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Summary. Transport of iron(IIT) hydroxamates across
the inner membrane into the cytoplasm of Escherichia
coli is mediated by the FhuC, FhuD and FhuB proteins
and displays characteristics typical of a periplasmic-
binding-protein-dependent transport mechanism. In
contrast to the highly specific receptor proteins in the
outer membrane, at least six different siderophores of
the hydroxamate type and the antibiotic albomycin are
accepted as substrates. A fhuB mutant (deficient in
transport of substrates across the inner membrane)
which overproduced the periplasmic FhuD 30-kDa
protein, bound [**Fe] iron(III) ferrichrome. Resistance
of FhuD to proteinase K in the presence of ferrichro-
me, aerobactin, and coprogen indicated binding of
these substrates to FhuD. FhuD displays significant
similarity to the periplasmic FecB, FepB, and BtuE
proteins. The extremely hydrophobic FhuB 70-kDa
protein is located in the cytoplasmic membrane and
consists of two apparently duplicated halves. The N-
and C-terminal halves [FhuB(N) and FhuB(C)] were ex-
pressed separately in fhuB mutants. Only combinations
of FhuB(N) and FhuB(C) polypeptides restored sensi-
tivity to albomycin and growth on iron hydroxamate as
a sole iron source, indicating that both halves of FhuB
were essential for substrate translocation and that they
combined to form an active permease. In addition, a
FhuB derivative with a large internal duplication of 271
amino acids was found to be transport-active, indicat-
ing that the extra portion did not disturb proper inser-
tion of the active FhuB segments into the cytoplasmic
membrane. A region of considerable similarity, present
twice in FhuB, was identified near the C-terminus of 20
analyzed hydrophobic proteins of periplasmic-binding-
protein-dependent systems. The FhuC 30 kDa protein,
most likely involved in ATP binding, contains two do-
mains representing consensus sequences among all pe-
ripheral cytoplasmic membrane proteins of these sys-
tems. Amino acid replacements in domain I (Lys—Glu
and GIn) and domain II (Asp—Asn and Glu) resulted
in a transport-deficient phenotype.
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Introduction

Uptake of ferric hydroxamates across the outer mem-
brane of Escherichia coli requires highly specific recep-
tor proteins. Their activity depends on the cytoplasmic-
membrane-associated TonB, ExbB, and ExbD proteins
(Braun et al. this issue and references therein). For the
subsequent translocation across the inner membrane, a
single system (composed of the FhuC,D,B proteins) ac-
cepts all ferric hydroxamates and exhibits properties
typical of  periplasmic-binding-protein-dependent
transport systems (Fecker and Braun 1983; Braun et al.
1983; Koster and Braun 1986, 1989; Burkhardt and
Braun 1987; Coulton et al. 1987). The fAudCDB genes
are organized in an operon (Fig. 1).

Recent studies indicated that the hydrophilic FhuD
protein, carrying a potential signal sequence, was syn-
thesized as a precursor and exported through the cyto-
plasmic membrane. Since it was localized in the peri-
plasm, the FhuD protein was a candidate for an
iron(11I)-hydroxamate-binding protein. Although sol-
uble proteins in the periplasmic space were found to be
involved in transport of siderophores of different types
(Pierce and Earhart 1986; Ozenberger et al. 1987; Kés-
ter and Braun 1989; Staudenmaier et al. 1989; Elkins
and Earhart 1989), no binding to any of these proteins
has been shown. Therefore, [**Feliron(I1I) ferrichrome
uptake in a FhuD-overproducing strain was measured,
and resistance of FhuD against proteinase K was stud-
ied in the absence and presence of different iron(III)
hydroxamates. The transmembrane component mediat-
ing the translocation of iron(IIl) hydroxamates across
the cytoplasmic membrane was identified as the FhuB
protein. This extremely hydrophobic integral mem-
brane protein has twice the size of most nonpolar com-
ponents of binding-protein-dependent transport sys-
tems. The N- and C-terminal halves exhibit a striking
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Fig. 1. Physical map of the fhu locus. The horizontal arrows indi-
cate the location, size, and transcription polarity of the fhud,C,D,
B genes. The numbers of base pairs is given below. For fhuC-fhuD
and fhuD-fhuB overlapping translation stop and start signals are
found

similarity to each other (Koster and Braun 1986, 1989),
to BtuC of vitamin B,, transport (Friedrich et al. 1986),
to FecC and FecD of iron(IIT) dicitrate transport (Stau-
denmaier et al. 1989), and to FepD and FepG of
iron(III) enterochelin transport (S. Chenault, C. Ear-
hardt and M. Mclntosh, personal communications). It
was of interest to see whether both halves of the FhuB
protein, seemingly derived from an ancient fusion of
two identical or similar genes, were required for trans-
port, or whether one half was sufficient. Moreover, the
question was studied as to whether the proposed two
halves of FhuB acted as separate entities (functional
and structural domains), or whether they had to be
linked in a single polypeptide.

