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The ExbD protein is involved in the energy-coupled transport of ferric siderophores, vitamin B12, and
B-group colicins across the outer membrane of Escherichia coli. In order to study ExbD membrane topology,
ExbD-13-lactamase fusion proteins were constructed. Cells expressing 13-lactamase fusions to residues 53, 57,
70, 76, 78, 80, 92, 121, and 134 of ExbD displayed high levels of ampicillin resistance, whereas fusions to
residues 9 and 19 conferred no ampicillin resistance. It is concluded that the only hydrophobic segment of
ExbD, encompassing residues 23 to 43, forms a transmembrane domain and that residues 1 to 22 are located
in the cytoplasm and residues 44 to 141 are located in the periplasm.

Hydrophilic substrates with molecular masses of less than
700 Da diffuse through pores in the outer membrane formed
by the porin proteins (18). In contrast, the uptake of larger
molecules, such as ferric siderophores, vitamin B12, and
B-group colicins, and infection by phages Ti and 480 require
energy, receptor proteins, and the TonB, ExbB, and ExbD
proteins (2). Evidence for an interaction between these
components has been obtained by the suppression of point
mutations in the TonB box of receptors (12, 14, 17, 24) and
that of colicin B (16) by point mutations in TonB and by the
stabilization of TonB by FhuA (3, 9) and ExbB (7, 25) and
that of ExbD by ExbB (7). On the basis of these data, a
protein complex composed of TonB, ExbB, and ExbD was
proposed. In the energized conformation, this complex
induces the release of receptor-bound substrates into the
periplasm (2, 3, 7). This model is an extension of the
previously suggested mode of action of TonB (10, 21).
Variants of this model have been discussed by several
authors (11, 14, 19).
A crucial point for the refinement of the model is the

transmembrane arrangement of the components. It has been
shown that the TonB protein is anchored in the cytoplasmic
membrane by the N-terminal domain and that the remainder
of the protein is located in the periplasm (1, 11, 22). The
ExbB and ExbD proteins were found predominantly in the
cytoplasmic membrane fraction (6), but no detailed analysis
of the arrangement of these proteins has been performed.
With the ultimate aim of arriving at a molecular model of

the presumed TonB-ExbB-ExbD energy transduction com-
plex, we studied the membrane topology of the ExbD
protein. For this purpose, we constructed fusions between
the TEM ,-lactamase and the ExbD protein. Since only
periplasmic 3-lactamase confers resistance to ampicillin, it is
inferred that fusions which render cells ampicillin resistant
contain 3-lactamase in the segments of the ExbD protein
which are exposed to the periplasm. The method of using a
,B-lactamase as a probe to study membrane protein assembly
and protein export was developed by Broome-Smith and
Spratt (4) and has been successfully applied in studies of the
transmembrane topology of various cytoplasmic membrane
proteins (5).

Plasmid pKE61 (6) contains the exbB and exbD structural
genes downstream of the gene 10 promoter of phage T7,
allowing their overexpression by the T7 RNA polymerase.
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Plasmid pJBS633 contains the P-lactamase gene blaM and
markers for tetracycline and kanamycin resistance (4). The
PvuII-BamHI fragment of pKE61 was cloned into the tet
gene of plasmid pJBS633 cleaved with EcoRV and BamHI.
The resulting plasmid, pKK2, contained exbB and exbD
downstream of the tandem tet and gene 10 promoters. It was
cleaved by StuI downstream of exbD or by BstEII within
codon 82 of exbD and digested for various periods of time
with either Bal 31 exonuclease or exonuclease III. Blunt
ends were generated by a fill-in reaction with deoxynucle-
otides and Klenow polymerase. The derivatives were
cleaved with PvuII upstream of blaM, ligated, and trans-
formed into Escherichia coli 5K hadR lacZ rpsL thi thrfluA
(13). Kanamycin- and subsequently ampicillin-resistant
transformants were selected on TY agar plates (8 g of Bacto
Tryptone, 5 g of yeast extract, 5 g of NaCl, and 50 mg of
kanamycin or 200 mg of ampicillin, each per liter). About
20% of the kanamycin-resistant transformants were ampicil-
lin resistant. Ampicillin selects not only in-frame exbD-blaM
fusions forming periplasmatic P-lactamase fusions; ampicil-
lin-lysed cells release cytoplasmic 13-lactamase into the agar,
where it protects cells from being killed by ampicillin. At
high densities, cells producing cytoplasmic in-frame ExbD-
,B-lactamase fusions can be recognized by the growth zones
surrounding them.

