
Cytoplasmic Membrane Protonmotive Force Energizes
Periplasmic Interactions between ExbD and TonB

Anne A. Ollis1, Marta Manning1,3, Kiara G. Held2,4, and Kathleen Postle1,2,*

1Department of Biochemistry and Molecular Biology, The Pennsylvania State University,
University Park, PA 16802
2School of Molecular Biosciences, Washington State University, Pullman, WA 99164-4234

Summary
The TonB system of Escherichia coli (TonB/ExbB/ExbD) transduces the protonmotive force
(pmf) of the cytoplasmic membrane to drive active transport by high affinity outer membrane
transporters. In this study, chromosomally encoded ExbD formed formaldehyde-linked complexes
with TonB, ExbB, and itself (homodimers) in vivo. Pmf was required for detectable crosslinking
between TonB-ExbD periplasmic domains. Consistent with that observation, the presence of
inactivating transmembrane domain mutations ExbD(D25N) or TonB(H20A) also prevented
efficient formaldehyde crosslinking between ExbD and TonB. A specific site of periplasmic
interaction occurred between ExbD(A92C) and TonB(A150C) and required functional
transmembrane domains in both proteins. Conversely, neither TonB, ExbB, nor pmf were required
for ExbD dimer formation. These data suggest two possible models where either dynamic
complex formation occurred through transmembrane domains or the transmembrane domains of
ExbD and TonB configure their respective periplasmic domains. Analysis of T7-tagged ExbD
with anti-ExbD antibodies revealed that a T7 tag was responsible both for our previous failure to
detect T7-ExbD-ExbB and T7-ExbD-TonB formaldehyde-linked complexes and for the
concomitant artifactual appearance of T7-ExbD trimers.
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Introduction
The Gram-negative bacterial cell envelope serves the dual roles of protective barrier for the
cell and a gateway for the entry of essential elements and nutrients. The cell envelope
consists of the concentric cytoplasmic (CM) and outer (OM) membranes, separated by an
aqueous periplasmic space. The OM protects the cell from hydrophobic antibiotics,
degradative enzymes, and detergents while allowing small (< 600 Da) hydrophilic nutrients
entry by passive diffusion through OM porin proteins (Nikaido, 2003). Nutrients that are too
large, too scarce or too important to pass through porins—iron siderophore complexes,
vitamin B12, nickel, sucrose and possibly sulfate—are actively transported across the OM.
Energy for transport across the unenergized OM is supplied by the protonmotive force (pmf)
of the CM, with the TonB system acting as the energy-coupling agent between the two
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membranes (recently reviewed in (Postle and Larsen, 2007)). In the presence of
protonophores such as dinitrophenol (DNP) or carbonylcyanide m-chlorophenylhydrazone
(CCCP), ligands can bind to the outer membrane transporters but are not transported across
the outer membrane. The conformation of TonB changes depending on whether pmf is
present or absent (Larsen et al., 1999). The pmf-dependent mechanisms of this system,
however, remain largely unknown.

The TonB system of Escherichia coli consists of a complex of the CM proteins TonB,
ExbB, and ExbD. ExbD is topologically similar to TonB, with each containing a single
transmembrane domain (TMD) and the majority of the soluble domain occupying the
periplasm (Hannavy et al., 1990; Kampfenkel and Braun, 1992; Roof et al., 1991). In
contrast, ExbB has three transmembrane domains, with the majority of its soluble domains
occupying the cytoplasm (Kampfenkel and Braun, 1993). TonB is known to form
homodimers in the CM, and both ExbB and ExbD form homomultimers in vivo (Ghosh and
Postle, 2005; Higgs et al., 1998; Sauter et al., 2003). The cellular ratio of TonB:ExbB:ExbD
is 1:7:2, but the stoichiometry within an energy transduction complex is unknown (Held and
Postle, 2002; Higgs et al., 2002b). Paralogues of ExbB and ExbD have been proposed to
form complexes with a 4:2 MotA:MotB or 6-4:2 TolQ:TolR stoichiometry (Braun et al.,
2004; Kojima and Blair, 2004; Cascales et al., 2001).

ExbD is an essential component of the TonB system, required for TonB activity (Brinkman
and Larsen, 2008). Little is known about the precise role of ExbD, though it was recently
proposed to have a chaperone-like function in regulating the dynamics of TonB
conformation (Ghosh and Postle, 2005; Larsen et al., 2007). Only two essential residues,
aspartate 25 in the TMD and periplasmic residue leucine 132, have been identified, such that
D25N or L132Q substitutions render ExbD inactive (Braun et al., 1996). The functional
significance of these residues, however, remains obscure. The conserved corresponding
TMD residues in TolR and MotB, D23 and D32, are also essential for activity within their
respective systems. It has been proposed that these essential acidic residues are part of
proton pathways through the putative TolQR or MotAB proton channels (Cascales et al.,
2001; Zhou et al., 1998).

The sole functionally significant side chain in the TonB TMD is histidine 20. The remainder
of the TonB TMD residues can be replaced by alanine without significant effect (Larsen et
al., 2007). The TonB amino terminal TMD serves as a signal anchor, a means by which
TonB dimerizes in vivo, a means of contact with ExbB, and to regulate the conformation of
the TonB carboxy terminus (Ghosh and Postle, 2005; Jaskula et al., 1994; Karlsson et al.,
1993; Larsen et al., 1994; Larsen et al., 1999; Larsen and Postle, 2001; Larsen et al., 2007;
Postle and Skare, 1988; Sauter et al., 2003; Skare et al., 1989).

Although many details remain unclear, current data suggest a mechanism for energy
transduction whereby ExbB/ExbD harvest the pmf and transmit it to TonB, allowing the
TonB carboxy terminus to transduce energy to a ligand-loaded OM transporter. Following
the energy transduction event, TonB is recycled back to an energizable state by ExbB/ExbD,
undergoing conformational changes both prior to and following interaction with OM
transporters (Ghosh and Postle, 2005; Larsen et al., 1999; Postle and Kadner, 2003). These
conformations require a functional TonB transmembrane domain, the pmf, and ExbB/ExbD.

