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The cytoplasmic membrane proteins ExbB and ExbD support TonB-dependent active transport of iron
siderophores and vitamin B,, across the essentially unenergized outer membrane of Escherichia coli. In this
study, in vivo formaldehyde cross-linking analysis was used to investigate the interactions of T7 epitope-tagged
ExbB or ExbD proteins. ExbB and ExbD each formed two unique cross-linked complexes which were not
dependent on the presence of TonB, the outer membrane receptor protein FepA, or the other Exb protein.
Cross-linking analysis of ExbB- and ExbD-derived size variants demonstrated instead that these ExbB and
ExbD complexes were homodimers and homotrimers and suggested that ExbB also interacted with an un-
identified protein(s). Cross-linking analysis of epitope-tagged ExbB and ExbD proteins with TonB antisera
afforded detection of a previously unrecognized TonB-ExbD cross-linked complex and confirmed the compo-
sition of the TonB-ExbB cross-linked complex. The implications of these findings for the mechanism of

TonB-dependent energy transduction are discussed.

While the outer membrane of gram-negative bacteria pro-
tects the cell from certain harmful environmental components,
its presence creates an additional barrier through which nutri-
ents must pass. Unlike most nutrients, iron siderophores and
vitamin B,, are too large and scarce to passively diffuse
through porin proteins (600-Da size exclusion) which perme-
ate the outer membrane. The TonB-dependent energy trans-
duction complex circumvents this problem by coupling cyto-
plasmic membrane proton motive force to active transport of
iron siderophores and vitamin B, across the outer membrane,
which is essentially unenergized (5, 6).

TonB-dependent energy transduction can be considered an
all-purpose system for the delivery of energy to the outer
membrane for either import or efflux of important molecules.
TonB homologues have been found widely distributed among
gram-negative bacteria, where they also energize the transport
of iron obtained from mammalian iron-binding proteins (4, 17,
43) and iron chelated to heme (18, 45) and, apparently, the
efflux of the toxin aerobactin (16).

The TonB-dependent energy transduction complex consists
of, at least, TonB, ExbB, and ExbD. It has previously been
postulated that an ion-translocating protein might also be part
of the complex and would serve as the means by which the
cytoplasmic membrane proton electrochemical potential is
harnessed. Resultant conformational changes in TonB could
then be transmitted to outer membrane receptors to energize
active transport (33, 34). Such a model would have similarities
to the mechanism by which light-induced conformational
changes in sensory rhodopsin are transduced to drive confor-
mational changes in the closely associated Htr protein (42).
The TonB-dependent ion-translocating protein has never been
identified in genetic selections. It may be encoded by an es-
sential gene or by a gene encoding a protein with a redundant
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function, or perhaps known proteins ExbB and ExbD fulfill this
function.

Based on available evidence, it appears that energized TonB
physically contacts a ligand-bound outer membrane receptor
(3,9, 13, 15, 23, 32, 36, 38, 40, 47) and transduces its energy,
driving a conformational change in the outer membrane re-
ceptor (19) which results in pumping of ligand into the
periplasmic space (36, 48). During this process, TonB appears
to undergo significant cyclic changes in affinity for the cyto-
plasmic and outer membranes. ExbB and ExbD function to-
gether to cycle TonB from its high-affinity outer membrane
association to its high-affinity cytoplasmic membrane associa-
tion. Based on those observations, we have hypothesized that
following return to a high-affinity cytoplasmic membrane state,
TonB can be reenergized by the proton motive force for an-
other round of energy transduction (28).

To understand the mechanism of TonB-dependent energy
transduction, it is necessary to understand ExbB and ExbD
interactions. ExbB and ExbD are encoded by the exb operon,
where mutations in either gene produce the same phenotype:
loss of approximately 90% of TonB-dependent activity (2, 5,
10, 40). TolQ and TolR proteins, which can partially substitute
for ExbB and ExbD, are responsible for the residual activity, so
that when both ExbBD and TolQR are absent, chromosomally
encoded TonB has undetectable activity (5, 7). Both ExbB and
ExbD also contribute to the stability of TonB (2, 12, 40), and
ExbB may serve as a chaperone for the membrane insertion of
newly synthesized TonB (22).

ExbB and ExbD are topologically partitioned to opposite
sides of the cytoplasmic membrane, with the bulk of ExbB
occupying the cytoplasm and the bulk of ExbD occupying the
periplasm. ExbB has three transmembrane domains (21, 22),
while like TonB (37, 41), ExbD has only a single transmem-
brane domain consisting of its signal anchor (20). We have
speculated that ExbB and ExbD together function as a signal
transducer (34), where the prominent soluble domains of each
protein could serve as interaction sites with other proteins:
perhaps TonB in the case of ExbD and unknown cytoplasmic
proteins in the case of ExbB. Identification of these potential
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TABLE 1. E. coli strains and plasmids used in this study

Strain or Genotype or relevant Reference

plasmid characteristic or source
Strains

GM1 ara A(pro-lac) thi F' pro lac 44

GUC41 thr leu fhuA lacY supE44 A(exbBD) 14

met thi

KP1345 GUC41(ADE3) This study

KP1269 GUC41(\DE3) fhuAd™ This study

KP1346 KP1269 A(tonB)::blaM 25

CAG12025 MG1655 Tnl0 at 03.5 min 39
Plasmids

pCRII kan amp lacZo InVitrogen

pKP298 pACYC184 expressing ExbB/D 2

pKP360 pKP298 expressing only ExbD This study

pKP361 pKP298 expressing only ExbB This study

pKP323 pET-24(a)+ expressing T7-ExbD This study

pKP339 pET-24(a)+ expressing T7-ExbB This study

pKP353 pET-24(a)+ expressing T7-ExbB-C19 This study

pKP376 pET-24(a)+ expressing T7-ExbB-C41 This study

pKP375 pET-24(a)+ expressing T7-ExbD-C19  This study

pKP377 pET-24(a)+ expressing T7-ExbD-C41  This study
Phages

$80vir 29

ADE3 T7 RNA polymerase under lacUVS5 Novagen

control
Plvir 31

interactions is essential for a complete understanding of the
mechanism of TonB-dependent energy transduction.

