Fig. 1). The Fur activity
elicited by pMET67 was comparable to that of the E. coli Fur
protein coded for by pMH15 (Fig. 1).
The anguillarum fur gene was subcloned by performing a

Sau3AI partial restriction endonuclease treatment of pMET67
followed by ligation to BamHI-digested pBCSK+. Transforma-
tion of the Fur reporter E. coli RRJC1 produced a few white
colonies (which represented about 1% of the total transfor-
mants) when plated on McConkey's agar supplemented with
100 ,uM ferric chloride. One of these white colonies was
further analyzed and was shown to carry a recombinant
plasmid, pTAW1.8, which had a 1.6-kbp insert.

Nucleotide sequence and expression of the V. anguiUlarum
fur gene. The V anguillarum fur gene included in pTAW1.8
was sequenced. The nucleotide sequence (Fig. 2) showed
homology to the nucleotide sequences offur genes from other
bacterial species. Homologies to thefur coding sequences of V.
cholerae (33), V. vulnificus (35), Y pestis (45), E. coli (44), and
P. aeruginosa (37) were 81.6, 80.4, 70.1, 70.0, and 60.9%,
respectively. An open reading frame of 149 amino acids was
present which had a high degree of homology with the amino
acid sequences of the Fur proteins of the other bacteria (Fig.
2 and 3), especially V cholerae and V. vulnificus. To identify the
V anguillarum Fur protein, the pTAW1.8 insert was recloned
into vector pT7-5 to generate pTAW2.1, which was trans-
formed into E. coli BL21(DE3)(pLysE). Upon induction with
IPTG, a protein with a mass of about 20 kDa was detected,
which is the approximate mass of the predicted V anguillarum
Fur protein (Fig. 4). The identity of this band was confirmed by
analysis of the protein extract of E. coli BL21(DE3)(pLysE)
harboring a derivative consisting of the insertionally mutated
fiur gene (see below) cloned in pT7-5 (plasmid pMET31).
Figure 4 (lane F) shows that the 20-kDa band is indeed Fur,
since pMET31 did not express this protein. Immunoblot
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FIG. 3. Alignment of deduced amino acid sequences of Fur pro-
teins from a variety of bacterial species. The V. anguillarum (V.a.) Fur
protein amino acid sequence is compared with the Fur protein
sequences from V. cholerae (V. c.), V. vulnificus (V. v.), E. coi (E. c.),
Y pestis (Y. p.), and P. aeruginosa (P. a.). Differences are shown by
letters, and blank spaces represent identity with the V anguillarum Fur
sequence. Solid diamonds indicate spacing changes to maxidmize
alignment. The percentages of identity and similarity, respectively, of
the V. anguillarum Fur sequence with the other sequences are as
follows: V. cholerae, 98 and 94; V vulnificus, 97 and 92; E. coil, 88 and
76; Y pestis, 84 and 76; and P. aeruginosa, 76 and 56. Dots show
conserved amino acid substitutions; the presence of one or two dots
indicates the degree of similarity.

analysis of a gel identical to that in Fig. 4 with anti-Fur serum
further confirmed that the 20-kDa protein overexpressed byE.
coi BL21(DE3)(pLysE, pTAW2.1) corresponds to Fur (data
not shown).

Regulation of expression of the V. anguillarum fur gene. To
determine whether the biosynthesis of the V anguillarum Fur
protein was iron regulated, cells were grown under iron-rich
and iron-limiting conditions and the cytosolic extracts were
subjected to immunoblotting. Immunoblot analysis (Fig. 5)
demonstrates that the same amount of Fur protein was ex-
pressed in both conditions, indicating that its expression is
constitutive in V. anguillarum. The production of 2,3-dihy-
droxybenzoic acid was used as a control for the expression of
iron-regulated products. The optical densities at 510 nm
obtained when the Arnow reaction was carried out, as de-
scribed in Materials and Methods for the cultures under
iron-rich and iron-limiting conditions, were 0.030 and 0.353,
respectively, showing that 2,3-dihydroxybenzoic acid produc-
tion is iron regulated.
Mutagenesis of the V. anguillarum fur gene. The V. anguil-

lanum fur gene in pTAW1.8 was mutated by site-directed
mutagernesis; nucleotides 229 and 230 were changed from AA
to GG (Fig. 2) to generate plasmid pTAW3.12. As a result of
this mutation, a BamHI site was generated and the amino acid
at position 77 was changed from Lys to Gly (this mutant