In this study, we demonstrated for the first time that pmf was required for the interaction of
ExbD and TonB periplasmic domains trapped by formaldehyde crosslinking. Consistent
with that, transmembrane domain mutations proposed to be on the proton pathway across
the cytoplasmic membrane in either ExbD or TonB prevented formaldehyde and disulfide-
directed crosslinking of the periplasmic domains. ExbD also efficiently crosslinked to ExbB
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and formed homo-dimers, but not homo-trimers in vivo. Our earlier study showed that T7-
tag-ExbD formed crosslinked homo-dimers and homo-trimers, but did not crosslink to TonB
or ExbB (Higgs et al., 1998). We show here that those artifactual results were due to the
presence of the T7 tag at the ExbD amino terminus.

Results
Wild-type ExbD crosslinks to ExbB and TonB and forms homodimers in vivo

To examine in vivo interactions of wild-type, chromosomally-encoded ExbD with itself or
other proteins, whole cells were treated with monomeric formaldehyde, processed for
immunoblot analysis, and characterized using polyclonal anti-ExbD antibody (Higgs et al.,
2002a). Along with the ExbD monomer, migrating at an apparent molecular mass of 15 kDa,
three higher molecular mass complexes, at approximately 30, 41, and 52 kDa, were detected
(Fig. 1, wild-type lane). An active plasmid-encoded ExbD size variant, ExbDΔ2-11, which
lacked ten residues in the cytoplasmic domain, was used to determine which, if any, of the
complexes represented ExbD homo-multimers. This size variant migrated with an apparent
molecular mass of 13 kDa. Accordingly, for the formaldehyde crosslinking profile of
ExbDΔ2-11, complexes containing homomultimers of ExbDΔ2-11 were expected to show a
shift in migration equal to a multiple of this difference. The 30 kDa complex obtained with
wild-type ExbD was replaced by a 26 kDa complex when the ExbDΔ2-11 size variant was
crosslinked (Fig. 1). This shift of twice the difference in monomeric masses identified the 30
kDa complex as a homodimer of ExbD. Both of the remaining complexes showed a shift in
migration of approximately 2 kDa, suggesting each contained monomeric ExbD in complex
with other proteins. Previous work using T7 epitope tag-specific antibody had demonstrated
the ability of a T7 epitope-tagged ExbD to form homodimers and homotrimers in vivo
(Higgs et al., 1998). This work confirmed the ability of wild-type ExbD to form
homodimers in vivo. The ExbD trimer previously observed with T7 epitope-tagged ExbD at
∼48 kDa was not observed for wild-type, chromosomally-encoded ExbD or plasmid-
encoded ExbD expressed near chromosomal levels. An explanation for this discrepancy will
be addressed below.

Other proteins likely to interact with ExbD include TonB and ExbB. Based on a theoretical
mass of 41.6 kDa for an ExbB-ExbD heterodimer, the 41 kDa ExbD-specific complex had
the potential to be a complex between ExbB and ExbD. When ExbD was expressed in a
strain lacking ExbB, both the 41 kDa and 52 kDa complexes were absent, demonstrating the
dependence of both of these complexes on the presence of ExbB (Fig. 2).

To determine if either complex contained ExbB protein, exbBD cells (KP1392) expressing
wild-type ExbD and ExbB fused to the fluorescent protein Venus were crosslinked with
formaldehyde. When expressed at normal chromosomal levels, ExbB-Venus (52.3 kDa) was
approximately 90% active compared to wild-type ExbB (Bulathsinghala and Postle,
unpublished results). The presence of ExbB-Venus resulted in the loss of the 41 kDa ExbD-
specific complex and the appearance of two novel higher molecular mass complexes at ∼68
kDa and ∼84 kDa. The 68 kDa complex corresponded to the theoretical mass of an ExbD-
(ExbB-Venus) complex (Fig. 3). The 41 kDa complex therefore represented a complex
between wild-type ExbB and ExbD. While previous work identified the potential for ExbB-
ExbD interaction through in vitro binding of ExbD to ExbB (Braun et al., 1996), this is the
first direct evidence of in vivo ExbB-ExbD complex formation. A less intense band
migrating slightly above the ExbB-ExbD complex, at approximately 44 kDa, was also
dependent on the presence of ExbB. However, a corresponding band was not detected for wt
ExbD in the presence of ExbB-Venus and its identity remains unknown. The identity of the
84 kDa complex observed for ExbD in experiments with ExbB-Venus also was not
determined. The 52 kDa complex was still detected in the presence of ExbB-Venus,
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indicating it did not contain ExbB. But based on its absence in the exbB strain, it clearly
required ExbB for its assembly (Fig. 2, 3).

The mass of the 52 kDa ExbD-containing complex closely matched the predicted mass of a
complex between ExbD (15.5 kDa) and TonB (with a calculated molecular mass of 26 kDa,
but an apparent molecular mass of 36 kDa in SDS polyacrylamide gels) (Eick-Helmerich
and Braun, 1989; Postle and Reznikoff, 1979). To determine if the 52 kDa complex was
dependent on the presence of TonB, the formaldehyde crosslinking profile of ExbD was
examined in a strain lacking TonB (KP1503). In this strain, the 52 kDa ExbD-specific
complex was not detected (Fig. 4, A), suggesting this complex consisted of a heterodimer of
TonB and ExbD. Using anti-TonB antibody, a TonB-ExbD complex was also identified by
the absence of the 52 kDa complex in a strain lacking ExbD (RA1045) (Fig. 4, B). Taken
together these data indicated that the 52 kDa complex detected with ExbD-specific antibody
was a TonB-ExbD complex that required ExbB to form. A TonB-ExbD-ExbB complex was
not detected, most likely due to inefficiency of trimolecular crosslinking.

Formaldehyde-specific crosslinks between TonB and ExbD almost certainly occurred
between their periplasmic domains rather than their transmembrane domains. Formaldehyde
crosslinking is initiated by formation of methylol derivatives at 1° amino groups or 1° thiol
groups which then undergo a condensation to form a Schiff-base that can subsequently
crosslink to a variety of amino acids (Means and Feeney, 1971; Metz et al., 2004). However,
under the conditions of rapid in vivo crosslinking with formaldehyde, the spectrum of
subsequent interactions is limited primarily to lysyl, tryptophanyl, and cysteinyl residues
(Toews et al., 2008). Given the sequences of the ExbD and TonB cytoplasmic and
transmembrane domains and their identical topologies, the only likely crosslink would form
between the amino terminus of ExbD and Trp 11 in TonB; however, deletion of Trp 11 does
not prevent ExbD-TonB crosslinking (data not shown). In contrast, the periplasmic domains
of each protein contain numerous crosslinkable residues; the TonB periplasmic domain has
1 tryptophanyl and 18 lysyl residues and the ExbD periplasmic domain has 10 lysyl
residues. The predicted pIs of the periplasmic domains [TonB residues 33-239 (9.6) and
ExbD residues 44-141 (5.3)] are also consistent with their interactions.