The FhuC protein has been assigned an inner mem-
brane location (Fecker and Braun 1983; Késter and
Braun 1989). It is thought to be a peripheral cytoplas-
mic membrane protein facing the cytosol, and since its
primary structure displays regions of strong similarity
to those found in ATP-binding proteins of pro- and eu-
caryotes (Burkhardt and Braun 1987; Coulton et al
1987), it is most likely involved in energy coupling.
Typical for the hydrophilic inner-membrane-associated
proteins periplasmic-binding-protein-dependent sys-
tems are two highly conserved regions, in the following
designated domain I and II. ATP binding has been
shown with HisP, which is involved in histidine uptake
in Salmonella typhimurium (Hobson et al. 1984) and
OppD of the oligopeptide transport system (Gallagher
et al. 1889). Direct evidence for ATP hydrolysis con-
comitant with the transport process was obtained for
histidine uptake into reconstituted proteoliposomes
(Ames et al. 1989; Bishop et al. 1989), and maltose up-
take into right-side-out vesicles (Dean et al. 1989) and
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Fig. 2. Protection of the FhuD protein against proteinase K diges-
tion by iron(Ill) hydroxamates. [*>S]Methionine-labeled FhuD
protein in the periplasmic fraction of the FhuD-overproducing
strain AB2847(pWK480 pGP1-2) was treated with proteinase K
(30 ul/ml, 50°C) in the absence (lane 1-4) or in the presence of

into proteoliposome vesicles (Davidson and Nikaido
1990). We introduced point mutations into the two po-
tential ATP-binding domains of FhuC to study the in-
fluence on iron(IIT) hydroxamate transport (Becker et
al. 1990).

FhuD protein
Binding of iron(I111) hydroxamates

The periplasmic FhuD protein was found to be abso-
lutely necessary for uptake of ferric hydroxamates into
the cell. This was concluded from the finding that
strains KO293(fhuD) and KO295(fhuD) were resistant
to albomycin and unable to grow on ferrichrome and
coprogen as sole iron sources, but could be comple-
mented by plasmid pWK480 carrying only the fhuD
gene inserted into the pT7-5 vector (Tabor and Rich-
ardson 1985) downstream of the phage T7 gene 10 pro-
moter. Complementation to albomycin sensitivity and
to wild-type-like growth was achieved even in the ab-
sence of the T7 RNA polymerase.

Binding of [**Feliron(I11) ferrichrome to E. coli cells
was determined in strains KO293 fhuD, KO280 fhuB,
KO280 fhuB (pWK480), HE21 fhuB fhud (pWK480)
and strain HE22 fhuB tonB (pWK480). For this experi-
ment the pWK480(/huD *) bearing strains also carried
pGP1-2 (coding for the T7 RNA polymerase; Tabor
and Richardson 1985) which led to FhuD overproduc-
tion under the conditions used. The fhuB strains were
used to prevent uptake into the cytoplasm resulting in
an accumulation of the radioactive labelled substrate in
the periplasm. The experiment was carried out as a
pulse/chase experiment, because reversible binding to
FhuA and FhuD was expected. Cells of the logarithmic
growth phase were incubated for 7 min with
[°*Feliron(I11) ferrichrome (1.5 M). After 8 min, 760 uM
non radioactive ferrichrome was added and further in-
cubated for 9 min. Samples were withdrawn, filtered
and washed twice with 5 ml 10% LiCl as described pre-
viously (Hantke and Zimmermann 1981). Prior to label-
ing, cells were grown at 30°C in nutrient broth to a
density of 4 x 10® cells/ml, harvested, suspended in me-
dium, incubated for 30 min at 42°C and then for
60 min at 37°C. From the radioactivity the iron ions
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30 uM ferrichrome (5-8), aerobactin (9-12), coprogen (13-16),
and ferrichrome A (17-20). Lanes 21-24 show the untreated con-
trol. Samples were taken after 0, 30, 60, and 120 min. Only the
relevant section of the fluorography after SDS/PAGE is shown




bound per cell were calculated. The values for KO293
(pulse: 5400/chase: 2000), KO280 (6900/2200), HE21
(pWK480) (5100/2500), and HE22 (pWK480) (6500/
2800) were significantly lower than for KO280
(pWK480) (17400/2600). Release from the periplasmic
FhuD was slower than from FhuA and the unspecific
binding sites. These data, showing that the periplasmic
FhuD is essential for ferric hydroxamate transport, fit
perfectly with the model of a FhuA- and TonB-depend-
ent uptake across the outer membrane and a periplas-
mic-binding-protein-dependent transport across the in-
ner membrane (Kdster and Braun 1990b).