In order to differentiate between periplasmic and cytoplas-
mic ,-lactamase fusions, individual colonies were tested on
TY agar plates containing increasing concentrations of ampi-
cillin (5, 200, 400, 800, and 1,600 p,g per ml). Resistance to
200 ,ug per ml indicates that the 3-lactamase is located in the
periplasm, and sensitivity to 5 ,ug per ml indicates that it is
located in the cytoplasm (4, 5). DNAs of the insertion sites of
the plasmids carrying in-frame fusions were sequenced by
using the dideoxy chain termination method (23) with a
primer (5' dCTCGTGCACCCAACTGA 3') complementary
to codons 15 to 21 of mature ,B-lactamase. Eleven derivatives
were characterized as containing ,-lactamase fusions to
residues 9, 19, 53, 57, 70, 76, 78, 80, 92, 121, and 134 of
ExbD. The first two fusions conferred no ampicillin resis-
tance to single cells, whereas transformants carrying the
other fusions were highly resistant (1,600 p,g of ampicillin per
ml), except for the transformants carrying the fusion to
residue 121 (800 p,g per ml).
The fusion proteins in transformants of E. coli BL21 F-

hsdS gal carrying the T7 RNA polymerase gene on the
chromosome under isopropyl-f3-D-thiogalactoside (IPTG)
control were determined (26). Cells were treated with IPTG
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FIG. 1. Autoradiograph of labeled P-lactamase fused to ExbD at
residues 134, 121, 92, 76, 53, 19, and 9 (lanes 3 to 9, respectively)
compared with the unfused ExbB and ExbD proteins (lanes 1 and 2)
and with the precursor and mature forms of j-lactamase (lane 10).
Transformants of E. coli BL21 carrying the plasmids pKE61 exbB
exbD (lane 1) and pKK2 exbB exbD (lane 2), the fusion plasmids
(lanes 3 to 9), and pT7-3 bla (27) were grown (2 ml of culture) in the
presence of IPTG to an A578 of 0.4 and then labeled with 170 kBq of
[35S]methionine for 15 min. Cells were washed, dissolved in sample
buffer, and subjected to SDS-PAGE on a 15% polyacrylamide gel.
St., the standard proteins bovine serum albumin (66 kDa), ovalbu-
min (45 kDa), carbonic anhydrase (29 kDa), soybean trypsin inhib-
itor (22 kDa), and cytochrome c (12.5 kDa).

and labeled with [35S]methionine. The proteins were sepa-
rated by using discontinuous polyacrylamide gel electropho-
resis (PAGE) (15) in the presence of sodium dodecyl sulfate
(SDS). Figure 1 shows the autoradiograph of seven ExbD-
P-lactamase fusion proteins (Fig. 1, lanes 3 to 9). The ExbD
protein (15.5 kDa) expressed by the original plasmid pKE61
(Fig. 1, lane 1) and plasmid pKK2 (Fig. 1, lane 2) in E. coli
BL21 has disappeared, and new bands with electrophoretic
mobilities corresponding to the molecular weights of the
fusion proteins appeared, as deduced from the insertion sites
determined by using nucleotide sequencing. All of the trans-
formants contained the ExbB protein (26.1 kDa) (Fig. 1,
lanes 1 to 9) which appeared below the kanamycin resistance
protein (29 kDa; phosphotransferase of Tn9O3 [8]) and the
mature 1-lactamase (29 kDa) (Fig. 1, lane 10). The precursor
of ,-lactamase (32 kDa) (Fig. 1, lane 10) appeared between
the ExbD-13-lactamase fusion protein to residue 19 (33.5
kDa) and the fusion protein to residue 9 (30.9 kDa). These
results indicate that residues 1 to 53 are involved in translo-
cating the remainder of ExbD across the cytoplasmic mem-
brane.
For subcellular localization of the fusion proteins,