Pmf is required for in vivo formation of TonB-ExbD formaldehyde crosslinks
The role of ExbB in formation of TonB-ExbD crosslinks suggested that proposed proton
translocation through ExbB might also be important (Braun and Herrmann, 2004). Although
the pmf is clearly required for TonB-dependent transport across the OM, there is little
known about its mechanistic role (Bradbeer, 1993). To determine if pmf was required for
any ExbD interactions, we treated cells with various amounts of DNP and with CCCP prior
to and during formaldehyde crosslinking (Fig. 5). In the presence of the protonophores,
TonB-ExbD crosslinks were undetectable while levels of ExbD dimer and ExbB-ExbD
crosslinks remained unchanged. A similar decrease in TonB-ExbD crosslinking was also
observed with anti-TonB antibodies with no other detectable changes to the normal
crosslinking profile other than slight increases in the TonB-FepA and TonB-Lpp complexes
(data not shown), consistent with the fact that these complexes occur with unenergized
TonB (Ghosh and Postle, 2005). Comparison with control immunoblots indicated that
monomeric TonB and ExbD levels were unaffected by protonophore treatments.

A D25N substitution in the ExbD transmembrane domain disrupts TonB-ExbD periplasmic
domain interaction

The transmembrane domain of ExbD might be on the proton translocation pathway. Asp 25,
a residue in the transmembrane domain of ExbD, is essential for ExbD activity (Braun et al.,
1996). We confirmed that D25N inactivates ExbD and also showed that ExbD(D25A) is
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inactive (Table 1), which ruled out the possibility that D25N was inactive due to steric
hindrance. The D25N substitution also did not prevent proper localization of ExbD to the
cytoplasmic membrane (Fig. 6).

Interestingly, the (D25N) or (D25A) substitutions in the ExbD transmembrane domain both
prevented formaldehyde crosslinking to TonB, as detected by either anti-ExbD or anti-TonB
immunoblots (Fig. 7 and data not shown). The presence of ExbD(D25N)-ExbB complexes
also confirmed that ExbD(D25N) was localized properly to the cytoplasmic membrane (Fig.
7). ExbD(D25N) also formed homodimers, although the apparent molecular mass of the
complex was slightly less than that observed for the wild-type ExbD dimer, even though
ExbD(D25N) monomer has an apparent molecular mass similar to wildtype. The identity of
the ExbD(D25N) dimer was confirmed using size variants (data not shown). An unidentified
complex containing ExbD(D25N) migrated slightly above the dimer and was more abundant
compared to wild-type ExbD. The increased intensity for this band was also observed for the
crosslinking of ExbD in the absence of TonB (Fig. 4, A), suggesting that it increases when
ExbD does not interact with TonB.

The H20A substitution in the TonB transmembrane domain also disrupts ExbD-TonB
interaction

A complementary approach was used to examine the effect of a TonB transmembrane
domain mutation on TonB-ExbD complex formation. Histidine 20 in TonB is the only
functionally important side chain in its transmembrane domain, with a H20A substitution
leading to inactivity of chromosomally encoded TonB in all assays (Larsen et al., 1999;
Larsen et al., 2007), (Table 1). Like ExbD (D25N), the TonB(H20A) was properly localized
to the CM. (Fig. 6). The formation of a formaldehyde-crosslinked complex between TonB
and ExbB was unaffected by the H20A substitution, also confirming that TonB(H20A) was
correctly assembled in the cytoplasmic membrane. Like ExbD(D25N), the TonB(H20A)
mutation eliminated detection of the TonB-ExbD formaldehyde-crosslinked complex by
either anti-TonB or anti-ExbD antibodies (Fig. 8). The formaldehyde crosslinked complexes
of TonB(H20A) with Lpp and FepA increased in intensity relative to wild-type TonB,
consistent with previous observations that those complexes arise from inactive TonB and do
not require a functional TonB TMD to form (Ghosh and Postle, 2005; Jaskula et al., 1994).
In an attempt to determine whether TonB(H20) and ExbD(D25) form a salt bridge,
TonB(H20D) and ExbD(D25H) were constructed. Each was individually inactive, and they
were inactive (and present at chromosomal levels) when co-expressed—a negative, and thus
uninterpretable, result (Table 1).

T7-tagged ExbD crosslinks artifactually
As noted above, we had previously observed that T7-tagged ExbD complemented an exbD
mutation and could be formaldehyde-crosslinked into dimers and trimers, but did not
detectably crosslink to TonB or ExbB (Higgs et al., 1998). To determine the source of this
difference with chromosomally encoded ExbD, the formaldehyde crosslinking of T7-ExbD
was revisited, this time using ExbD-specific antibody for detection. T7-ExbD was recloned
into propionate and arabinose expression vectors, expressed by induction to chromosomal
levels or overexpressed, crosslinked in vivo with formaldehyde, and analyzed by
immunoblot with ExbD- or T7-epitope-tag-specific antibodies.

In contrast to the previous results, the formaldehyde crosslinked T7-ExbD detected by anti-
ExbD antisera matched the profile of wild-type ExbD when expressed at chromosomal
levels (Fig. 9A). This difference was explained, however, by comparison to identical
samples detected with T7 epitope tag-specific antibody, which unexpectedly revealed that
the vast majority of the T7-ExbD had been proteolytically processed to remove the T7-tag.
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Thus the normal ExbD crosslinking profile of the “T7-ExbD” originated from ExbD lacking
the T7 tag. In this experiment the level of intact T7-ExbD was so low as to make detection
of formaldehyde cross-linked complexes impossible.

