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Mutagenesis of Vibrio cholerae with TnphoA, followed by screening for fusions that were activated under
low-iron conditions, led to the identification of seven independent fusion strains, each of which was deficient
in the ability to utilize ferrichrome as a sole iron source for growth in a plate bioassay and had an insertion
in genes encoding products homologous to Escherichia coli FhuA or FhuD. Expression of the gene fusions was
independent of IrgB but regulated by Fur. We report here a map of the operon and the predicted amino acid
sequence of FhuA, based on the nucleotide sequence. Unlike those of the E. coli fhu operon, the V. cholerae
ferrichrome utilization genes are located adjacent and opposite in orientation to a gene encoding an ATP-
binding cassette transporter homolog, but this gene, if disrupted, does not affect the utilization of ferrichrome

in vitro.

Vibrio cholerae requires iron (0.5 to 1 uM) in a bioavailable
form for growth and survival within the environment and
within an animal host. Iron not only is necessary for bacterial
multiplication within the host but also serves as an important
environmental signal that regulates expression of other viru-
lence determinants unrelated to iron acquisition (for reviews,
see references 8, 13, 14, and 17). Many iron transport systems
characterized to date involve iron-repressible outer membrane
proteins (IROMPs) which bind a specific iron-containing com-
pound and transport either free iron or the iron-bound ligand
into the cell. Expression of many of these receptor proteins is
mediated at the transcriptional level by the iron-binding re-
pressor protein called Fur (ferric uptake regulator), which
requires ferrous iron as a cofactor and acts as a repressor when
environmental iron levels are high. Homologs of the Esche-
richia coli fur gene have been identified for at least 32 other
bacterial species, including V. cholerae and Vibrio vulnificus (9,
11).

When V. cholerae is grown in vitro under iron-restricted
conditions, the catechol siderophore vibriobactin is produced,
as are six or more IROMPs. Only three of these IROMPs,
ViuA, HutA, and IrgA, have been characterized. ViuA is the
74-kDa ferric vibriobactin receptor that allows internalization
of iron from vibriobactin by an undefined mechanism (1, 20).
HutA, HutB, and TonB1 have been characterized, and are all
required for utilization of heme by V. cholerae (16). IrgA is a
77-kDa IROMP of unknown function that shares significant
homology to TonB-dependent outer membrane proteins of
gram-negative bacteria (4). Strains with a mutation in irg4
show no defect in transport or utilization of iron from vibri-
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obactin, heme, hemoglobin, ferrichrome, or ferric citrate, yet
they show a 100-fold virulence defect in an infant mouse model
of cholera (5). In vivo, a mutation in irg4 leads to a more
severe growth defect than a mutation in either AutA or viuAd
(21). The irgA gene is regulated by a positive transcriptional
activator of the LysR family called IrgB (3). TonBl1 is required
not only for utilization of heme by V. cholerae but also for
utilization of ferrichrome iron (16). The receptor for ferri-
chrome, however, has remained unidentified. We now present
evidence that V. cholerae contains an operon consisting of
genes homologous to those in the E. coli ferrichrome utiliza-
tion system and that the products of these genes are required
for the utilization of ferrichrome as a sole iron source in vitro.