[35S]methionine-labeled cells of E. coli BL21 carrying plas-
mids expressing the P-lactamase fusions to residues 53 and
134 were fractionated into membranes, cytoplasm, and peri-
plasm as described previously (28). Fractionation was exam-
ined by staining the gel with Coomassie blue, which revealed
the exclusive presence of the highly expressed outer mem-
brane proteins OmpF, OmpC, and OmpA in the membrane
fraction, a few more strongly expressed protein bands in the
periplasmic fraction which were absent from the cytoplasmic
fraction, and many weak bands in the cytoplasmic fraction.
The ExbB and ExbD proteins expressed by the BL21
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FIG. 2. Autoradiograph of the subcellular localization of the

fusion proteins consisting of 1-lactamase linked to residues 53 (lanes
1 to 3) and 134 (lanes 4 to 6) of ExbD. As a control, E. coli BL21
transformed with pKE6l exbB exbD is shown in lanes 7 to 9.
Periplasmic fractions are shown in lanes 1, 4, and 7; membrane
fractions are shown in lanes 2, 5, and 8; and cytoplasmic fractions
are shown in lanes 3, 6, and 9. Cells were labeled as described in the
legend to Fig. 1, and the same standard proteins (lane St.) were
employed.

transformant carrying plasmid pKE61 were contained exclu-
sively in the membrane fraction (strongest bands in Fig. 2,
lane 8). Also, the two fusion proteins and the unaltered
ExbB protein were found only in the membrane fraction
(indicated by arrows in Fig. 2, lanes 2 and 5). The periplas-
mic fractions contained only trace amounts of the kanamycin
resistance protein (Fig. 2, lanes 1 and 4), of which most was
found in the cytoplasmic fraction (Fig. 2, lanes 3 and 6). The
additional band below the kanamycin resistance protein of
the cytoplasmic fraction is probably a degradation product,
since it occurred only when the kanamycin resistance gene
was expressed (compare lanes 3 and 6 with lane 9 in Fig. 2).
These results clearly demonstrate the membrane association
of the fusion proteins and support the previous localization
of the ExbB and ExbD proteins to the cytoplasmic mem-
brane (6).
The only hydrophobic region of ExbD spans residues 18 to

43 (6). Here, we have shown that 1-lactamase fusions to
residues 9 and 19 of ExbD conferred no ampicillin resis-
tance, implying that the 1-lactamase portions of these fusion
proteins were not transported across the cytoplasmic mem-
brane. In contrast, cells expressing proteins with 3-lacta-
mase fusions to residues between positions 53 and 134 of
ExbD were highly ampicillin resistant, showing that the
,B-lactamase portion is contained in the periplasm. On the
basis of these results, we propose that residues 1 to 22 of
ExbD are located in the cytoplasm, residues 23 to 43 form a
transmembrane region crossing the cytoplasmic membrane
once, and residues 44 to 141 are located in the periplasm
(Fig. 3).
The procedure of Rao and Argos (20) predicts a transmem-

brane helix in ExbD between residues 23 and 43 (data not
shown), which agrees with the conclusions drawn from the
topology studies described in this paper and the hydropho-
bicity profile of ExbD analyzed by using the Kyte-Doolittle
method (6). According to our model, the transmembrane
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FIG. 3. Arrangement of the E. coli ExbD protein across the
cytoplasmic membrane (CM) with the cytoplasmic N-terminal do-
main (N) and the periplasmic C-terminal portion (C). The ExbD-f-
lactamase fusion sites resulting in ampicillin resistance (ampr) and
ampicillin sensitivity (amps) are indicated.

arrangement of ExbD is similar to that of TonB. Since the
ExbD amino acid sequence is 25% identical and 70% similar
to the TolR sequence (6, 29) and since both proteins show
similar hydrophobicity profiles and agree in the predicted
transmembrane helix, we propose that TolR will show a
transmembrane arrangement similar to that of ExbD. This
aspect is interesting in light of the evolutionary relationship
between the ExbD and TolR proteins (and the ExbB and
TolQ proteins) in that TolQ and TolR can replace the missing
ExbB and ExbD functions in exbB exbD mutants (2, 3).
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