To detect formaldehyde crosslinked complexes specific to the tagged population of ExbD,
T7-ExbD was overexpressed from the arabinose promoter, crosslinked with formaldehyde
and detected with anti-T7-tag antibody. Like the 1998 study that this replicated, the anti-T7
crosslinking profile contained complexes at the molecular masses of a T7-ExbD dimer (33.4
kDa) and trimer (50.1 kDa), and did not contain TonB-ExbD or ExbB-ExbD complexes
(Fig. 9B and data not shown). This crosslinking result was not due to overexpression, since
overexpressed ExbD had the same crosslinking profile as chromosomally expressed ExbD
(data not shown).

Taken together, these results indicated that 1) 1998 immunoblots with T7 tag-specific
antibody were detecting only the minor subpopulation of ExbD protein that retained the T7
epitope tag and 2) that the artifactual formation of formaldehyde crosslinked trimeric T7-
ExbD and lack of TonB-ExbD and ExbB-ExbD complexes was due to the presence of the
T7 tag and did not reflect the normal behavior of ExbD. Even though the activity of T7-
ExbD could not be determined against a background containing a preponderance of full-
length active ExbD, based on its abnormal crosslinking behavior the T7-ExbD was almost
certainly inactive.

Active cysteine substitutions ExbD(A92C) and TonB(C18G, A150C) demonstrate specific
TonB-ExbD periplasmic domain contact in vivo

While the periplasmic domain of ExbD was identified as the site of formaldehyde-mediated
crosslinking to TonB, we did not identify specific residues through which it occurred. To
begin to map regions of interaction between ExbD and TonB, cysteine substitutions were
engineered in their respective periplasmic domains, and the existence of disulfide-linked
heterodimers was monitored on non-reducing SDS-polyacrylamide gels. ExbD has no native
cysteinyl residues whereas TonB carries a single cysteinyl residue at position 18. As an
example of this approach, ExbD(A92C) and TonB(C18G, A150C), which were fully active
when expressed at near chromosomal levels (Ollis, Kastead, and Postle, unpublished
results), were analyzed. The appearance of identical novel complexes at 52 kDa on
immunoblots developed with either TonB- or ExbD-specific antibodies indicated that the
periplasmic domains of these two proteins were indeed interacting in vivo (Fig. 10). The 52
kDa complex was specific to the presence of the introduced cysteine in each protein (data
not shown).

To determine if the 52 kDa disulfide-linked complex represented a biologically relevant
interaction, the effect of ExbD(D25N) or TonB(H20A) transmembrane domain substitutions
was also examined using either anti-TonB or anti-ExbD antibodies (Fig. 10 A, B
respectively). The inactivating H20A substitution in the transmembrane domain of
TonB(C18G, A150) essentially eliminated TonB-ExbD disulfide-linked complex formation
detected with either antibody. The inactivating D25N substitution likewise prevented TonB-
ExbD complex formation. Coexpression of the inactive mutants did not restore detection of
a disulfide-linked complex. Taken together these results indicate that interactions of the
TonB and ExbD periplasmic domains require activities attributable to their transmembrane
domains. It was not possible to assess the effects of protonophores on formation of disulfide
crosslinks because 1) disulfide crosslinks are pre-existing in the population and 2) synthesis
of the two proteins in a pulse requires pmf for their export to the periplasm.

Similar to the formation of ExbD dimers through formaldehyde crosslinking, ExbD(A92C)
formed disulfide-linked dimers through its periplasmic domain (Fig. 8, B). ExbD(D25N,

Ollis et al. Page 6

Mol Microbiol. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



A92C) monomer ran, if anything, slightly slower than the ExbD(A92C) monomer.
Interestingly, the D25N transmembrane domain substitution resulted in an apparently
smaller molecular mass, suggesting that a novel conformational change had been trapped.

Discussion
The TonB/ExbB/ExbD proteins of E. coli couple the cytoplasmic membrane ion
electrochemical potential (most likely a proton potential) to active transport of iron-
siderophore and vitamin B12 nutrients across the outer membrane. In other Gram-negative
bacteria, the TonB system energizes outer membrane transport of iron-binding proteins,
sucrose, Ni(II), and potentially sulfate, suggesting that it serves as the general means by
which the limiting porosity of the outer membrane can be overcome (Blanvillain et al.,
2007; Cescau et al., 2007; Schauer et al., 2007; Tralau et al., 2007). TonB undergoes cyclic
energization, transduction of that energy to a TonB-gated transporter, and recharging to
allow re-energization (Fischer et al., 1989; Larsen et al., 1999). ExbB and ExbD appear to
have roles in both harvesting the protonmotive force, allowing TonB to then transduce this
energy to TonB-gated transporters, and in recycling TonB after it has transduced energy. If
TonB is not energized, it is not recycled (Larsen et al., 1999; Letain and Postle, 1997). ExbD
has been proposed to chaperone the conformation of the TonB carboxy terminus and is
specifically involved in the recycling of TonB following energy transduction (Brinkman and
Larsen, 2008; Larsen et al., 2007). Its role in energization of TonB has not been directly
determined.

A new role for the pmf in TonB-dependent energy transduction
Our results here indicate for the first time a definitive role for the cytoplasmic membrane
pmf in promoting functionally important interaction of TonB and ExbD through their
periplasmic domains. First, two different protonophores that collapse the proton gradient of
the cytoplasmic membrane prevent formation of ExbD-TonB formaldehyde crosslinks in
vivo. Second, the ExbD(D25N) transmembrane domain mutation, which inactivates ExbD,
also prevents ExbD-TonB formaldehyde crosslinks and disulfide-directed crosslinks
between their periplasmic domains. The ExbD(D25N) mutation occurs at a conserved
residue that is equally important in ExbD paralogues TolR and MotA, considered to be on
the proton pathway, and responsible for conformational changes in those proteins (Cascales
et al., 2001; Goemaere et al., 2007; Kojima and Blair, 2001). Third, the TonB(H20A)
transmembrane domain mutation, which inactivates TonB, also prevents ExbD-TonB
formaldehyde crosslinks and disulfide crosslinks between their periplasmic domains. The
His 20 is conserved among most TonB genes and also conserved in the analogous TolA
protein of the Tol system (Germon et al., 1998). His20 is required for pmf-dependent
conformational changes in the TonB carboxy terminus and is the sole functionally
significant side-chain in the entire transmembrane domain (Larsen et al., 1999; Larsen et al.,
2007). Fourth, the L132Q mutation in the periplasmic domain of ExbD knocks out ExbD
function (Braun et al., 1996). ExbD(L132Q) does not crosslink in vivo to TonB although it
can still crosslink into dimers and crosslink to ExbB, indicating that the periplasmic
interaction between TonB and ExbD is a functionally important one (data not shown). These
data support the idea that ExbD manages the conformational changes in the carboxy
terminus of TonB.