The strains used in this study are listed in Table 1. TnphoA
fusions to iron-regulated genes of classical V. cholerae strain
0395 were constructed and screened as described previously
(5). Mutant strains containing TnphoA fusions activated under
low-iron conditions were individually screened for the ability to
grow with ferrichrome as a sole iron source, using a growth
stimulation assay (20). Ferrichrome is a siderophore produced
by the rust fungus Ustilago sphaerogena and was purchased
from Sigma Chemical Co. (no. F8014; St. Louis, Mo.). Ethyl-
enediamine-di(o-hydroxyphenylacetic acid) (EDDA) was de-
ferrated as described previously (20) and incorporated into
Luria-Bertani (LB) agar in such a way that there was no growth
of the indicator strain in the absence of a usable exogenous
iron source placed on the surface of the agar. This usually
required 30 pg of deferrated EDDA/ml, with the indicator
strain seeded at 10° CFU/ml. Indicator plates were spotted
with 10 pl of various iron sources, and after 24 h, zones of
growth were measured. Unlike the parent strain, 0395, seven
TnphoA fusion strains were found to produce no zone of
growth specifically around either 1 or 10 mM ferrichrome but
were able to utilize vibriobactin (produced by the O395 strain),
1 mM hemin, 0.233 mM hemoglobin, or 36 mM ferric sulfate
normally. Results for three representative fusion strains and
controls are listed in Table 2. MBG14, deficient in the vibri-
obactin receptor, was unable to utilize vibriobactin but could
grow in the presence of all other iron sources tested, including
ferrichrome, as reported previously (20). CA40130, a vibri-
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TABLE 1. Bacterial strains used in this study

V. cholerae strain Relevant characteristics” Reference
0395 Classical; Sm" 15
MBG14 0395 viuA:: TnphoA Sm" Kn* 5
MBG40 0395 irgA::TnphoA Sm" Kn* 5
CML19 0395 fur::Kn* Sm" Kn* 10
CA40130 Classical CA401 vibriobactin synthesis 19

mutant
BE 0395 fhuA::TnphoA Sm* Kn* This study
BG 0395 fhuA::TnphoA Sm" Kn" This study
JAS73 0395 fhuA::TnphoA Sm* Kn* This study
JAST73 fur JAS73 fur::pCML13 Sm" Kn" Ap” This study
JAS73 irgB JAS73 irgB::pMBG111 Sm" Kn" Ap" This study

PAC6” (MBG18) 0395 fhauD::TnphoA Sm* Kn* 5
PACG fur PAC6 fur::;pCML13 Sm" Kn* Ap" This study
PACEG irgB PACG irgB:pMBG111 Sm" Kn* Ap* This study
PAC10 (MBG39) 0395 fhuD::TnphoA Sm" Kn" 5
PACI12 (BD) 0395 fhuA:: TnphoA Sm" Kn* 5
PAC13 (MBG27) 0395 fhuA::TnphoA Sm" Kn" 5

“ Abbreviations: Ap, ampicillin; Gn, gentamicin; Kn, kanamycin; Sm, strepto-

mycin.

P PAC strains were derived from the previously isolated iron-regulated
TnphoA insertion strains shown (5), by curing of the Gn" delivery plasmid

pPHIJL

obactin biosynthetic mutant, was able to grow on all five iron
sources tested, as was MBG40, a strain with a mutation in irgA4.

Chromosomal DNA was isolated from the seven fusion
strains and was digested with Xbal and EcoRV, which do not
cut within TnphoA, and Southern analysis was performed as
previously described (5), using a probe internal to TnphoA, to
demonstrate that each strain contained only a single insertion
(data not shown). Inverse PCR was used to obtain DNA flank-
ing the TnphoA insertions as follows. Three to four micro-
grams of chromosomal DNA from each mutant strain was
digested with various enzymes, including Xhol, Pstl, Sacll,
Sful, and Taql, followed by phenol-chloroform extraction and
ethanol precipitation. Aliquots (25 to 50 ng) of this digested
DNA were self ligated in 50-pl reaction mixtures with 1 U of
T4 DNA ligase (Boehringer Mannheim), followed by heat
inactivation at 70°C for 10 min. Aliquots of the ligation reac-
tion product were then used in PCRs with 200 to 250 pmol of
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TABLE 2. Utilization of various iron sources by wild-type
and mutant V. cholerae®

Growth on:
Indicator 0395 Ferrichrome
stran supernatant Hemin Hemoglobin FeSO,
(vibriobactin) lmM 10 mM

0395 + + + + + +
CA40130 + + + + + +
MBG14 - + + + + +
MBG40 + + + + + +
PACG + + + - - +
PACI2 + + + - - +
JAST3 + + + - - +