Evidence for binding of ferric hydroxamates to the
FhuD) protein was also supported by the fact that fer-
richrome, aerobactin, and coprogen were able to pro-
tect FhuD against proteinase K digestion (Fig. 2). No
protection was obtained with ferrichrome A, ferric dici-
trate, and Fe** ions or in the absence of any iron(I11)
hydroxamate. The effect was specific to FhuD, since
pro-FhuD and bovine serum albumin were degraded at
the same rate in the presence or absence of the relevant
siderophores (Koster and Braun 1990b).

Similarity of FhuD to FecB, FepB, and BtuE

The wuptake systems for iron(IIl) hydroxamates,
iron(I11) dicitrate, iron(IlI)-enterochelin, and vitamin

Fhud MSGLPLISRRRLL
fecB MLAFIRFLFAGLLLYVY
FepB MRLAPLYRNALLLTGLLLSGIAAV
Btuk MQGDSILTTVYVVKDIDGEVT
Fhub EWLRVEVLLALGIV--------- PYGVADTINY
FecB ELSPADALAAVDVS - - - -~ -~~~ PIGIADDNDA
FepB SVTLTGSLLAIDAPVIASGATTPNNRVADDAQGEF
BtuE NI1QKAWVDRGFMVL---------+- GFPCNQFLEQ
fhub TEMKP MVWSAGGYG---PSPEMLARIAPGRG
FecB AALKPDLII--ADSSRHA-GVYITALQQIAPVLL
FepB AAQMPDLILISATGGDSALALYDQLSTIAPTLI
BtuE EVNG---->-~--~--~- EGRH--PLYQKLIAAAPTAYV
Fhup A ARE-THLAQYEDFIRSSKPRVFKRGRPLLLTTL
fecB AAl -IGEMVGKKREMQARLEQHKERMAGWASOQL
FepB LLTQLGEITGHEKQAAERIAQFDPKQLAAAKERQI
BtuE EKF-LVGRDGKVIQRFSPOMTPED--PIVMESI
FhuD - - - - - - e e e e e e YGIPNAWQGETNFWGSTAY
FecB GSVL----=~+----+- ASLGLNV-PAAMAGASMPSI
FepB GOMLEQLGFTLAKLPAGLNASQSQGKRHDITQL
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Fig. 3. Alignment of the FhuD, FecB, FepB and BtuE primary sequences. Identical amino
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B, share many similar properties. Although the precise
function of BtuE (DeVeaux et al. 1986) has not been
determined, in all these systems the existence of a peri-
plasmic component presumably involved in substrate
binding was reported (Taylor et al. 1972; Bradbeer et
al. 1978; Pierce and Earhart 1986: Elkins and Earhart
1989; Koster and Braun 1989; Staudenmaier et al.
1989). Therefore, it was of interest to see if similarities
were also established in the polypeptide primary struc-
tures. An alignment of the FhuD, FecB, FepB, and
BtuE amino acid sequences is presented in Fig. 3, de-
monstrating a striking similarity along the entire length.
Especially noteworthy is the existence of several motifs,
often including proline residues, which may be struc-
turally important. Interestingly, some of these charac-
teristic motifs were detected in BtuE which was found
to be not essential for vitamin B, uptake (Rioux and
Kadner 1989). BtuE is only about 60% of the size of the
other polypeptides and seems to be the least conserved
protein in this group. Possibly this gene represents an
incomplete copy of an ancestral gene.