We previously observed that the TonB energy transduction cycle is functionally divided into
events that occur prior to energy transduction and those that occur following energy
transduction, by performing the experiments in an aroB strain that cannot synthesize
enterochelin or any of its precursors. In the absence of ligand, TonB does not transduce
energy to the TonB-gated transporter FepA, thus interrupting the cycle (Larsen et al., 1999).
Because the ExbD-TonB crosslinked complex (as well as the ExbD dimer and ExbD-ExbB
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complex described below) was detected equally well in a wild-type or aroB strain, it
indicated that the TonB-ExbD interaction detected by formaldehyde crosslinking occurred
prior to the energy transduction step (data not shown). This was also consistent with the
requirement for pmf and intact transmembrane domains, and indicated that ExbD plays a
role in the energization step on the front half of the energy transduction cycle. Since a role
for ExbD in recycling TonB has been identified, ExbD appears to play critical roles both
before and after energy transduction by TonB.

Two models for the TonB-ExbD interaction
These results suggest two possible models for TonB-ExbD interaction. In the first model, the
TonB-ExbD complex is formed dynamically, and only in response to the presence of the
pmf. Thus the pmf would be responsible for allowing TonB and ExbD transmembrane
domains to move close enough for interactions between their periplasmic domains to be
captured through crosslinking. There is evidence to support the idea of dynamic complexes:
the ratios of the total numbers per cell for ExbB and ExbD proteins are, at 7:2, significantly
higher than the ratios of the total numbers per active complex for paralogues MotA:MotB,
TolQ:TolR, or PomA:PomB at 4:2 (Cascales et al., 2001; Guihard et al., 1994; Kojima and
Blair, 2004; Sato and Homma, 2000). It thus may be that the TonB/ExbB/ExbD complex is
in equilibrium with pools of uncomplexed ExbB, assembling in response to cellular signals
to transduce energy. Consistent with that idea, it has been recently shown that MotB moves
in and out of the flagellar rotor complex (Leake et al., 2006).

In the second model, the stably assembled transmembrane domains of TonB and ExbD in
association with ExbB would be somehow responsible for directly transmitting
conformational information to their periplasmic domains. The TonB transmembrane domain
is known to play a role in regulating the conformation of its carboxy terminus (Ghosh and
Postle, 2005; Larsen et al., 1999; Larsen et al., 2007). Because the TonB amino terminus
and carboxy terminus are separated by a non-essential proline-rich region, it seems unlikely
that the regulation occurs via a proton-wire (Larsen et al., 1993; Seliger et al., 2001).
However, different types of transmembrane helix motions have been proposed to propagate
conformational changes to adjacent domains including a piston motion between helices,
pivoting of helices and rotation of helices (Matthews et al., 2006). For the ExbD paralogue,
MotB, Asp32 is required for conformational changes in MotA, the ExbB paralogue (Kojima
and Blair, 2001). It will be important to distinguish between the two models.

The nature of ExbD dimerization
ExbD dimerization occurred in the absence of ExbB and in the presence of the ExbD(D25N)
substitution believed to render ExbD unresponsive to pmf, consistent with previous
observations that ExbD(D25N) is dominant negative (Braun et al., 1996). Also consistent
with these observations, formaldehyde crosslinking of ExbD dimers did not require pmf. In
spite of the fact that the ExbD transmembrane domains appear to interact closely, the
formaldehyde-specific ExbD dimers were mediated through the periplasmic domain and
almost certainly required interaction of many residues. Indeed, deletion of the periplasmic
domain of ExbD(D25N) relieved its dominant negativity (Braun et al., 1996). Perhaps
ExbD(D25N) is blocked in the ability to transition from homodimeric periplasmic domain
interactions to functionally important heterodimeric interactions with TonB. If so, deletion
of periplasmic domain residues, which eliminated the dominant negative effect of
ExbD(D25N), would then have freed the periplasmic domain of wild-type ExbD to
transition to its normal interactions.

At least one of the residues in the dimerization region was A92, which when substituted
with a cysteinyl residue, was capable of trapping a disulfide-linked ExbD dimer. A92C was
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also a residue through which ExbD contacted the periplasmic domain of TonB at residue
A150C. It may be that the ExbD dimer was maintained through its transmembrane domain
while the periplasmic domain cycled between interactions with another ExbD periplasmic
domain or a TonB periplasmic domain. In our hands, ToxR-ExbD fusion proteins can
activate a ctx∷cat fusion (Russ and Engelman, 1999), indicating that the transmembrane
domains of ExbD are sufficiently close that that they allow functional dimerization of ToxR,
whether or not ExbB is present (Vakharia-Rao and Postle, unpublished results). Movement
of the dimeric ExbD transmembrane domains relative to one another could drive changes in
interactions between periplasmic domains. Rotation of dimeric paralogue TolR
transmembrane helices relative to each other has been documented recently (Zhang et al.,
2009). The physiological role of the ExbD dimer is currently unknown.

In contrast to results seen here, in the Tol system formaldehyde crosslinking of TonB
paralogue TolA with ExbD paralogue TolR is not pmf-dependent; however, TolA
interaction with lipoprotein Pal is (Cascales et al., 2000). TolA-TolR interaction is mediated
through the last 25 amino acids of TolR (Journet et al., 1999). Structural changes in the
periplasmic carboxy terminus of TolR are, however, dependent on the presence of pmf and
residues in the predicted TolQR ion pathway, including TolR Asp23, the residue analogous
to ExbD Asp25 (Goemaere et al., 2007). The differences in pmf-dependent interaction
partners may reflect the divergent functions identified for the periplasmic domains of ExbD
and TolR (Brinkman and Larsen, 2008).