¢ Zones of growth (+) were all >5 mm in diameter. Indicator strains were
seeded into low-iron LB agar containing 30 pg of deferrated EDDA/mI at a
density of approximately 10> CFU/ml. Iron sources (10 pl), including culture
supernatant of 0395 containing vibriobactin, 1 mM hemin, 0.233 mM hemoglo-
bin, 1 and 10 mM ferrichrome, and 36 mM ferric sulfate, were spotted onto the
surface of the agar.

each primer (divergently oriented and both binding to either
the 5’ or 3’ end of TnphoA). Flanking DNA both upstream
(Sful derived) and downstream (7agl derived) of the PAC12
insertion revealed homology to a 626-bp fragment (gvc.dg01f)
in the nonannotated genomic DNA sequence collection of V.
cholerae El Tor N16961 at The Institute for Genomic Research
(TIGR). This collection of 5,523 sequences was downloaded
from the TIGR website into a local server in the Department
of Molecular Biology, Massachusetts General Hospital, in Au-
gust 1997 and used for additional analyses described below.
BLASTX analysis of this fragment in turn displayed 23% iden-
tity and 43% similarity to the E. coli FhuA protein, amino acids
245 to 415 (of 747 total). Similarly, inverse-PCR products from
fusion strain PACI13 also indicated that TnphoA had been
inserted into the region encompassed by gvc.dg01f (Fig. 1).
We then used a NZAP II phagemid library containing 5- to
10-kbp fragments from V. cholerae O395, derived by partial
Sau3Al digestion (courtesy of Shelley Trucksis), to isolate
larger genomic fragments with homology to inverse-PCR frag-
ments from the remaining five fusions, which showed no sim-
ilarity to any of the 5,523 TIGR fragments available at that

PACI2
PACS PAC13
PACI0 BE
BG JAS 73
5067 6056 6853 7034 7765 v vy 10,133 11,950 13307 14,639
«— 2 -
fhuB fhuD 7902 fhuA 9027 lktB recQ)
CA43F
ABS4F
DGOlF
DF17F CM92R

FIG. 1. Map (not to scale) of the V. cholerae 0395 gene cluster with homology to fhiudCDB of E. coli. Shown are bp 5067 to 14639 (of 48,695) from V. cholerae
N16961 TIGR contig asm818 (see URL in the text). Locations of the seven TnphoA fusions are indicated with arrows, and original TIGR fragments are indicated with
boxes. Open reading frame designations other than fhuA are presumptive, based on TIGR contig asm818 regions of similarity to the E. coli fhu genes (see the text).
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eco TAQPKHSLRK IAVVVATAVS GMSVYAQRAV
spara TAQPNSSLRK IAVVVATAVS GMSVYAQAAV
paa TFSDNTKKTF SRPLLGIMIS LSLSSSLYAR
foE  mmmmmnnn MHSTRNKQLK KLKSWHKNKK AMPAVLASTL LMAAHAQAAE
feqg SAFAVVPQAS LAQSSAQGGA QNLPSVTVDA PETRRRAPAA RVRRATRPSP

Ve ~~~MRNIRPS QLGQYIRRAL

eco VVTAEEMALH QPKSVKEALS YTPGVS.VGT RGASNTYDHL IIRGFAAEGQ
VVTAEEMALH QPKSVKEALS YTPGVA.VGT RGASNTYDYL IIRGFAADGQ
paa VVTREEMEMR NVTSVKGAFN YTPGVL.TGN RGSSDVIDAL SIRGFSET..
fet  VVTATKMDAQ AVSSVSHALN YSSGVV.TNY RGSSNRNDEV IARPRVRYAP
feg VIGAEQIRDQ KPNKLDEVLR YTAGVR.AGT FGADTRNDWW LIRGFKSDDI