We have previously used in vivo formaldehyde cross-linking
to examine TonB interactions with the outer membrane recep-
tor FepA and with ExbB (24, 26, 40). In the present study, this
approach is applied to ExbB and ExbD, demonstrating their
homodimeric and homotrimeric interactions and providing ev-
idence for the association of ExbB with an additional, as yet
unidentified, protein(s). We also demonstrate a physical inter-
action between TonB and ExbD and confirm that TonB cross-
links to ExbB.

MATERIALS AND METHODS

Materials. Medium components were purchased from Difco Laboratories
(Detroit, Mich.). TA cloning kit was purchased from InVitrogen Corp. (Carls-
bad, Calif.). Extralong PCR was performed with a GeneAmp XL PCR Kit
purchased from Perkin-Elmer (Norwalk, Conn.) or Elongase mix purchased
from Gibco BRL (Grand Island, N.Y.). Qiaex IT Gel Extraction Kit was pur-
chased from Qiagen Inc. (Santa Clarita, Calif.). The remaining molecular biology
enzymes were purchased from New England Biolabs (Beverly, Mass.) or Gibco
BRL. Oligonucleotides were purchased from Ransom Hill Bioscience, Inc.
(Ramona, Calif.) or the Washington State University Biotechnology Center
(Pullman, Wash.). Sequenase kit (version 2.0) was purchased from United States
Biochemicals Corp. (Cleveland, Ohio). Trichloroacetic acid (TCA) and standard
37% formaldehyde were purchased from the J. T. Baker Chemical Co. (Phill-
ipsburg, N.J.). Monomeric 16% formaldehyde reconstituted from paraformalde-
hyde was purchased from Electron Microscopy Sciences (Ft. Washington, Pa.).
Acrylamide was purchased from Aldrich Chemical Co., Inc. (Milwaukee, Wis.).
Bisacrylamide and ammonium persulfate were purchased from Bio-Rad Labo-
ratories (Richmond, Calif.). Sodium dodecyl sulfate (SDS) was purchased from
Gibco BRL. Radioisotopes and the Renaissance chemiluminescence immuno-
blot kit were purchased from NEN Life Sciences (Boston, Mass.). Immobilon-P
polyvinylidene difluoride (PVDF) membrane was purchased from Millipore
Corp. (Bedford, Mass.). Anti-T7 monoclonal antibody, pET expression system,
and ADES3 lysogenization kit were purchased from Novagen, Inc. (Madison,
Wis.). Horseradish peroxidase (HRPO)-conjugated sheep and goat anti-mouse
immunoglobulin were purchased from Amersham Corp. (Arlington Heights, I11.)
and Caltag Laboratories (Burlingame, Calif.), respectively. All other supplies
and reagents were purchased from Sigma Chemical Co. (St. Louis, Mo.).

Strains and plasmids. The principal bacteria and plasmids used are listed in
Table 1. All bacteria are derivatives of Escherichia coli K-12. KP1345 was con-
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structed by transduction of GUC41 with NDE3, which encodes T7 RNA poly-
merase, and associated phage lysates, as described in the ADE3 lysogenization
kit. To allow assays of bacteriophage ¢80 sensitivity, a wild-type fhuAd gene was
restored to KP1345 by Plvir cotransduction (31) with Tn/0 from CAG12025,
selected by tetracycline resistance, and screened for sensitivity to ¢80, creating
KP1269. KP1346 was constructed by Plvir transduction of AtonB::blaM from
KP1344, where the fonB sequence has been precisely replaced by a blaM gene
(29).

Plasmids pKP339 (T7-ExbB) and pK323 (T7-ExbD) were constructed as fol-
lows: exbB or exbD PCR products (base pairs 582 to 1316 or 1326 to 1748 of the
published sequence, respectively) were amplified from plasmid pKP298 contain-
ing the exbBD operon. Purified amplimers were cloned into pCRII plasmids,
transformed into INV oF’ E. coli, and selected on Luria-Bertani (LB) medium
supplemented with 50 pg of kanamycin ml~! and 50 pg of X-Gal (5-bromo-4-
chloro-3-indolyl-B-p-galactopyranoside) ml~' (for blue and white screening).
Inserts were sequenced by chain-termination reactions using the Sequenase
version 2.0 kit and a set of exbBD- and plasmid-specific primers. Verified inserts
were then subcloned into pET-24a(+) by using EcoRI restriction sites located
within the primers and the vector such that the ExbB or ExbD protein was
expressed from the lac-controlled T7 promoter and fused at its amino terminus
with a T7 epitope tag of the following sequence: MASMTGGQQMGRGSEEF.