Comparison of in vitro and in vivo structural predictions
The importance of TonB and ExbD transmembrane domains in determining the
conformations and interactions of their periplasmic domains is underscored by comparison
to the structures of the soluble periplasmic domains of these two proteins lacking their
transmembrane domains (Chang et al., 2001; Garcia-Herrero et al., 2007; Kodding et al.,
2005; Peacock et al., 2005). In the recently solved NMR structure of the ExbD soluble
domain 5-7 copies of the ExbD monomer formed a multimeric complex at pH 7.0. Residue
A92, through which ExbD can efficiently form dimers in vivo, was far from this multimeric
interface (Fig. 11). Additionally in that paper, no significant interactions between purified
ExbD and TonB periplasmic domains were detected in vitro, leading the authors to conclude
that the functional interactions between TonB and ExbD likely occurred primarily through
their transmembrane domains in vivo. In contrast, we propose here that the lack of detectable
interaction in vitro was almost certainly due to the absence of the transmembrane domains
of TonB and ExbD as well as ExbB and the pmf.

With respect to the TonB transmembrane domain, the in vivo data on full-length TonB also
diverge from major aspects of the solved structures for the periplasmic carboxy terminus of
TonB protein. In particular, while the 5 aromatic residues of the carboxy terminus are buried
in the crystal and NMR structures, the in vivo data indicate that they are surface exposed,
accessible for homodimeric interactions, and virtually the only functionally important
residues in the carboxy terminus [(Ghosh and Postle, 2004; Ghosh and Postle, 2005);
Kastead and Postle, unpublished observations]. A mutant TonB transmembrane domain that
inactivates TonB also prevents TonB homodimer formation through cysteine substitutions at
the aromatic residues (Ghosh and Postle, 2005). Thus for both ExbD and TonB, the
structural results obtained in vitro without transmembrane domains and access to the pmf
are significantly different than those obtained in vivo where all needed components are
present. It is thus not clear if the structures of the soluble domains of ExbD and TonB
represent in vivo conformations.
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Artifactual crosslinking results arising from the use of a T7 epitope tag
The acquisition of anti-ExbD antibodies allowed the characterization of wild-type ExbD
interactions at chromosomally encoded levels (Higgs et al., 2002a). ExbD could be
crosslinked by formaldehyde to itself (homo-dimers), to ExbB, and to TonB. This was the
first time that crosslinks to either ExbB or TonB had been observed in vivo. Consistent with
the requirement for pmf, TonB-ExbD crosslinks did not form in the absence of ExbB. Both
TonB and ExbD are proteolytically unstable in the absence of ExbB [(Fischer et al., 1989)
and data not shown]. ExbB has three transmembrane domains and appears to be the glue that
holds the complex together since when expressed in the absence of TonB or ExbD, ExbB is
proteolytically stable [(Fischer et al., 1989) and Higgs and Postle, unpublished results].

Before anti-ExbD antibodies were available, we had characterized plasmid-encoded ExbD
tagged with a T7-epitope and observed only ExbD dimers and trimers in vivo (Higgs et al.,
1998). The data presented here show that the ability to detect artifactual ExbD trimers, as
well as the artifactual inability to detect interactions with ExbB and TonB, was due to the
presence of the T7-tag. The fact that the T7-ExbD could complement an exbD mutation was
meant to provide confidence in the results from an overexpressed epitope tagged protein
study. Instead, the observed complementation was almost certainly due to proteolytic
cleavage of the majority of the T7 tag, leaving behind full-length ExbD. Thus we have no
evidence that the ExbD trimers are biologically relevant. Without the use of anti-ExbD
antibodies, for which absence the T7-tag was originally meant to compensate, these
discrepancies would not have been apparent. These results provide a direct and important
demonstration of the hazards involved in relying on interpretations of data from tagged or
fused proteins.

In summary, TonB and ExbD interact through their periplasmic domains in vivo, with that
interaction guided by not-well-understood aspects of their transmembrane domains. The
study of the periplasmic domains of TonB and ExbD in vitro has greatly enhanced our
knowledge of what their structures and behaviors are in the absence of transmembrane
domains and protonmotive force, and provided an important basis for comparison with in
vivo results. Could it be that the in vitro structures of soluble domains of TonB and ExbD
represent a default non-energized state of these proteins and that the protonmotive force is
somehow used to perturb these conformations? As one of the central questions in membrane
protein signal transduction biology, it will be important to understand how transmembrane
domains regulate conformations and interactions of their soluble domains.

Experimental Procedures
Bacterial strains and plasmids

Bacterial strains and plasmids used in this study are listed in Table 2. KP1484 was
constructed by P1vir transduction of ΔtonB, P14∷kan from KP1477 into GM1. KP1503 was
constructed by P1vir transduction of ΔtonB, P14∷kan from KP1484 into KP1038. KP1509
was constructed by P1vir transduction of ΔtonB, P14∷kan from KP1484 into RA1045. To
create pKP660, the exbB, exbD operon was amplified by polymerase chain reaction (PCR)
and cloned into the SmaI site of plasmid pBAD24.

pKP1186 was constructed by extra-long PCR on pKP999, using forward and reverse primers
each encoding one half of the T7 epitope tag, placed at the extreme amino-terminus of
ExbD. The PCR products were recircularized and ligated, joining the halves of the T7 tag
sequence. The correct T7 epitope tagged ExbD was confirmed by DNA sequencing of the
T7-exbD gene. pKP1195 was constructed by digestion of pKP1186 and pBAD24 with NcoI.
Fragments were separated by gel electrophoresis. The 4542 bp fragment of pBAD24 and
539 bp fragment of pKP1186 were purified by gel extraction and ligated together after
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treatment of the vector fragment with Antarctic Phosphatase (New England Biolabs). Proper
orientation of the insert was verified by FspI digestion. The correct T7 epitope tagged ExbD
in pBAD24 was confirmed by DNA sequencing.

pKP761 was constructed by in-frame deletion of ten exbD codons using extra-long PCR, as
previously described (Higgs et al., 1998). The resulting construct, ExbD(Δ2-11), was
determined to be active by standard Fe transport and spot titer assays performed as
previously described (data not shown) (Larsen et al., 2003; Postle, 2007). To construct
pKP999 and pKP1000, forward and reverse primers were designed to amplify the last 22
codons of exbB through the stop codon of exbD from a pKP660 or pKP880 template,
respectively, introducing flanking NcoI sites. The PCR-amplified, NcoI digested fragment
was cloned into the unique NcoI site in pPro24. Proper orientation was determined by FspI
digestion. Sequences of the exbB segment and exbD gene were confirmed by DNA
sequencing.