spara

Ve IVTQEEIVAR APQKLDEALR YTSGVT.AQP YGADNDTDWL KVRGFDAA

eco  MVSKRPTTEP LKEVQFKAGT DSLFQTGFDF SDSL...DDD GVYSYRLTGL
MVSKRPTTEP LKEIQFKMGT DSLFQTGFDF SDAL...DEE GVYSYRLTGL
paa LVSKRPTQET LREVQFOMGN DNLFSTGFDF GGAL...DDD GVYSYRLTGQ
fct  MTSKRPTAET IRKVQFSAGN QHLGEAAFDF GGAL...NDD KTLLYRLDGI
feg VISKMPPTEP IRYVETGVNN FGNAYVGFDV GGPVATQPEN GKLFYRVVGQ
. ITRIKT VPVRYRLVAL

spara

Ve  AVQKKPTDIP QGEVGLQVGN DALRTLTLDI S. .

eco LPKEGTVEPL PNGK -RL PTDFNEGAKN
spara LPKEGTVEPL PNGK....RL PTDFNEGAKN
paa LPROGTVVPI TRADGSQYKL PINFDEGEQS

eco ARKvaﬂDEK‘nbﬁESVDTQL QSKFATGDID HTLLTGVDFM RMRNDINAWF
OSKFATGEVD HTLLTGVDFM RMRNDINAWF
QAKFATGQVD HTLLLGVDYQ RTRNDIDAAF G
KATFATGSVN HTVLSGLDYK WLTLEKKMWL
EYRFNTGPVR HTMLFGVDLK GYQIDDYQAF
Ve  TQGIVFRDGS “TESLSLDNKA VAKWDSARVE NTLLMGLELQ RHQTQGVELD NY

.(«.,s

spara
paa
fet
feg

eco  WD.KVLVTLG GRYDWADQES LNRVAGTTD. ...
spara WD.XVLVTLG GRYDWADQES LNRTTGITS. ...

fct WN.QWNLLLS GRHDWSRVDK QODYAADTT.. ..
feg LG.NFTLVLS GRNDWVETTQ AARDTGAT..
Ve LDQQWIGLIG GRMDWVDTEN ESQKNA. ...

-NTYSRNEKM VGYSFDHEFN
-NTYSRNEKM VGYSFDHEFN
-NKISRNTKM VGYNAEHSFN
fet  LPKIGTVV.. ... EASAGYI PYDLNVSDPN YNQSKREQGS IGYNLDHSFN
feg LPYQGTVTNA PFGK..... I PTSFFAGDPS VDKFTREQEM LGYQFERNLT
Ve FPAAGTLI.. ... DSNFGHI DPSTNLGQPD YDKYERRQVS LGYLFEHDLN

. KRDDKQ FTWRGGVNYL
.KRDDKQ FTWRGGVNYL
paa WN.RWVLTLG SRYDYATTSA LNRSSST... .. EVKNHDQA FTWRGGLNYV
. TERNDGK FTRAVRLLYA
. -LASNNDSQ FSGRAGLIYN
-QRXSRSDAE FSFNAGLMYL

J. BACTERIOL.

TonB-Box

EPKEDTITVT AAPAPQ.ESA WGPAATIAAR QSATGTKTDT PIQKVPQSIS 84
QPKEETITVT AAPAAQ.ESA WGPAATIAAR QSATATKTDT PIQKVPQSIS 84
QAETMVVSAD GGSGVEAESA WGPAPTVAAK RSATGTKTDT PIEKNPQSIS 85
TTGADTMIVS ANAG...ESV TAPLKGIVAK ESASGTKTST PLIKTPQSVT 87
QTAASRRPLQO QRNVGFVETP RGPVNGYVAN R GTKTNT PIMQTPQSVS 110
RLHFIPVVLV AAPSVMANTN QETEQLETLV VTASALKVET PAQETPKALS €7

SQNNYLNGLK LQGNFYNDAV IDPYMLERAE IMRGPVSVLY GKSSPGGLLN 183
SQNNYLNGLK MOGNFYNDAV IDPYMLERAE VMRGPVSVLY GKSSPGGLLN 183
NTNQYLDGLK LQGDNYSEFA IDPYFLERAE LLRGPVSVLY GKSNPGGVVS 182
KFLDGLS .YG LSGQGSTIGK MNPWLLERVE MVHGPASVLY GQVNPGGLIS 185
GL. .FLDGMQ LFYTAYASWR LPPFNMERVE VLRGPSAVLY GGSSPSGIVN 207
.. .TYQDGSR LFRDGYYTWL IEPYALERIE VLKGPASILY GEAPLGGVVN 161