Compatible plasmids pKP361 (ExbB) and pKP360 (ExbD) were constructed
by extralong inverse PCR of the entire pKP298 vector (contains exbBD operon),
excluding either exbD or exbB, respectively. The PCR products were then recir-
cularized, resulting in excision of either exb gene from the operon. To excise exbD
(pKP361), we used primers corresponding to base pairs 1316 to 1292 (0KP162)
of the exbBD operon antisense strand and 1749 to 1771 (0KP163) of the sense
strand (10). To excise exbB (pKP360), primers corresponding to base pairs 581 to
560 (0KP164) of the antisense strand and 1323 to 1346 (0KP165) of the sense
strand were used. Purified amplimers were treated with Klenow fragment, T4
polynucleotide kinase, and T4 DNA ligase and were transformed into DH5a-
competent cells (pKP360) or GM1-competent cells (pKP361).

Plasmids pKP360 and pKP361 (pACYC184 ori: p15A) were compatible with
the pET-24a(+)-derived plasmids pKP339 and pKP323 (ColE1 ori: pMB1). The
plasmid target gene (exbB or exbD) was constructed to be regulated by the
wild-type exb promoter-operator region and the Fur DNA-binding protein in
response to iron. The ATG start codon for the second gene in the operon (exbD)
was designed to be 6 bp downstream from the ribosome binding site of the first
gene in the operon (exbB). This distance mimicked the location of the putative
GTG start codon (base pairs 582 to 584) for the exbB gene (10). Sequence
analysis of pKP361 determined that part of the exb 3’ untranslated region was
missing; however, based on the complementation results, the absence of this
region did not appear to unduly influence expression.

Plasmids pKP353 (T7-ExbB-C19) and pKP375 (T7-ExbD-C19) were con-
structed by the method outlined for pKP339 and pKP323, except the following
sequences were used: base pairs 585 to 1312 (exbB) or 1326 to 1745 (exbD) of the
published exbBD sequence such that the stop codon of each gene was deleted,
allowing readthrough of pET-24(a)+ until the ensuing stop codon at position 139
of the vector. The added protein sequence was NSSSVDKLAAALEHHHHHH.

Plasmids pKP376 (T7-ExbB-C41) and pKP377 (T7-ExbD-C41) were con-
structed from pKP353 and pKP375, respectively, by deletion of the final base pair
of the stop codon [base pair 137 of pET-24(a)+], allowing readthrough of the
pET-24(a)+ plasmid until the ensuing stop codon at base pair 76. pET-24(a)+
base pair 137 was deleted by extralong inverse PCR of pKP353 or pKP375 with
5’ phosphorylated primers 0KP236 (5" T TGT TAG CAG CCG GAT CCA GTG
G 3) and 0KP237 (5" AG CCC GAA AGG AAG CTG AGT TGG C). Purified
amplimers were recircularized with T4 DNA ligase and transformed by electro-
poration into DH5a. Colonies were pooled, and plasmid DNA was isolated and
then retransformed into competent KP1269. Resulting colonies were picked,
induced with 0.01 mM isopropyl PB-p-thiogalactopyranoside (IPTG), and
screened for expected protein size by anti-T7 monoclonal antibody immunoblot-
ting.

Culture conditions. Strains were maintained on LB agar. Liquid cultures were
grown with aeration at 37°C in LB broth or in M9 minimal salts medium
supplemented with 0.4% glucose, 40 pg of tryptophan ml~!, 0.4 pg of thiamine
ml~ !, 1 mM MgSO,, 0.5 mM CaCl,, 0.2% Casamino Acids, and 1.85 uM FeCl,
6H,0. Antibiotics were used where appropriate in LB agar plates, LB broth, or
supplemented M9 minimal broth at the following concentrations (except where
otherwise indicated): ampicillin, 100 pug ml~'; chloramphenicol, 34 pg ml~';
kanamycin, 50 pg ml~'.

Analysis of T7 epitope-tagged-ExbB and -ExbD. Expression of T7-ExbB or
T7-ExbD was induced as follows: 0.01 mM IPTG was added to cultures at an
Asso of 0.3 (path length, 1.5 cm; measured with a Spectronic 20 spectrophotom-
eter), and the cultures were then further incubated to an Ass, of 0.5. Proteins
were precipitated from whole cells by addition of TCA to 10%, washed with 100
mM Tris-HCI (pH 8.0), and solubilized in 2X Laemmli sample buffer (LSB).
Proteins were then resolved by SDS-polyacrylamide gel electrophoresis on 11%
polyacrylamide gels, transferred to PVDF membrane for 200 V - h (46) and
probed with an anti-T7 monoclonal antibody at 1:10,000 and then goat anti-
mouse immunoglobulin G (IgG)-HRPO secondary antibody at 1:10,000. Immu-
noreactive proteins were detected by chemiluminescence.
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Complementation assays. Strains to be tested were subcultured 1:100 from
saturated cultures into LB broth plus appropriate antibiotics and grown to an
Assq of 0.3. To induce expression of the T7-promoted genes, IPTG was added to
a concentration of 0.01 mM and cultures were further grown to an Ass, of 0.5.
Bacteriophage ¢80, colicin B, and colicin D spot titer analyses were performed
as previously described (27), except the bottom and top agar contained 0.01 mM
IPTG and appropriate antibiotics and were made from LB agar. ¢80 stock
(approximately 9 X 10'® PFU ml™') and colicins were prepared as previously
described (27). Five-microliter volumes of $80 (10-fold serial dilutions) or colicin
B or colicin D (5-fold serial dilutions) were spotted onto top agar overlays. Plates
were incubated at 37°C for approximately 18 h, and activity was scored as the
greatest dilution resulting in either plaques generated in ($80) or cleared from
(colicins) the bacterial lawn. Assays were performed in triplicate.