These data, together with the evidence for iron(I1I)
hydroxamate binding to FhuD, strongly support the
idea that FhuD, FecB, FepB and possibly BtuE play an
equivalent role in the corresponding uptake systems.
The functional and structural relatedness suggests a
common origin for the periplasmic binding proteins of
the ‘iron transport family’.
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FhuB protein
Model of FhuB membrane topology

The extremely hydrophobic FhuB protein exhibits all
characteristics typical of an integral inner-membrane
protein. Based on the amino acid sequence and the hy-
drophobicity profile (Koster and Braun 1986), a two-
dimensional model of the topology of the FhuB protein
in the cytoplasmic membrane is presented in Fig. 4. The
model predicts 20 transmembrane segments termed 1-
10 for FhuB(N) and 1a-10a for FhuB(C) to indicate ho-
mologous regions. The spacer region between the two
homologous parts of FhuB (represented by the heavy
line in the cytosolic loop connecting transmembrane
segments 10 and 1a, Fig. 4) consists of only six amino
acids, and is too short to function as a membrane-span-
ning segment. As a result the hydrophilic N- and C-
termini of FhuB(N) and FhuB(C) are located on the
same side of the membrane. Only a small loop lacking
any charged amino acids exists between the apolar seg-
ments 7/8 and 7a/8a so that these regions may not span
the membrane their entire length, but be embedded in
or associated with the lipid bilayer. Charged amino
acids are exclusively located at the end of hydrophobic
spans or within the connecting loops except for a
highly concerved Asp in the nonpolar stretches 9 and
9a. Remarkably, the basic amino acids Lys and Arg are
three times less prevalent in the proposed periplasmic
than in the cytosolic connecting loops. The net charge
is —2 at the periplasmic and +22 at the cytoplasmic
side of the membrane. From this point of view the
model fits perfectly with the ‘positive inside rule’ for
integral proteins of the bacterial cytoplasmic membrane
and eukaryotic organelle membranes (von Heijne
1986). Arg and Lys residues are found 2-4 times more
in the nontranslocated segments than in the translo-
cated domains of complex membrane proteins (von
Heijne and Gavel 1988). In further support of the
model it has been shown for several integral membrane
proteins that the positively charged N-terminus preced-
ing a transmembrane region is located at the cytoplas-
mic side of the inner membrane (Eckert and Beck 1989;
von Heijne 1989). The loops (Fig. 4) are potential can-
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Fig. 4. Two-dimensional schematic model of the FhuB topology
in the cytoplasmic membrane. A+ indicates Arg, Lys, and a
— Asp, Glu residues. Transmembrane segments are represented
by boxes numbered 1-10 and 1a-10a to demonstrate the internal

didates for substrate binding and interaction with the
periplasmic FhuD and the cytoplasmic FhuC protein.
The same criteria as used for FhuB resulted in models
consisting of 10 transmembrane segments for the func-
tionally equivalent and structurally similar FecC, FecD
and BtuC proteins, which, however, are only half the
size of FhuB.

Separate expression of FhuB(N) and FhuB(C)

E. coli KO280(fhuB) is deficient in the uptake of sidero-
phores of the hydroxamate type (ferrichrome, aerobac-
tin, coprogen) and the antibiotic albomycin. Under
iron-limiting conditions no gowth on NBD (nutrient
broth, 200 uM 2,2’-bipyridyl) plates is detectable since
synthesis of enterochelin (enterobactin) is blocked due
to an aroB mutation. Transport of iron(IIl) hydroxy-
mates and sensitivity to albomycin was restored by
pWK339 encoding wild-type FhuB (Koster and Braun
1986; Fig. 5).

A number fhuB derivatives were cloned into plas-
mids pUC19 (Yanish-Perron et al. 1985) and pSU9
(Martinez et al. 1988). To determine the activity of the
FhuB derivatives, strain KO280 was transformed with
the plasmids listed in Fig. 5. None of the truncated
FhuB derivatives restored albomycin sensitivity to
strain KO280. On NBD plates no growth zone was de-
tectable around filter paper discs impregnated with fer-
richrome, coprogen, shizokinen or rhodotorulic acid.
Growth was supported by dihydroxybenzoic acid
which is transported via the fep uptake system. To ex-
amine whether the separately cloned and indepen-
dently expressed FhuB(N) and FhuB(C) proteins com-
bined in one cell were able to restore transport activity
of chromosomal fhuB~ cells, various combinations of
genetically compatible plasmids were tested. In agree-
ment with former observations, it was found that both
FhuB(N) and FhuB(C) are required for iron(III) hy-
droxamate transport across the inner membrane. Most
striking was the finding that FhuB(N) and FhuB(C) did
not have to form a single polypeptide chain. This is a
very interesting case in which an integral membrane
protein was cut into two halves which were individually