A 13 C D E F kD-a
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21.5
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FIG. 4. Expression of Fur in E. coi BL21(DE3)(pLysE). The

wild-type and mutated fur genes were subcloned in pTl-5 and trans-
formed in E. coi BL21(DE3)(pLysE). Proteins were analyzed by
SDS-PAGE and immunoblotting as described in Materials and Meth-
ods. Lanes show E. coi BL21(DE3)(pLysE) with pTl-5 (A and B),
pTAW2.1 (C and D [wild-typefur]), or pMET31 (E and F [fur mutated
by insertion]). Lanes A, C, and E were noninduced; lanes B, D, and F
were induced with 0.4 mM IPTG. The arrow indicates the band
corresponding to Fur.

derivative was called FurG77) (Fig. 2 and 3). Another mutant
was generated by inserting the Kmr fragment from pUC4K
into the newly generated BamHI site to create plasmid
pTAW4.1. The mutated recombinant clones were transferred
to the E. coi fur mutant RRJC1 and plated on McConkey's
agar plates supplemented with 100 jtM FeCl3. E. coi RRJC1
with no plasmid or with pTAW4.1 produced red colonies,
indicating that 03-galactosidase was being produced. Colonies
of E. coi RRJC1(pTAW1.8) were white as a result of the
inhibition of production of j3-galactosidase in the presence of
Fur and iron. E. coi RRJC1(pTAW3.12) generated pink
colonies, indicating that the FurG77 encoded by this mutant is
leaky. Next, j3-galactosidase levels were determined for these
strains under iron-rich and iron-limiting conditions (Table 2).
The results indicate that the insertion mutant pTAW4.1 is a
null mutant while pTAW3.12 encodes a protein, FurG77,
which has some Fur activity (Table 2).
The plasmid pTAW4.1 was used to attempt to construct a V.

anguillarum fuir mutant by marker exchange. However, as was
already described for P. aeruginosa (37), we were unable to
isolate a V anguillarum fur mutant by this technique. There-
fore, we attempted to select V. anguillarum fur mutants by
using the positive selection method first described by Hantke
(28). V anguillarum cells were spread onto plates containing 10
mM manganese chloride, and the plates were incubated for 5
days at 240C. The colonies that grew in these conditions were
analyzed by immunoblotting to identify proteins that run
differently from the wild-type Fur protein in SDS-PAGE. Tlwo
types of mutants were obtained-one that showed the pres-
ence of a Fur-related protein but migrates with an apparently
lower molecular mass (V anguillarum 775MET9) and another
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FIG. 5. Regulation of expression of the V. anguillarum fur gene.
Immunoblot analysis of the cytosolic extracts of wild-type V anguilla-
rum grown in minimal medium under iron-rich (lane A) or iron-
limiting (lane B) conditions was performed as described in Materials
and Methods with anti-Fur serum. Total extracts (50 ,ug of protein),
obtained by sonication and ultracentrifuged at 100,000 x g for 2 h, and
the cytosolic soluble protein were subjected to SDS-PAGE and
immunoblotting with anti-Fur serum, as described in Materials and
Methods. Molecular masses (in kilodaltons) are shown to the right.

which showed no reaction against the anti-Fur serum (V.
anguillarum 775MET11) (Fig. 6).

These mutants were used to analyze whether components of
the V. anguillarum iron-uptake system are under the control of
Fur. For this purpose, the strains were cultured in iron-rich or
iron-limiting minimal medium and the biosynthesis of both the
catechols and the FatA outer membrane protein was analyzed.
As shown in Table 3, although in wild-type strain 775 the
production of catechols is iron regulated, in V. anguillarum
775MET11 all regulation by the iron concentration in the
milieu was lost. A degree of regulation can still be seen in V.
anguillarum 775MET9. This could indicate that V. anguillarum
775MET11 is a null or nearly null mutant while strain
775MET9 is leaky.
The 86-kDa outer membrane protein FatA (2, 53) is an

important component of the receptor for the ferric anguibactin
complexes (2). Expression of the fatA gene is highly regulated
by the concentration of iron in the medium, and at least two
regulatory factors have already been identified, TAF and
RNAa (42, 49, 58). The results from experiments analyzing
regulation of expression offatA with an E. coli Fur mutant and
a recombinant clone harboring the E. coli fur gene were

inconclusive (58). Therefore, the V. anguillarum manganese-
resistant fur mutants were used to study regulation of expres-