Adjacent Loop
ARSAN.AQQK GSEEQRYAIA PAFTWRPDDK TNFTFLSYFQ NEPETGYYGW 279
ARSAN.AQQD RAEEQRYATA PAFTWRPDDK TNFTFLSYFQ NEPETGYYGH 279
ARSOD.AQQA MNKEKRYTIA PAFSWRPDDR TRIDLLTYFQ NEPETGYYGW 278
ASTKH.EFVK DSKQERIAVA PSLTWLPNPD TSFTLLTSYQ NDPKAGYRNF 281
VONGP.TQVN FTPDNNYFIA PSFTWRLDSD TTFSVLASAS KIDTRGI.NF 305
MKENDWAVER YAKPARNYLA PSLSIDISEQ TRLTLLASFL EDSGVPTNPF 258

Gating Loop
DTFTVRONLR FAENKTSONS VYGYGYESDE: zNAQSKﬁggaﬁﬁﬁﬁﬁiéﬁﬁi.374
DIFTVRONLR YAENKVSQNS VYGYGVCSDF. ’S‘K *PJR‘ LA AL \PADKGHYL 374
DTWTLRQNLR YADLRTDYRS I¥ L 360
DVFSFQONVR YTQLREKYKY T 362
DDLTFRQNAR FAHIDLTYRG 384
DVWALSQTFN YGDNDLYLRS 337

GYDDSVPLLN LYNPVNTDFD FNAKDPANSG PYRILNKQKQ TGVYVQDQAQ 474
GYDDSVPLLD LYNPVYTDFD FASRDPATSG PYQILNKQKQ TGLYVQDQAQ 474
.. TVTPLN AINPQY.... GNDTAIGTPF PYHYLNKQEQ TGLYAQDQME 453
DRNNDYS.FN WANPTYNVSV NDSMLTELST NER..NKLNQ VGVYLQDQLE 459
NFG.TVPPIN VLNPVY.... GINIPLTGPP FRNFLITQKQ AGTYVQDQOMK 47%
. .SFGTIN PFNPNYGNF. ...TPIDESS AADRTITKEQ ASLYAQYQIK 431
FDNGVTPYFS YSESFEPSS. QVGKDGNI.F APSKGKQYEV GVKYVPEDRP 566
FDNGITPYFS YSESFEPAS. QTGENGKI.F APPKGKQYEA GVKYVPNDRP 566
FDNGVAPYFS YSESFIPNTG TT..SGGQPF DPSRAKQYEA GLKYVPKERP 545
FDNGISPYVS YSTSFEPN.L DSGAPGTPAF KPTTGEQKEV GVKFQPKGSN 552
FDNGIASYIS YATSFNPIIG LNAQ..NQLF QPETGQQAEI GVKVAPKGFD 572
NASNGVSPYLS YSQSFDVLST IDSAKGE.LY KPLKGEQTEV GVKYQPEFYD 525

FIG. 2. Amino acid sequence alignment of E. coli FhuA (eco), S. enterica serovar Paratyphi B FhuA (spara), P. agglomerans FhuA (paa) (6), Erwinia chrysanthemi
ferrichrysobactin receptor (fct) (18), B. japonicum FegA (feg) (7), and V. cholerae 0395 FhuA (Vc), using the Pileup program in the Genetics Computer Group package
with the default settings. Amino acids representing the adjacent loop and the gating loop are shaded, as are the TonB box sequences, as in reference 6. Only the first

525 to 572 residues of each protein are shown.