Periplasm

Cytoplasm

homology. Arrows designated A-F point to positions at which the
FhuB derivatives were altered. The heavy line in the cytosolic
loop connecting segments 10 and la represents the ‘spacer’ of six
amino acids which combines the homologous parts of FhuB
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PLASMID VECTOR INSERT PROTEIN
A BC D E
L1 L k i f
fhuB
{ T ~>
(N) (Cc)
PWK339 PUCTS . ' FhuB(wildtype)
—_— (S

pWKa4r PUCTS  wamp FhuB(del 331-646)

pWK4568 pSUg R | [ i .
Fig. 5. Physical map of the fAuB
region and list of plasmids carrying
various portions of the gene. Vertical

PWK454 puC19 — : lines designated A-F correspond to

FhuB(del 89-330) S
PWK 460 pSUS . . the arrows A-F useq in Fig. 4 and
. represent cleavage sites of relevant

restriction enzyme (A, D, F= BssHII,
B=Pvull, C=Hpal, and E = Nael).

PWK461 pSUS9 - 1 — i FhuB(15 + del 1-187) The hatched arrow symbolizes the
orientation and extension of fhuB
subdivided into fhuB(N) and fhuB(C)
to demonstrate the internal

PWK465 puCte -—p ¢ FhuB(13 + del 1-212)  homology. The E. coli UV5 promoter
region is represented by filled
arrowheads. The open bars stand for
the ‘in-frame’ cloned

pWK418 pucC19 -_— . J

FhuB(dup 198-468) polylinker-derived codons (see text)

inactive but functional when combined. Complementa-
tion of KO280 to albomycin sensitivity and growth on
iron(Ill) hydroxymates was achieved by FhuB (del
331-646) in combination with three different FhuB der-
ivatives carrying deletions in the N-terminal half (Figs.
4, 5). FhuB (del 331-646) had lost the region between
arrows D and F (Fig. 4) which was almost the complete
FhuB(C). The remainder of the nonpolar segment 10a
was fused to the C-terminal of FhuB(N). The highest
activity of this C-terminal-deleted FhuB protein was
obtained in combination with FhuB (13+ del 1-212).
In this construction, expressed under lacUV5 promoter
control, the 212 N-terminal amino acids of FhuB were
replaced by 13 residues encoded by the pUC polylink-
er. FhuB (13+ del 1-212) starts with a cytoplasmic
loop (at arrow C, Fig. 4) fused to 13 mainly polar am-
ino acids. In both constructs FhuB (del 331-646) and
FhuB (13 + del 1-212) the insertion and proper orienta-
tion within the lipid bilayer of an intact FhuB(C) and
FhuB(C) seems to be maintained. Since sensitivity to
albomycin and growth with hydroxamates as sole iron
sources was comparable to the wild-type FhuB, it is evi-
dent that the restored FhuB activity was sufficient to
supply the cells with iron. The FhuB polypeptide was
not precisely cut into two halves in the presumed linker
region but rather contained additional sequences which
most likely interfered with the correct insertion and the
assembly of the two parts in the cytoplasmic mem-
brane. It was also expected that only a small portion of
the separately synthesized FhuB(N) and FhuB(C) poly-
peptides find each other in the cytoplasmic membrane

and assemble correctly into a functional permease.
From these points of view it was more surprising to
gain transport activities with the constructions used. An
unspecific import of the iron(IIl) hydroxamates into
the cytoplasm as a result of a structurally disturbed in-
ner membrane due to the improper insertion of the
FhuB halves could be excluded. No transport activity
was obtained with only one half of FhuB, and the wild-
type fhuB™ but fhuC~ strain KO286 (pWK 459,
pWK465) and the fhuB fhuD~ strain KO0293
(PWK459, pWK465).

The two other N-terminal deletions were less effec-
tive. Cells synthesizing FhuB (del 331-646) in combina-
tion with FhuB (del 99-330), or alternatively FhuB (15-
del 1-197), were partially sensitive to albomycin and
exhibited weak growth on NBD plates with the sidero-
phores tested. FhuB (del 99-330) was missing a major
part of FhuB(N) between arrows A and D (Fig. 4),
FhuB (15+ del 1-197) consisted of 15 mainly hydro-
philic residues followed by the rest of FhuB (starting at
arrow B, Fig. 4). In both derivatives amino acids origi-
nally located within presumed membrane-imbedded
segments were fused to hydrophilic domains. This may
have affected insertion of these derivatives into the
membrane. (Koster and Braun 1990a).