In vivo cross-linking analysis. Various strains expressing T7 epitope-tagged
ExbB or ExbD, with or without respective untagged partner proteins, or carrying
vector control plasmids were grown to saturation at 37°C with aeration in LB
broth containing appropriate antibiotics, subcultured 1:100 into M9 minimal
broth, and grown to an Ass, of 0.3. IPTG was added to 0.01 mM, and cultures
were incubated a further 40 min. Samples of 0.5 Assp-ml equivalents were
harvested, and cross-linked as previously described (26). Briefly, cells were pel-
leted at room temperature, resuspended in 1 ml of sodium phosphate buffer (pH
6.8), and cross-linked for 15 min at room temperature with either 1% formal-
dehyde or 1% monomeric formaldehyde generated from solubilized paraformal-
dehyde. The monomeric formaldehyde was stored at 4°C and used within 1
month of opening the glass ampule. Results obtained with monomeric formal-
dehyde (see Fig. 3) were identical to those obtained with the standard formal-
dehyde solutions and were also identical to past results (data not shown and
references 26 and 40). Cross-linked cells were then pelleted and solubilized in 2X
LSB for 5 min at 60°C. Samples of 0.375 As5o-ml equivalents were analyzed by
immunoblotting as described above except that monoclonal antibody specific for
the T7 tag was used at a dilution of 1:5,000, anti-TonB monoclonal antibody was
used at a dilution of 1:2,500, and anti-mouse IgG-HRPO secondary antibody was
used at a dilution of 1:5,000.

RESULTS

ExbB and ExbD expressed as T7 epitope tag fusion proteins
are functional. In order to detect ExbB and ExbD, plasmids
were constructed to allow IPTG-inducible expression of either
ExbB (pKP339) or ExbD (pKP323) fused with an N-terminal
T7 epitope tag to which monoclonal antibodies are commer-
cially available. Since both proteins are required for efficient
TonB-dependent energy transduction (2), compatible plasmids
were also constructed to allow concurrent expression of the
untagged partner protein from the exb promoter. Plasmid sets
pKP339 and pKP361 were paired to encode T7-ExbB and
ExbD, respectively, while pKP323 and pKP360 were paired to
encode T7-ExbD and ExbB, respectively (Fig. 1). Immunoblot
analysis using an anti-T7 monoclonal antibody of a AexbBD
strain expressing either T7-ExbB or T7-ExbD detected pro-
teins at 29 and 17 kDa (Fig. 2), respectively, consistent with
their predicted molecular masses (11, 20).

We wanted to express either T7-ExbB or T7-ExbD at phys-
iologically relevant levels. However, since we had no means of
determining levels of the chromosomally encoded proteins, we
decided to induce the T7 plasmids with a concentration of
IPTG that did not affect the growth rate of cells carrying each
plasmid set and that also produced detectable levels of protein
(data not shown). To determine whether addition of an N-
terminal epitope tag disrupted activity of either protein under
these conditions, these plasmid sets were expressed in an
exbBD deletion strain (KP1269) and assayed for sensitivity to
bacteriophage $80 and to colicins B and D, all lethal agents
which require TonB-dependent energy transduction to gain
entry into the cell. Under the conditions assayed, both plasmid
sets conferred significantly more sensitivity to colicins B and D
and to ¢80 than the vector control, demonstrating that the
T7-tagged proteins were functional (Table 2).

Cross-linking analysis of ExbB and ExbD proteins. ExbB
and ExbD topologically partition to opposite sides of the cy-
toplasmic membrane (20-22). ExbB and ExbD have significant
extramembrane domains (approximately 88 and 98 residues,
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FIG. 1. Plasmids expressing T7 epitope-tagged ExbB or ExbD proteins and
the untagged partner proteins. In each case, the T7-tagged protein is expressed
from the T7 promoter. T7 RNA polymerase is induced by 0.01 mM IPTG from
ADE3 inserted into the host cell chromosome. The partner protein is expressed
from the exb promoter. (A) pKP339 (T7-ExbB) and the compatible plasmid
pKP360 (ExbD). (B) pKP323 (T7-ExbD) and the compatible plasmid pKP361
(ExbB). Expected protein products are illustrated to the right of each plasmid
set.

exb Pr

respectively), suggesting that each may interact with additional
proteins. We chose to analyze potential interactions of proteins
with either ExbB or ExbD by in vivo cross-linking analysis of
epitope-tagged Exb proteins.