TABLE 2. ,B-Galactosidase activities

Plasmid in ,-Galactosidase activity undere: Ratio of
E. coli Iron-limiting iron-limiting to
RRJC1 Iron-rich conditions conditions iron-rich activity

None 1,762 1,486 0.84
pTAW1.8 155 1,304 8.41
pTAW3.12 352 1,679 4.76
pTAW4.1 2,081 2,243 1.07

a Activity is measured in Miller units (36).

<*.25.7

.- 14.3

FIG. 6. Immunoblot analysis of V anguillarum fur mutants. The
Fur proteins present in total protein extracts of the V. anguillarum fur
mutants selected in the presence of 10 mM MnCl2 were analyzed by
SDS-PAGE and immunoblotting with anti-Fur serum, as described in
Materials and Methods. V. anguillarum 775 (lane A), 775MET9 (lane
B), and 775MET11 (lane C) were the strains analyzed. Molecular
masses (in kilodaltons) are shown to the right.

sion offatA by Fur. Wild-type V. anguillarum and the mutants
775MET9 and 775MET1 1 were cultured under iron-rich and
iron-limiting conditions, and outer membrane proteins were
purified. The presence of FatA was detected by immunoblot-
ting with anti-FatA serum. Figure 7 shows that, while no FatA
was detected in the wild-type strain grown under iron-rich
conditions, this protein was present in the outer membrane
preparations of both mutants. However, it is also clear from
Fig. 7 that, in the case of mutant 775MET9, there is still a
certain degree of regulation, while the amounts of FatA
detected in mutant 775MET11 grown under iron-rich and
iron-limiting conditions are virtually the same. This is likely
due to the fact that V. anguillarum 775MET9 behaves as a
leaky mutant, while the mutation in derivative 775MET11 is
null or nearly null.

DISCUSSION

The pJM1-mediated iron uptake system of V. anguillarum is
highly regulated by the concentration of iron in the surround-
ing medium. Recently, several plasmid-encoded regulators of
this system have been identified: TAF (49); the bifunctional
protein AngR, which besides its function as a regulator can
complement an entE mutant of E. coli (50, 55), and RNAao, an
antisense RNA that regulates the expression of FatA and FatB
(42, 58). Besides these plasmid-mediated regulators, a chro-
mosomally encoded protein with a Fur-like activity was also
detected (58). Here we report the cloning and sequencing of

TABLE 3. Production of catechols by V. anguillarum strains

Catechol production (OD510) under:
Strain Iron-rich Iron-limiting

conditions conditions

775 0.019 0.260
775MET9 0.118 0.323
775MET11 0.458 0.471

a Catechol production was determined by the method of Arnow (4) on
overnight cultures as described previously (23). OD510, optical density at 510 nm.
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FIG. 7. Regulation of expression of FatA in V anguillarum mu-

tants. Outer membrane proteins of V anguillarum 775 (lanes A and B),
775MET9 (lanes C and D), and 775MET11 (lanes E and F), cultured
under iron-rich (lanes A, C, and E) or iron-limiting (lanes B, D, and F)
conditions, were subjected to SDS-PAGE, electrophoretically trans-
ferred to nitrocellulose paper, incubated with anti-FatA serum, and
developed as described in Materials and Methods. Molecular masses

(in kilodaltons) are shown to the right.

the gene encoding that protein. The highest degree of homol-
ogy of the V anguillarum amino acid sequence of the Fur
protein was found with the Fur amino acid sequences reported
for V cholerae and V vulnificus (33, 35). The degree of
homology was lower (although still high) with the E. coli and Y
pestis Fur amino acid sequences (44, 45). The lowest degree of
homology was found with the P. aeruginosa Fur protein, which
seems to be the most distant from the rest of the Fur amino
acid sequences reported so far. The C-terminal portion of the
protein seems to be the less conserved region of the Fur
proteins. The regions spanning amino acids 105 to 121, and 132
to the end (shaded in Fig. 3) are the least conserved within this
C-terminal portion, which has been described as playing a role
in the binding of metal ions (13, 29, 31). A certain degree of
heterogeneity is also found in the N termini spanning amino
acids 28 to 46 (shaded in Fig. 3).