The plasmid pWK418 (Fig. 5) conferred albomycin
sensitivity and growth on iron(I1I) hydroxamates to the
same extent as pWK339. FhuB (dup 198-468) consists
of the three major domains, FhuB(N) and FhuB(C)
Jjoined by the N-terminal part of FhuB(C) (up to arrow
E, Fig. 4) and the C-terminal portion of FhuB(N) (start-
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ing from arrow B, Fig. 4). The model predicts one fu-
sion site to be located in a transmembrane segment and
the other in a cytosolic loop. Surprisingly, the 271 addi-
tional amino acids between FhuB(N) and FhuB(C) did
not abolish substrate binding and translocation across
the cytoplasmic membrane. This indicates a high de-
gree of plasticity of single FhuB subdomains imbedded
in the membrane (Kdster and Braun 1990a).

On SDS/polyacrylamide gels FhuB was only de-
tectable as a diffuse band after radiolabelling; its elec-
trophoretic mobility was dependent on the experimen-
tal conditions employed (Kdster and Braun 1986, 1989).
Upon heating in SDS, it formed aggregates which
barely entered the separating gel. These uncommon
properties, which FhuB shares with several other inte-
gral membrane proteins, could be explained by its very
hydrophobic nature. The wild-type protein and the
FhuB derivatives were expressed in the T7 system (Ta-
bor and Richardson 1985). FhuB derivatives carrying
the internal deletions and the duplication were made in
amounts similar to the wild-type protein. After SDS/
PAGE followed by fluorography, radioactive polypep-
tides were detected for all of the FhuB derivatives. In
general, the FhuB derivatives exhibited the same unu-
sual properties as wild-type FhuB (Késter and Braun
1990a).

Similarities between integral membrane proteins

No extensive similarities have been reported among in-
tegral membrane proteins of periplasmic-binding-pro-
tein-transport systems. Regions of significant similarity
have only been observed in those nonpolar components

Protein Conserved region
FhuB(N)
FhuB(C)
BtuC
FecC
FecD
LivH
RbsC
AraH
OppB
OppC
Prow
SfuB
chid
MalG
MalF
UgpA
Ugpk
HisM
HisQ
PstC
PstA
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Fig. 6. Conserved region in the primary structure of hydrophobic
components of binding-protein-dependent transport systems.
Identical amino acids at equivalent positions in several proteins
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which are involved in translocation of identical or sim-
ilar substrates, such as siderophores and vitamin By, or
certain sugars. The conserved region EAA---G--~ -
—----1-LP found at a distance of about 90 amino acids
from the C-terminus of the MalG, MalF, HisM, HisQ,
PstA, PstC, and OppC proteins (Dassa and Hofnung
1985) is not present in FhuB (Koster and Braun 1986)
or BtuC (Friedrich et al. 1986). C-terminal sequences of
hydrophobic proteins of binding-protein-dependent
uptake systems were analyzed. As shwon in Fig. 6, a
region of significant similarity comprising 32 amino
acids was found in each of the 20 proteins studied. This
region includes the published sequence (Dassa and
Hofnung 1985) and is present in FhuB(N) and
FhuB(C). Although the sequence EAA (three residues
upstream of the highly conserved G at position 17 in
Fig. 6) was found in only 8 out of 20 proteins, and I-LP
(position 27-31) in only 4, the percentage of identical
amino acids in two randomly chosen proteins was high.
Remarkable is a 47% identity between ProW from E.
coli and SfuB from Serratia marcescens, since these
proteins are involved in the uptake of completely dif-
ferent substrates (glyine betaine and iron, respectively)
and originate from different organisms. The integral
membrane proteins of the ‘iron transport family’ show
a stronger similarity to each other and to RsbC, AraH,
OppB, and OppC than to other proteins. The most con-
served amino acids are localized between positions 10-
20 (Fig. 6).

The integral membrane proteins of osmotic-shock-
sensitive transport systems are thought to interact with
the corresponding ATP-binding proteins which display
a substantial similarity to each other (Ames 1986; Hig-
gins et al. 1988). If structurally conserved regions of the