The AexbBD strain expressing T7-ExbB and untagged ExbD
was cross-linked with 1% formaldehyde in vivo, and ExbB-
specific complexes were detected by immunoblotting with
anti-T7 monoclonal antibody (Fig. 3). In addition to ExbB mono-
mer detected at approximately 29 kDa, two additional ExbB-
dependent complexes were detected at 56 and 185 kDa. ExbD
was not required to form either ExbB-dependent cross-linked
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FIG. 2. Expression of T7-ExbB and T7-ExbD. T7 epitope-tagged proteins
produced from AexbBD cells (KP1269) expressing T7-ExbB-ExbD (pKP339-
pKP360), T7-ExbD-ExbB (pKP323-pKP361), or vector-only controls [pACYC184-
pET-24(a)+] are shown. Equivalent numbers of cells were electrophoresed on
SDS-11% polyacrylamide gels and detected by immunoblotting with a T7
epitope tag-specific monoclonal antibody.
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TABLE 2. ExbB and ExbD complementation assays®

Dilution resulting in
clearance by:

Strain (plasmid[s]) Relevant
genotype Colicin  Colicin  Phage

B D $80
GM1 Wwild type ND ND 10
KP1269(pKP298) exbBD* 57 56 10°
KP1269(pKP339/pKP360)  T7exbB* exbD* 56 5 108
KP1269(pKP323/pKP361)  TexbD* exbB*  5° 55 107
KP1269[pET-24(a)+/ AexbBD 5 53 104

PACYC184]

“ ExbBD activity was measured by sensitivity to colicins B and D and phage
$80. The results for colicins B and D indicate the final dilution that resulted in
complete clearing of the indicator strain. The results for phage $80 indicate the
first dilution that resulted in no plaques being formed on the indicator strain. In
both cases, lower numbers indicate higher levels of TonB (and thus ExbBD)
function. All assays were performed in triplicate and gave identical results. ND,
not done.

complex, but its absence appeared to enhance the formation of
the 56- and 185-kDa complexes.

Similar analyses were performed on the AexbBD strain ex-
pressing T7-ExbD and untagged ExbB. ExbD monomer was

a Q
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A » »
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il sl SR =
=+ -+ -+ -+ - +
185 kDa» .‘ '
*
- . *
56 kDa)» -
¥ «48kDa
S a———— - *
“(33kDa
T7-ExbB »
(29kDa)

“ < T7-ExbD

(17kDa)

FIG. 3. In vivo cross-linking of cells expressing T7-ExbB or T7-ExbD. AexbBD
cells (KP1269) expressing plasmids pACYC184 and pET-24(a)+ (vector con-
trols), pKP360 (ExbD), pKP339 (T7-ExbB), pKP361 (ExbB), or pKP323 (T7-
ExbD) were untreated (—) or cross-linked in vivo with monomeric formaldehyde
(+) as described in Materials and Methods. Samples representing equal cell
numbers were electrophoresed on SDS-11% polyacrylamide gels, and T7
epitope-tagged proteins were detected by immunoblot analysis with an anti-T7
epitope tag monoclonal antibody. The small amount of T7-ExbB monomer signal
detected in vector-only controls is due to bleed-through from the adjacent lane
and is visible only after extended exposures. The bands denoted by an asterisk at
42, 85, and 120 kDa appear to arise from unidentified cross-reactive proteins
since they appear in lanes carrying vector controls.
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FIG. 4. Effect of TonB on T7-ExbB and T7-ExbD complex formation. Strains
KP1269 (AexbBD) and KP1346 (AexbBD AtonB) carrying plasmids pKP360
(ExbD) and/or pKP339 (T7-ExbB), pKP361 (ExbB) and/or pKP323 (T7-ExbD),
pACYC184 and pET-24(a)+ (vector controls), or pKP298 and pET-24(a)+
(ExbBD) were cross-linked in vivo by using standard formaldehyde as described
in Materials and Methods. Samples representing equal cell numbers were elec-
trophoresed on SDS-11% polyacrylamide gels, and complexes containing T7
epitope-tagged proteins were detected by immunoblot analysis with anti-T7
epitope tag monoclonal antibody. +, strain containing fonB; —, strain in which
tonB has been deleted; *, cross-reactive band.

detected at approximately 17 kDa with ExbD-dependent cross-
linked complexes occurring at 33 and 48 kDa (Fig. 3). The
absence of ExbB had no effect on formation of the complexes.
Surprisingly, the 33-kDa complex was as abundant as the
monomer.

Neither TonB nor FepA is involved in formation of the
ExbB- or ExbD-dependent complexes. Previously we have
identified proteins which cross-link to TonB by using strains
with the genes for the candidate proteins ExbB and FepA
deleted (40). The identical approach was taken here by using
strains bearing mutations in proteins known to be involved in
TonB-dependent energy transduction. T7-ExbB and ExbD or
T7-ExbD and ExbB were expressed in a AtonB AexbBD strain
and cross-linked as described above. The ExbB- and ExbD-
dependent complexes observed in Fig. 3 were still present,
suggesting TonB was not a component of any of the complexes
(Fig. 4).

The 185-kDa ExbB-dependent complex was sufficiently large
to contain the outer membrane receptor FepA, although based
on the localization of ExbB and ExbD to the cytoplasmic
membrane in sucrose density gradients (10, 11, 28), this pos-
sibility was regarded as unlikely. Nonetheless, to determine
whether FepA participated in the formation of any novel Exb
complexes, the T7-tagged proteins were analyzed as before in
a AfepA AexbBD strain. No ExbB- or ExbD-dependent com-
plexes were altered in the absence of FepA (data not shown).
Taken together, these results suggested that ExbB and ExbD
each formed interactions with either two novel proteins or with
additional ExbB and ExbD monomers.