TonB and ExbD single residue substitutions are derivatives of pKP325 and pKP999,
respectively, unless otherwise stated. pKP879 and pKP945 are derivatives of pKP568.
pKP1049 is a derivative of pKP1000. Substitutions were generated using 30-cycle extra-
long PCR using Pfu Ultra Hotstart DNA Polymerase from Stratagene or Phusion Hotstart
DNA Polymerase from Finnzymes. Forward and reverse primers were designed with the
desired base change flanked on both sides by 12-15 homologous bases (primer sequences
available upon request). DpnI digestion was used to remove the template plasmid.
Substitutions were verified by DNA sequencing to avoid unintended base changes.

pKP944 was constructed by directional cloning. First, using a pKP660 template, KpnI and
XhoI sites were introduced to the 3′ end of exbB, adding 7 residues (Ala, Gly, Thr, Gly, Gly
Leu, Glu) before the stop codon, creating pKP930. The gene encoding the fluorescent GFP
derivative Venus was amplified from a pET21a background, introducing a 5′ KpnI site and
3′ XhoI site. The KpnI, XhoI venus fragment was ligated in frame into the corresponding
sites in the exbB gene of pKP930 to create pKP944. The resulting ExbB-Venus fusion has
three introduced residues, Ala Gly Thr, linking the cytoplasmic carboxy terminal domain of
ExbB to Venus. Sequences of exbB and exbD genes were confirmed by DNA sequencing to
rule out unintended base changes. To construct pKP1031, plasmids pKP879 and pKP945
were digested with BstEII, resulting in 2 fragments for each. Fragments were separated by
gel electrophoresis. The large fragment of pKP945 and small fragment of pKP879 were
purified by gel extraction and ligated together after treatment of the large fragment with
antarctic phosphatase (New England Biolabs). Proper orientation was determined by BamHI
digestion. All DNA sequencing occurred at The Pennsylvania State University Nucleic Acid
Facility, University Park, PA.

Media and culture conditions
Luria-Bertani (LB), tryptone (T), and M9 minimal salts were prepared as previously
described (Miller, 1972). Liquid cultures, agar plates, and T-top agar were supplemented
with 34 μg ml-1 chloramphenicol and/or 100 μg ml-1 ampicillin and plasmid-specific levels
of L-arabinose and/or sodium propionate, pH 8, as needed for expression of TonB and ExbD
proteins from plasmids. M9 salts were supplemented with 0.5% glycerol (w/v), 0.4 μg ml-1
thiamine, 1 mM MgSO4, 0.5 mM CaCl2, 0.2% casamino acids (w/v), 40 μg ml-1 tryptophan,
and 1.85 μM FeCl3. Cultures were grown with aeration at 37°C.

Spot titer activity assays
Assays were performed essentially as previously described (Larsen et al., 2003; Postle,
2007).
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Sucrose density gradient fractionation
Mid -exponential phase cultures were grown in M9 medium as described above, harvested,
lysed by French pressure cell and fractionated on a 25%-56% (w/w) sucrose gradient as
described previously (Letain and Postle, 1997).

In vivo formaldehyde crosslinking
Saturated overnight cultures were subcultured 1:100 into M9 minimal media (above)
supplemented arabinose and/or propionate concentrations as needed to achieve
chromosomal levels of plasmid expression, and at mid -exponential phase treated with
formaldehyde as previously described (Higgs et al., 1998). Crosslinked complexes were
detected by immunoblotting with ExbD-specific polyclonal antibodies(Higgs et al., 2002a),
TonB-specific monoclonal antibodies (Larsen et al., 1996), or T7-epitope tag-specific
monoclonal antibodies (Novagen). For crosslinking in the presence of protonophores, 1, 5,
or 10mM 2, 4 dinitrophenol (DNP) or 50μM carbonylcyanide-m-chlorophenylhydrazone
(CCCP) were added following resuspension of cell pellets in phosphate buffer. An equal
volume of dimethyl sulfoxide (DMSO) was added to wild-type samples as a solvent control.
Cells were incubated 5 min at 37°C. Formaldehyde was then added and procedure continued
as referenced above.

In vivo disulfide crosslinking assay
Saturated overnight cultures of strains carrying plasmids encoding combinations of TonB
and ExbD cysteine substitutions were subcultured 1:100 in T broth containing
chloramphenicol and ampicillin and supplemented with L-arabinose and sodium propionate,
pH 8, as described below. Cultures were harvested in mid-exponential phase and
precipitated with trichloroacetic acid (TCA). Cell pellets were resuspended in non-reducing
Laemmli sample buffer containing 50mM iodoacetamide, as previously described (Ghosh
and Postle, 2005). Samples were resolved on 13% non-reducing SDS-polyacrylamide gels
and evaluated by immunoblot analysis. Levels of inducers for coexpression of the TonB and
ExbD cysteine variants were as follows:

pKP1000, pKP945 = 1mM sodium propionate, 0.0005% (w/v) L-arabinose;

pKP1000, pKP1031 = 0.5mM sodium propionate, 0.0005% (w/v) L-arabinose;

pKP1049, pKP945 = 0.5mM sodium propionate, 0.0003% (w/v) L-arabinose;

pKP1049, pKP1031 = 0.3mM sodium propionate, 0.0003% (w/v) L-arabinose
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Fig. 1.
Wild-type ExbD forms homo-dimers in vivo. Strains expressing chromosomally encoded
(W3110) or plasmid-encoded wild-type ExbD (RA1017/pKP660), and ExbD(Δ2-11)
(RA1017/pKP761) were crosslinked with formaldehyde as described in Materials and
Methods. Plasmids encoding ExbD also encoded wild-type ExbB. Levels of L-arabinose for
induction were 0.0002% (w/v) for pKP660 and 0.001% for pKP761. Samples were resolved
on a 13% SDS-polyacrylamide gel and immunoblotted. ExbD was visualized with ExbD-
specific polyclonal antibodies. Positions of molecular mass standards are indicated on the
left. Identities or apparent molecular masses of ExbD-specific crosslinked complexes and
the ExbD monomer are indicated on the right.
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Fig. 2.
The 41 and 52 kDa ExbD-specific complexes are dependent on the presence of ExbB.
Strains expressing chromosomally-encoded (W3110) or plasmid-encoded wild-type ExbD
(pKP999) in ExbB+ (RA1045) or ExbB- (RA1017) backgrounds were crosslinked with
formaldehyde as described in Materials and Methods. pKP999 was induced with 3mM
sodium propionate, pH 8 in RA1045 and 20mM sodium propionate, pH 8 in RA1017.
Samples were resolved on a 13% SDS-polyacrylamide gel and immunoblotted.
Approximately 40% more of the ExbB- sample (right lane) was loaded to achieve ExbD
monomer levels of equal intensity to wild-type. ExbD was visualized with ExbD-specific
polyclonal antibodies. “+” or “-” indicates the presence or absence, respectively, of ExbB in
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the sample resolved in the lane below the symbol. Positions of molecular mass standards are
indicated on the left. Identities of ExbD-specific crosslinked complexes and monomers are
indicated on the right. (*) indicates an unidentified complex.