Distance Reference
LAI 417 Késter and Braun 1986
LAA 86 Kdster and Braun 1986
ATG 86 Friedrich et al. 1986
Lvi 84 Staudenmaier et al. 1989
LAV 85 Staudenmaier et al. 1989
1GA 95 Nazos et al.1986
LCG 93 Bell et al.1986
LSG 99 Scripture et al. 1987
KPA 78 Hiles et al. 1987
PNV 84 Hiles et al. 1987
PLA 96 Gowrishankar 1989
RLA 77 Angerer et al. 1990
PLT 84 Johann and Hinton 1987
PLS 85 Dassa and Hofnung 1985
PLL 92 Froshauer and Beckwith 1984
PLI 84 Overduin et al. 1988
PLS 85 Overduin et al. 1988
PSA 80 Higgins et al. 1982
PAM 82 Higgins et al. 1982
PFT 96 Surin et al.1985
KAS 90 Surin et al. 1985

are underlined. Numbers following the sequences give the dis-
tance to the C-terminus




peripheral membrane proteins are involved in the inter-
action with the integral membrane proteins, similar se-
quences should also be present in the integral mem-
brane proteins. The region EAA~---G-~—-—--— I-LP
present in several nonpolar proteins was taken as an
evidence for such an interaction (Dassa dand Hofnung
1985; Hiles et al. 1987). Although this motif was not
found in the Fhu, Btu, Fec and several other proteins,
the conserved region (Fig. 6), present twice in FhuB
and once in all the otherwise different nonpolar pro-
teins, may interact with the membrane-associated ATP-
binding proteins. In the predicted model of FhuB (Fig.
4) the major part of this region forms a cytosolic loop
connecting segments 6 and 7 (6a and 7a) so that an in-
teraction with FhuC would be possible. In the model of
MalF (Froshauer et al. 1988) the conserved region is li-
kewise located on the cytoplasmic side of the inner
membrane, forming a hydrophilic loop which connects
two membrane-spanning regions. The predicted MalF
topology differs from the FhuB model in that the con-
served region is followed by two (and not four) trans-
membrane segments.

FhuC protein
Amino acid replacements in potential ATP-binding sites

For the transport of iron(I1I) hydroxamates, the hydro-
philic FhuC protein was found in the cytoplasmic
membrane fraction and exhibited strong similarities to
the two conserved domains of ATP-binding proteins.
By oligonucleotide-site-directed mutagenesis, based on
the method of Nakamaye and Eckstein (1986), point
mutations were introduced into the two domains of
FhuC which form the presumed ATP-binding sites. Ly-
sine residue 50 (domain I) was replaced with glutamine
and glutamate, and aspartate residue 172 (domain II)
with asparagine and glutamate. In addition, a deletion
from residue 180 to residue 207 following domain II
was introduced. As a control, asparagine 16 was substi-
tuted by aspartate. The mutagenized fhuC genes were
cloned into the low-copy-number vector pHSGS575 (Ta-
keshita et al. 1987), the high-copy-number plasmid
pUC18 (Yanish-Perron et al. 1985) and, since the FhuC
protein can only be observed when overexpressed, into
the expression vector pT7-5 (Tabor and Richardson
1985). Therefore, fhuC and its derivatives cloned down-
stream of the gene 10 promoter of phage T7 were tran-
scribed by the T7 RNA polymerase in E. coli
BL21(DE3) (Moffatt and Studier 1987). All subclones
used for complementation assays produced FhuC pro-
teins in amounts similar to wild-type FhuC. The FhuC
proteins were of the expected molecular masses of 30
kDa, except for the protein carrying the deletion. None
of the fhuC derivatives, whether on low-copy or high-
copy vectors, were able to restore sensitivity to albomy-
cin and growth on ferrichrome when transformed into
the fhuC mutants LF947 (Fecker and Braun 1983) and
KO281. The exception was fhuC (N16D) carrying a mu-
tation outside the ATP-binding domains which confer-
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red albomycin sensitivity and growth on ferrichrome to
the same level as pWK380 carrying fhuC wild type.