Overexpression of T7-ExbB and T7-ExbD altered the pat-
tern of TonB-specific interactions detected by in vivo cross-
linking (Fig. 5). In the strains expressing T7-ExbB, the migra-
tion of the 59-kDa complex proposed to consist of TonB-ExbB
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FIG. 5. Effects of T7-ExbB and T7-ExbD on the TonB cross-linking profile.
Strains KP1269 (AexbBD) and KP1346 (AexbBD AtonB) carrying plasmids
pKP360 (ExbD) and/or pKP339 (T7-ExbB), pKP361 (ExbB) and/or pKP323
(T7-ExbD), pACYC184 and pET-24(a)+ (vector controls), or pKP298 and pET-
24(a)+ (ExbBD) were cross-linked in vivo by using standard formaldehyde as
described in Materials and Methods. Samples representing equal cell numbers
were electrophoresed on SDS-11% polyacrylamide gels, and complexes contain-
ing TonB were detected by immunoblot analysis with an anti-TonB monoclonal
antibody. The TonB-T7-ExbD complex was not detected in the absence of ExbB
presumably because the chemical stabilities of both TonB and ExbD depend
upon ExbB. +, strain containing fonB; —, strain in which tonB has been deleted.

(26, 40) was retarded, reflecting addition of the T7 epitope tag
to ExbB. The difference in migration of this complex provided
a final confirmation that ExbB was the other component of the
59-kDa TonB-dependent complex. Based on the apparent mo-
lecular mass, this complex must consist of one TonB and one
ExbB. In the samples containing overexpressed ExbD, a pre-
viously undetected 54-kDa TonB-dependent complex was
identified. This 54-kDa complex also showed retarded migra-
tion in the samples containing T7 epitope-tagged ExbD, sug-
gesting this complex contained both TonB and ExbD.

The 56-kDa ExbB complex is a homodimer and the 185-kDa
complex contains an ExbB homeotrimer. The apparent molec-
ular mass of the 56-kDa ExbB-dependent complex was twice
that of the T7-ExbB monomer, which raised the possibility that
this complex might represent an ExbB dimer. This possibility
was addressed by analyzing T7-ExbB-dependent cross-linked
complexes from strains expressing T7-ExbB with an additional
either 19 or 41 residues at the C terminus (T7-ExbB-C19 or
T7-ExbB-C41, respectively) (Fig. 6). If the 56-kDa complex
was a dimer, the difference in migration between the 56-kDa
T7-ExbB complex and the equivalent T7-ExbB size variant
complex should be twice the difference in migration measured
between the ExbB monomer proteins. The molecular masses
of T7-ExbB-C19 and T7-ExbB-C41 were measured to be larger
than T7-ExbB by 1.6 and 3.9 kDa, respectively. The differences
in migration between the 56-kDa T7-ExbB cross-linked com-
plex and the corresponding T7-ExbB-C19 and T7-ExbB-C41
cross-linked complexes were measured to be, respectively, 2.2
and 2.7 times the differences in migration between the mono-
mer proteins. These data suggested that the 56-kDa ExbB-
dependent cross-linked complex consisted of an ExbB ho-
modimer. Correspondingly, the difference in migration
between the 185-kDa T7-ExbB-dependent complex and the
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FIG. 6. Invivo cross-linking of T7-ExbB or T7-ExbD size variants. (A) Strain
KP1269 (AexbBD) carrying plasmids pKP361 (ExbB) and pKP323 (T7-ExbD),
pKP375 (T7-ExbD-C19), or pKP377 (T7-ExbD-C41). (B) Strain KP1269
(AexbBD) carrying plasmids pKP360 (ExbD) and pKP339 (T7-ExbB), pKP353
(T7-ExbB-C19), or pKP376 (T7-ExbB-C41). Cells were cross-linked in vivo by
using standard formaldehyde as described in Materials and Methods. Samples
representing equal cell numbers were electrophoresed on SDS-7 to 20% poly-
acrylamide gradient gels, and complexes containing T7 epitope-tagged proteins
were detected by immunoblot analysis with an anti-T7 epitope tag monoclonal
antibody. The molecular masses of complexes were measured relative to those of
unstained protein standards (BenchMark; Gibco BRL). Columns: 1, measured
differences in molecular mass between T7-Exb-C19 complexes and T7-Exb com-
plexes (in kilodaltons); 2, measured differences in molecular mass between T7-
Exb-C41 complexes and T7-Exb complexes (in kilodaltons); 3, factor increase in
molecular mass. Longer exposures (top) were necessary for detection of the
higher-molecular-mass complexes; shorter exposures (bottom) were necessary
for accurate relative mobility measurement of lower-molecular-mass complexes.
#, cross-reactive band.

equivalent T7-ExbB-C19 and T7-ExbB-C41 cross-linked com-
plexes was at least threefold (3.8 and 4.6 times, respectively)
the difference in migration between the T7-ExbB and T7-
ExbB-C19 monomers, suggesting this complex most likely con-
tained a homotrimer (but possibly a homotetramer) of ExbB.

The 33- and 48-kDa ExbD complexes are homodimers and
homotrimers, respectively. The apparent molecular masses of
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the 33- and 48-kDa T7-ExbD-dependent complexes were ap-
proximately twice and three times the molecular mass of T7-
ExbD monomer, suggesting that these complexes could consist
of ExbD homodimers and homotrimers, respectively. To de-
termine if this was the case, strains expressing size variants of
T7-ExbD were constructed, cross-linked, and analyzed as de-
scribed above (Fig. 6). The differences in migration between
the 33-kDa T7-ExbD dependent complex and the equivalent
T7-ExbD-19 or T7-ExbD-C41 complex were 2.0 and 2.2 times,
respectively, the difference between the monomer proteins,
suggesting that the 33-kDa complex contained an ExbD dimer.
Similarly, the differences in migration between the 48-kDa
T7-ExbD-dependent complex and the equivalent T7-ExbD-
C19 or T7-ExbD-C41 complex were 3.5 and 3.4 times, respec-
tively, the difference between the monomer proteins. These
data suggested that the 48-kDa ExbD-dependent complex con-
sisted of an ExbD trimer.