time. Restriction mapping of overlapping phage clones was
combined with PCR analysis using gvc.dgO1f as a reference
point. Ordering of the TnphoA fusions was accomplished using
PCR analysis with a primer to the 3’ end of TnphoA and an
opposing primer to the 3’ end of TIGR fragment gvc.ab54f,
resulting in the map shown in Fig. 1. This provided the first
suggestion of an operon structure, with the JAS73 fusion as the
most proximal fusion relative to the orientation of the fhuAd
ortholog. In addition, the fact that all seven TnphoA fusions
were inserted into either fhuA or fhuD homologs is consistent
with the requirement for the N terminus of the fusion protein
to provide a signal sequence for the export of PhoA to the
periplasm or outer membrane to yield an active fusion protein
in our screen. It is thus not surprising that no fusions were
isolated from fhuC or fhuB, which are localized to the cyto-
plasmic membrane.

Appropriate regions of phage clones encompassing the fhuA
ortholog were amplified by PCR and sequenced. The DNA
sequence of this gene from strain O395 was very similar to that
of V. cholerae El Tor strain N16961, now available in the TIGR
database, bp 229508 to 231607 of contig 1752 (chromosome 1).
There were two areas of substantial difference in otherwise
virtually identical predicted proteins, however: amino acids
(aa) 193 to 200 (ITRIKTVP) in 0395 were DYANQDGS in
the N16961 sequence in the TIGR database, and aa 214 to 223
(WAVERYAKPA) in 0395 were GQLNG*TQTS in the
TIGR database (the asterisk denotes a stop codon). Each of
these areas of substantial difference resulted from frameshift
mutations in the sequences in N16961 compared to sequences
in O395. It is uncertain if these frameshifts (and the resulting
stop codon at amino acid 219 of FhuA in N16961) are correct
or might represent sequencing errors yet to be corrected in the
TIGR database. The fhuAd open reading frame from strain
0395 was 2,100 bp, encoding a protein of 700 aa. The pre-
dicted FhuA protein sequence shared homologies with a vari-

ety of siderophore receptors from many bacteria but was most
similar to E. coli FhuA (AE000124) (33% identity; 53% simi-
larity), Bradyrhizobium japonicum FegA (U61401) (34% iden-
tity; 53% similarity), the ferrichrome receptors for Pantoea
(Enterobacter) agglomerans (Y14026) and Salmonella enterica
serovar Paratyphi (Y14067) (33% identity; 52% similarity),
and a hydroxamate-type ferrisiderophore receptor for Pseudo-
monas aeruginosa (AF051691) (36% identity; 54% similarity).
The peptide sequence is shown aligned to known FhuA ho-
mologs in Fig. 2. Certain features were conserved, but the
largest differences were seen in a region known to form the
“gating loop” (6); the significance of these differences for
FhuA function in V. cholerae is uncertain. It also appeared that
the V. cholerae FhuA protein may contain an “adjacent loop”
that may be an alternate binding site that allows the transport
of ferrichrome and albomycin (6).

We examined whether expression of the fhu operon was
regulated by Fur in an iron-dependent fashion (as in other
organisms) and analyzed whether the V. cholerae transcrip-
tional activator IrgB played a role in expression of this operon.
Fusion strains JAS73 (which has the most proximal insertion in
fhuA) and PAC6 (which has the most distal insertion in fhuD)
were chosen for this analysis. For each strain, either irgB or fur
was disrupted by allelic exchange with pMBG111 or pCML13,
respectively, as described previously (3, 9), and these muta-
tions were confirmed by Southern hybridization (data not
shown). Alkaline phosphatase assays were performed using
strains grown overnight in LB medium with or without 2,2-
dipyridyl (200 M) to limit iron availability. Results shown in
Table 3 clearly indicate that both fusions were induced 12- and
16-fold under low-iron conditions but were more constitutively
expressed if fur was disrupted. Disruption of irgB had no effect
on the expression of the fusions. In addition, Northern blot
analysis of fhuA expression was performed using total RNA
isolated from O395 grown in LB medium (high iron) and LB