Walker et al. (1982) detected two domains whose se-
quences were conserved in ATP-binding proteins. De-
tailed investigations on the adenylate kinase of euka-
ryotic cells (Fry et al. 1986), and the F;-ATPase of E.
coli (Duncan et al. 1986) revealed the consensus se-
geunce GXXGXGKT in domain I (X are arbitrary am-
ino acids), and ZZZZDEP in domain II (Z are hydro-
phobic amino acids). The membrane-associated trans-
port proteins of the periplasmic-binding-protein-trans-
port systems display the same motifs with the exception
that nearly all contain S instead of T in domain I (Hig-
gins et al. 1988; Staudenmaier et al. 1989; Angerer et al.
1990). Domain 1 seems to form a loop in which the ly-
sine residue (number 50 in FhuC) is directly involved in
nucleotide binding. The aspartate residue (number 172
of FhuC) of domain II is thought to bind Mg>*-ATP
directly. The only example of a prokaryotic transport
protein where the substitutions G481 and K49Q in do-
main I abolished transport activity is the PstB protein
for phosphate transport (Cox et al. 1989). No amino
acid replacement was described for domain II. Lysine
50 and aspartate 172 were selected because both seem
to play a direct role in ATP binding and hydrolysis.
Surprisingly, substitution of aspartate by glutamate
completely abolished FhuC activity. Domain 11 has
been proposed to form a pocket from which water is
excluded with the help of the four hydrophobic amino
acid residues. For water exclusion the pocket has to fit
the shape of the nucleotide tightly. Apparently, exten-
sion of aspartate by a CH, group to form glutamate suf-
fices to disrupt nucleotide binding or hydrolysis. Re-
placement of aspartate by asparagine also abolished ac-
tivity which can be explained if the negatively charged
carboxyl group is required for Mg®*-ATP binding.
Substitution of lysine 50 by glutamine and glutamate
altered the charge and the size of this particular amino
acid and rendered FhuC inactive. The results are con-
sistent with the hypothesis that the two domains repre-
sent active sites of the FhuC protein and are involved in
ATP-coupled energization of iron(IiI) hydroxamate
transport across the inner membrane. (Becker et al.
1990).

Model of ferric hydroxamate transport

Uptake of siderophores of the hydroxamate type and
albomycin across the outer membrane is catalyzed by
the FhuA, FhuE, and Iut receptors and the TonB,
ExbB, ExbD proteins. Translocation of all the iron(ITI)
hydroxamate compounds across the cytoplasmic mem-
brane is mediated by the FhuB,C,D protein (Fig. 7).
FhuD in the periplasmic space is thought to bind
the substrates and to pass them to FhuB. It has not
been shown whether FhuD has to take the substrates
directly from the receptor, which may include a physi-
cal interaction between the two proteins, or whether the
substrates are released into the periplasm. From the
similarity of the primary sequences, it can be concluded
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Fig. 7. Model of iron(I1I) hydroxamate transport (for details see
text). OM, outer membrane; PP, periplasm; CM, cytoplasmic
membrane

that FecB and FepB act in a similar manner in ferric
dicitrate and ferrienterochelin (ferrienterobacin) trans-
port. The FhuB protein is the central component of the
uptake system. It mediates the actual substrate translo-
cation across the lipid bilayer interacting somehow
with FhuD on the periplasmic and FhuC on the cyto-
stolic side of the inner membrane. In most of the com-
parable systems (fec, fep, his, opp, mal, pst, ugp) two
nonpolar components were found in the cytoplasmic
membrane which may act as heterodimers. Only one
hydrophobic protein was observed for the bu, sfu, ara,
rbs and pro uptake systems, probably acting as homod-
imers. In the iron(I1I1) hydroxamate uptake also only
one apolar component is involved. But this protein is
unique in that it has twice the size of the other integral
membrane proteins. Presumably originating from a du-
plication of an ancestral gene, it consists of two ho-
mologous parts and may function as a pseudo hetero-
dimer.

The FhuC protein is most likely involved in energy
coupling. Found to be associated with the cytoplasmic
membrane, this hydrophilic protein is thought to inter-
act with FhuB (and the phospholipids in the mem-
brane?) facing the cytosol. Evidence for this location
was supported by the finding that the otherwise pro-
tease-sensitive FhuC was not degraded in proteinase-
K-treated spheroplasts (Kdster and Braun, unpublished
results).

The FhuB-FhuC stoichiometry has not been deter-
mined. It is possible that only one FhuC interacts with
the FhuB(N)-(C) complex. However, we favour two
FhuC proteins participating in transport, one being as-
sociated with FhuB(N), the other one with FhuB(C).
This assumption is supported by the following data.
Firstly, the ATP-binding proteins AraG and RbsA for

arabinose and ribose transport, respectively, are double
the size of the other ATP-binding proteins and exhibit
an internal similarity (Scripture et al. 1987; Bell et al.
1986). Secondly, two ATP-binding proteins, OppF and
OppD, were reported to be involved in oligopeptide
uptake of Salmonella typhimurium (Hiles et al. 1987).
Thirdly, eucaryotic proteins correlated with multiple
drug resistance (Mdr) (Gros et al. 1986; Chen et al.
1986), cystic fibrosis in man (CFTR) (Riordan et al.
1989), and a-factor pheromone production in yeast
(STE6) (McGrath and Varhavsky 1989) are thought to
catalyze an energy-dependent export of substrates, and
consist of a single polypeptide chain composed of two
nonpolar membrane domains and two hydrophilic
ATP-binding domains.
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