It has been suggested previously that expression of the E.
coli fur gene is autoregulated by its product (22); however, no

iron regulation of the fur genes was detected in V cholerae or

V vulnificus (33, 35). Our results obtained by immunoblotting
of extracts of V anguillarum cultured under iron-rich or

iron-limiting conditions indicate that, in this bacterium, regu-

lation of expression offur by iron either does not exist or is at
a very low level. We are presently performing transcription and
operon fusion analyses to confirm these results.

Studies of metal ion activation of Fur proteolysis demon-
strated that, in the presence of MnCl2, the E. coli Fur protein
is digested by trypsin between Lys-76 and Ser-77, suggesting
that, upon binding the metal ion, the protein undergoes a
conformational change that makes this region available to
trypsin (13). As a result of this conformational change, the N
terminus of the Fur protein could bind the DNA. This region
has been postulated as one probable boundary between the
DNA-binding N terminus and the metal ion-binding C termi-
nus (13) and, with the exception of the P. aeruginosa Fur
protein, its amino acid sequence is conserved in all Fur
proteins sequenced so far (Fig. 3). We generated a mutant by
site-directed mutagenesis in this region (pTAW3.12). Lys-77
(equivalent to Lys-76 of theE. coli Fur protein) was changed to

Gly, generating the derivative FurG77. Analysis of this mutant
showed that FurG77 was impaired in its ability to regulate a
gene that has the Fur box in its promoter.
Attempts to use pTAW4.1 to generate a V anguillarum fur

mutant by marker exchange were unsuccessful. A similar result
has been recently reported in the case of the P. aeruginosa fur
gene (37). A possibility is that a null mutant of Fur is lethal for
some bacteria. However, it is puzzling that, by manganese
selection, we isolated a mutant that seems to be null or nearly
null. Explanations could be that this mutant is not null and that
the activity left is enough to support viability, or that, since it is
known that Fur regulates other traits, this mutant lost the
ability to regulate some genes but is still partially or totally able
to regulate others. It is of interest that a manganese-resistant
Fur mutant of P. aeruginosa is affected in regulation of the
biosynthesis of siderophores but is not affected in regulation of
the production of exotoxin A (37).
Of the manganese-resistant Fur mutants isolated by these

techniques, two were further analyzed in this work. One of
them, V anguillarum 775MET9, partially lost its ability to
regulate the production of catechols as determined by the
Arnow reaction. Precursors for biosynthesis of the siderophore
anguibactin, as well as anguibactin itself, are detected by the
Arnow reaction. Other factors have also been implicated in
regulation of the biosynthesis of anguibactin (41, 49, 55).
Therefore, we cannot yet discriminate the step that is Fur
regulated in the synthesis of anguibactin. The mutant V
anguillarum 775MET9 produced a Fur protein with an appar-
ently lower molecular weight, as determined by immunoblot-
ting. In the case of the other mutant, V. anguillarum
775MET11, no protein was detected by anti-Fur serum. This
could be due to a total loss of Fur production or to the
production of a very small Fur derivative or a protein that lost
all recognizable epitopes. Since the anti-Fur serum is poly-
clonal, this last possibility seems improbable. Iron regulation of
biosynthesis of catechols in this mutant was completely lost.

In the case of FatA, a protein that is part of the receptor that
recognizes ferric-anguibactin complexes, regulation by iron
was impaired in mutant 775MET9 and almost lost in mutant
775MET11, as determined by immunoblot analysis. The pres-
ence of higher levels of FatA in the mutants than in the
wild-type strain, when cultured under iron-limiting conditions,
may be due to the existence of background levels of Fur in the
wild type that can exert some negative regulation even at the
low concentrations of iron present under those conditions.
Regulation offatA by Fur in an E. coli background was studied
before with a clone of the E. coli Fur protein, with inconclusive
results (58). We showed before that expression offatA4 is under
the control of other regulatory factors such as TAF (49) or
RNAa (42, 49). The results in this paper prove that Fur plays
an important role in the regulation offatA, adding a new factor
to the regulatory circuit of this gene. Experiments are being
carried out to assess the degree of contribution of TAF,
RNAa, and Fur to the regulation of fatA.
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