VoL. 182, 2000

TABLE 3. Alkaline phosphatase activities of representative fusion
strains and their corresponding regulatory mutant strains
under high- and low-iron conditions

Activity (U/ODgq) in“:

Strain S . 'Avg f.OId

High-iron Low-iron induction”
medium medium

JAST73 21 (2.5) 223 (18) 11

JAS73::irgB 25(3.7) 252 (84) 10

JAST3::fur 123 (16) 320 (42) 2.6

PAC6 3(0.8) 40 (5.0) 13

PACG6::irgB 3(0) 52 (34) 17

PAC6:fur 15 (2.1) 36 (1.3) 2.4

“ Values are the means of at least five separate experiments, with standard
errors of the means in parentheses. ODy, optical density at 600 nm. High-iron
medium is LB broth and low-iron medium is LB with 200 pM 2,2-dipyridyl.

® Between low- and high-iron media.

medium with 200 uM 2,2-dipyridyl (low iron), probed with a
593-bp PCR fragment internal to TIGR fragment gvc.dg01f
(bp 23 to 615). As a control, total RNA was isolated from a fur
mutant derivative, CML19, under high- and low-iron condi-
tions and probed in parallel. A hybridization signal was de-
tected in wild-type cells under low-iron conditions only but
under both low- and high-iron conditions in CML19 (data not
shown).

More recent searching of the nonannotated V. cholerae
N16961 genomic sequence at the TIGR website (http://www
.tigr.org/cgi-bin/BlastSearch/blastcgi?organism=v_cholerae)
revealed a much larger, 48,695-bp contig, asm818, that con-
tained the entire ferrichrome uptake operon and neighboring
genes. This region (bp 5067 to 14639) is shown in Fig. 1 (not to
scale). The V. cholerae genome can now be searched as two
contigs: 1752, which is 2,962,721 bp, and 1741, which is
1,072,915 bp (see URL above); the fhu operon is in contig
1752. BLASTX searches (GenBank release 112.0) using por-
tions of contig asm818, bp 5067 to 14639, as a query allowed us
to establish the positions and orientations of the remainder of
the fhu operon. Interestingly, bp 10133 to 11959 shared 50%
identity with and 65% similarity to H. influenzae LktB aa 5 to
612 (of 614 aa). An internal 1,167-bp portion of /ktB was
amplified by PCR, cleaved with HinclI (this encompasses the
region encoding aa 125 to 511), blunt end ligated into the
EcoRV site of suicide vector pGP704 (3), and integrated into
the 0395 chromosome by a single crossover as previously de-
scribed (9); integration was confirmed by Southern analysis
(data not shown). Insertion into this gene did not abrogate the
ability to use ferrichrome in a growth stimulation assay (data
not shown).

In summary, multiple TnphoA fusions to iron-regulated
genes were isolated. Inverse PCR was used to determine that
seven fusions had been inserted into genes with similarity to E.
coli fhuA and fhuD. Larger genomic fragments isolated from a
phagemid library showed that these genes were clustered into
an operon structure. The seven fusions were mapped and or-
dered with respect to the most distal known TIGR sequence at
the time (gvc.ab54f) by PCR. All TnphoA insertions prevented
the utilization of ferrichrome (but not other substances) as an
iron source in a plate growth stimulation assay. The ability to
bind and transport vibriobactin was not required for fer-
richrome utilization. The most proximal fusion in fAuA and the
most distal fusion in fhuD were shown to be regulated by Fur
(but not IrgB) at the level of transcription. The gene for an
interesting ABC transporter protein homologous to LktB was
identified immediately upstream of and opposite in orientation
to fhuA in V. cholerae. Disruption of this gene, however, did
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not affect ferrichrome utilization in a plate bioassay. The se-
quence of the 700-aa V. cholerae FhuA protein adds to the
large amount of information on this multifunctional outer
membrane protein, a paradigm for ligand-specific gated chan-
nel proteins (2, 6, 12).

Nucleotide sequence accession number. The sequence of
0395 fhuA determined here has been submitted to GenBank
(accession no. AF203702).
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