DISCUSSION

We have previously used in vivo formaldehyde cross-linking
analysis of TonB to define interactions within the TonB-de-
pendent energy transduction complex (24, 26, 40). In this
study, we performed a similar analysis to investigate the inter-
actions of ExbB and ExbD with other proteins.

Previous studies from another lab had suggested that form-
aldehyde as it is usually purchased exists as a solution of vari-
able-length polymers (35). In order to ensure that the formal-
dehyde used in this study inserted only a methylene bridge
between reactive residues and was thus a zero-length cross-
linker (30), we also used monomeric formaldehyde reconsti-
tuted from paraformaldehyde. To detect ExbB and ExbD, we
designed plasmids to allow inducible expression of either ExbB
or ExbD fused at the N terminus with a T7 epitope tag to which
monoclonal antibodies are commercially available. Since ExbB
and ExbD appear to function as a unit (2), we also designed
compatible plasmids to allow concurrent expression of the
untagged partner protein from the exb promoter region.

Immunoblot analysis using an anti-T7 monoclonal antibody
of cells expressing T7-ExbB or T7-ExbD detected proteins at
approximately 29 and 17 kDa, respectively, consistent with the
predicted molecular masses of these proteins. A level of ex-
pression of T7-ExbB or T7-ExbD was chosen which would not
affect cell growth rate but would produce sufficient quantities
of protein to be detectable by immunoblotting using a chemi-
luminescence assay. The low level of IPTG used (0.01 mM
compared to 1 mM used for maximal induction of the lactose
operon [31]) together with the short time of induction (40 min
in most cases) suggested that the T7-ExbB and T7-ExbD pro-
teins were not strongly overproduced, yet their presence was
sufficient to confer function. The small reduction in TonB-
dependent activity in strains expressing the plasmid sets com-
pared to plasmid-encoded wild-type ExbBD may be the result
of (i) slight interference by the T7 epitope tag, (ii) a dominant
negative effect arising from unbalanced stoichiometry between
ExbB and ExbD, or (iii) expression of subchromosomal levels
of T7-ExbB or T7-ExbD. Since the pET induction system is
significantly leaky and T7 RNA polymerase is highly efficient,
we regard the latter explanation as unlikely. Fractionation
studies have demonstrated that T7-ExbB and T7-ExbD ex-
pressed under these conditions localized to the cytoplasmic
membrane fractions as expected (reference 28 and data not
shown).

Using monomeric formaldehyde, T7-ExbB could be cross-
linked into complexes of 56 and approximately 185 kDa, while
T7-ExbD could be cross-linked into complexes of 33 and 48

J. BACTERIOL.

kDa. Identical results were obtained with the same reagent-
grade formaldehyde used in our previous studies (data not
shown). We conclude, therefore, that the reagent-grade form-
aldehyde was also monomeric when diluted to 1%. The ab-
sence of TonB, FepA, and the untagged ExbD or ExbB partner
had no effect on the presence of the cross-linked complexes. In
addition, we realized that, based on the molecular masses of
the complexes, the possibility that they contained homomul-
timers existed.

To test that possibility, plasmids expressing two size variants
of both T7-tagged proteins were constructed, and the resultant
proteins were cross-linked. The differences in sizes of putative
dimers and trimers from all three T7-ExbB and T7-ExbD pro-
teins allowed us to conclude that the 33-kDa ExbD- and 56-
kDa ExbB-dependent complexes arose from homodimers, that
the 48-kDa ExbD-dependent complex was a trimer, and that
the 185-kDa ExbB-dependent complex was most likely a tri-
mer, although an ExbB tetramer could not be excluded. Co-
expression of ExbBD from a compatible plasmid decreased the
abundance of T7-ExbB dimer and trimer; however, the effect
on T7-ExbD complex formation was not determined (data not
shown). Unlike all the other complexes we observed in this
study, the migration of the 185-kDa complex varied, with mi-
gration increasingly retarded at higher percentages of acryl-
amide, suggesting an unusual composition or shape. The size
of the 185-kDa complexes ranged from a minimum of 135 kDa
(in an 8% polyacrylamide gel [data not shown]) to a maximum
of 185 kDa in an 11% polyacrylamide gel (Fig. 3 and 4).
Assuming ExbB to be a trimer, the result left approximately 50
(at least) to 100 kDa (at most) worth of unidentified protein in
the complex. It should be noted that, although the apparent
molecular mass of the 185-kDa complex varied with the per-
centage of acrylamide in the gel, the differences in molecular
mass between the 185-kDa T7-ExbB and equivalent T7-ExbB-
C19 and T7-ExbB-C41 complexes remained relatively constant
in gels with different percentages of acrylamide.

Some individual differences in cross-linking efficiency were
noted during the course of these experiments. First, in the case
of T7-ExbB, the abundance of the 56- and 185-kDa complexes
was significantly increased in the absence of ExbD but not of
TonB. It seemed likely, therefore, that the increase in cross-
linking efficiency was due to the loss of a protein capable of
competing with ExbB for its ExbB homomultimeric interac-
tions, i.e., ExbD, which is likely to be as abundant as ExbB.
While the ExbD-dependent cross-linked complexes did not
appear to be similarly increased in the absence of ExbB, the
interpretation of these data becomes complicated because the
chemical stability of ExbD is known to be reduced in the
absence of ExbB (12). One possibility is that the expected
increase in cross-linking efficiency of ExbD-dependent com-
plexes in the absence of ExbB is masked by the reduced levels
of T7-ExbD in this strain.

Second, in the case of T7-ExbD, the cross-linked dimer
complexes were surprisingly abundant. Whereas with TonB
and ExbB the non-cross-linked monomer is by far the most
abundant species in a cross-linking profile, very brief exposures
of cross-linked ExbD immunoblots reveal that approximately
50% of the detectable ExbD was present as monomer and 50%
was present as dimer (data not shown). The amount of trimer
under these circumstances is significantly less. These estimated
percentages were based on determining that no more than 2%
of the ExbD monomer or dimer passed through the PVDF
membrane during transfer and that none of the monomer or
dimer remained in the gel following electroblotting (data not
shown). This efficiency may reflect stability of the complexes or
an abundance of correctly positioned cross-linkable residues in
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FIG. 7. Model of TonB-dependent energy transduction. ExbB and ExbD
may exist as a heterohexamer complex (three ExbB and three ExbD) in the
cytoplasmic membrane. ExbB and ExbD probably interact through transmem-
brane segments and together may provide a protein channel for the transmem-
brane segment of TonB. Step 1. TonB is energized by passage of a proton
through the proposed ExbBD heterohexamer (25). Step 2. TonB either shuttles
to or becomes more strongly associated with the outer membrane (28) and
physically contacts a TonB-dependent outer membrane receptor (OMR) (40),
triggering a conformational change in the OMR (19) such that ligand is pumped
into the periplasmic space (36, 48). Step 3. ExbB and ExbD cycle TonB that is in
a tight association with the outer membrane back to a high-affinity interaction
with the cytoplasmic membrane energy transduction complex, allowing the en-
ergy transduction process to be repeated (28).

the periplasmic domain of ExbD. In addition, we were able to
detect a TonB-ExbD complex for the first time with anti-TonB
antisera. As above, this interaction is likely to be occurring
within the periplasmic domains of the two proteins.

Third, while we can detect TonB-ExbB and TonB-ExbD
cross-linked complexes with an anti-TonB monoclonal anti-
body, we do not correspondingly detect TonB-ExbB or TonB-
ExbD complexes with an anti-T7 epitope antibody. This could
be due to a combination of factors: (i) ExbB and ExbD may be
normally present in greater abundance than TonB (12); (ii)
ExbB and ExbD are somewhat overexpressed in our system;
and (iii) ExbB and ExbD interactions with TonB constitute a
small proportion of possible ExbB and ExbD interactions,
whereas TonB interactions with ExbB and ExbD represent
approximately 25% of the detectable TonB-specific interac-
tions based on our cross-linking results (40). This seems to be
the situation for TonB interactions with outer membrane re-
ceptor BtuB (1), where the interaction is more easily detected
with an anti-TonB antibody than with antibodies directed
against BtuB.

We did not detect ExbB and ExbD interactions by our cross-
linking assays. This could be due to the fact that ExbD contains
no formaldehyde-reactive residues in its putative transmem-
brane signal anchor, the probable domain for interaction with
ExbB, or to the fact that there are no cross-linkable residues
positioned closely enough between the two proteins to allow
cross-linking. However, there is good evidence that the two
proteins do interact: ExbB stabilizes ExbD to exposure to
endogenous proteases in vivo and to exogenous protease in
spheroplasts (12) and both TonB and ExbD (independently)
copurify with His,-ExbB on a nickel affinity column (8).

Taken together, our results here and those demonstrating
interactions between ExbB and ExbD from Braun’s lab (8, 12)
suggest the possibility that a complex might exist which consists
of three ExbB proteins and three ExbD proteins. Two alter-
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native, and overlapping, predictions of ExbB membrane-span-
ning segments have been made with the important difference
that in one instance the transmembrane segments have no
charged residues (22), while in the other model they contained
charged residues (21). In addition, an essential aspartate (D25,
conferring a dominant negative phenotype) is found in the
ExbD transmembrane segment (8). It will be important to
determine the transmembrane segment boundaries more pre-
cisely since the presence or absence of charged residues in the
transmembrane regions of either protein would have impor-
tant implications for function.

While direct biochemical evidence for a heterohexamer
complex is lacking, the proposed complex would contain 12
membrane-spanning segments and would thus have interesting
implications for the TonB-dependent energy transduction
mechanism. The proposed heterohexamer complex could serve
either or both of two possible functions. (i) It could act as a
protein channel to allow docking of the TonB N-terminal
transmembrane segment in the cytoplasmic membrane. This
arrangement of the proteins might offer a means by which,
consistent with our previous data, TonB could be released
from the cytoplasmic membrane to shuttle to the outer mem-
brane (28). (ii) Our recent results suggest that ExbB and ExbD
are necessary for TonB to achieve an energy-dependent con-
formation (25). The proposed ExbB and ExbD heterohexamer
could potentially form an ion-translocating channel which
could couple proton motive force to TonB conformational
changes and subsequently to active transport of siderophores
and vitamin B, across the outer membrane. A model incor-
porating both these possibilities is presented in Fig. 7.
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