Ollis et al. Page 19

Mol Microbiol. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
The 41 kDa complex contains one ExbD and one ExbB. Strains expressing chromosomally-
encoded (GM1) or plasmid-encoded (KP1392/pKP660) ExbB and ExbB-Venus fusion
protein (KP1392/pKP944) were crosslinked with formaldehyde as described in Materials
and Methods. All plasmids also encoded wild-type ExbD. Proteins were expressed using
two different percentages of arabinose, as indicated above each lane. ExbB monomer levels
were determined from culture samples that were TCA precipitated immediately after
harvesting. Samples were resolved on a 13% SDS-polyacrylamide gel and immunoblotted.
ExbD and ExbB were visualized with ExbD- or ExbB-specific polyclonal antibodies,
respectively. Positions of molecular mass standards are indicated on the left. Identities of
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ExbD-specific crosslinked complexes and the ExbD monomer are indicated on the right. (*)
indicates an unidentified complex.
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Fig. 4.
The 52 kDa complex contains one ExbD and one TonB. Strains expressing chromosomally-
encoded (GM1) or plasmid-encoded wild-type ExbD in the presence (KP1392/pKP660) or
absence (KP1503/pKP660) of TonB were crosslinked with formaldehyde as described in
Materials and Methods. Plasmids encoding ExbD also encoded wild-type ExbB and were
induced with 0.0004% (w/v) L-arabinose. Samples were resolved on a 13% SDS-
polyacrylamide gel and immunoblotted. A. ExbD visualized with ExbD-specific polyclonal
antibodies. B. TonB visualized with TonB-specific monoclonal antibodies. Positions of
molecular mass standards are indicated on the left. Identities of ExbD- or TonB-specific
crosslinked complexes and monomers are indicated on the right. Light exposures for
comparison of monomer levels are present at the bottom of each figure. (*) indicates an
unidentified complex.
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Fig. 5.
Pmf regulates TonB-ExbD complex formation. Strains expressing chromosomally-encoded
(W3110) or plasmid-encoded (RA1045/pKP999) ExbD were crosslinked with formaldehyde
in the presence of protonophores that collapse the pmf as described in Materials and
Methods. The expanding triangle above the +DNP lanes indicates the presence of 1, 5, or 10
mM DNP. +CCCP indicates the presence of 50 μM CCCP. Solvent only (DMSO) was
added to samples lacking protonophore. Plasmid-encoded ExbD was expressed with 3 mM
sodium propionate, pH 8. Samples were resolved on 13% SDS-polyacrylamide gels and
immunoblotted. ExbD was visualized with ExbD-specific polyclonal antibodies. Positions of
molecular mass standards are indicated on the left. Identities of ExbD-specific crosslinked
complexes and monomers are indicated on the right. Light exposures for comparison of
monomer levels are present at the bottom of each figure. TonB monomer levels were
visualized with TonB-specific monoclonal antibodies.
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Fig. 6.
ExbD(D25N) and TonB(H20A) fractionate identically to the wild-type forms of each
protein. Strains expressing chromosomally-encoded ExbD and TonB (W3110),
ExbD(D25N) (RA1021/pKP1064), and TonB(H20A) (KP1344/pKP381) were fractionated
using sucrose density gradient fractionation, as described in Materials and Methods. No
inducer was needed for ExbD(D25N). TonB(H20A) was induced with .00025% (w/v)
arabinose. Samples were resolved on 13% SDS-polyacrylamide gels and immunoblotted.
ExbD and TonB were visualized with ExbD-specific polyclonal or TonB-specific
monoclonal antibodies, respectively.
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Fig. 7.
ExbD(D25N) does not crosslink to TonB in vivo. Strains expressing chromosomally-
encoded ExbD (W3110) and ExbD(D25N) (RA1045/pKP1064) were crosslinked with
formaldehyde as described in Materials and Methods. ExbD(D25N) was induced with
0.05mM sodium propionate, pH 8. Samples were resolved on a 13% SDS-polyacrylamide
gel and immunoblotted. ExbD was visualized with ExbD-specific polyclonal antibodies. To
verify that TonB levels were unchanged, TonB monomer was visualized with TonB-specific
monoclonal antibodies. Positions of molecular mass standards are indicated on the left.
Identities of ExbD-specific crosslinked complexes and the ExbD monomer are indicated on
the right. (*) indicates an unidentified complex.
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Fig. 8.
TonB(H20A) does not crosslink to ExbD in vivo. Strains expressing chromosomally-
encoded wildtype TonB (W3110) and TonB(H20A) (KP1344/pKP381) were crosslinked
using formaldehyde. L-arabinose at a final concentration of 0.001% (wt/vol) was used to
induce pKP381. Samples were resolved on an 11% SDS-polyacrylamide gel and analyzed
using immunobloting with ExbD-specific polyclonal antibodies and TonB-specific
monoclonal antibodies. Positions of molecular mass standards are indicated on the left.
Identities of crosslinked complexes and the protein monomers are indicated on the right.
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Fig. 9.
ExbD with an amino terminal T7-epitope tag crosslinks artifactually. Strains expressing
chromosomally encoded ExbD (W3110), plasmid-encoded wild-type ExbD (RA1045/
pKP999), and T7-epitope tagged ExbD (RA1045/pKP1186 or RA1045/pKP1195 for
overexpression) were crosslinked with formaldehyde as described in Materials and Methods.
Plasmid-encoded ExbD was expressed with 3mM sodium propionate, pH 8. T7-ExbD was
induced with two different concentrations of sodium propionate for pKP1186 (A) or two
different percentages of arabinose for overexpression from pKP1195 (B) as indicated above
each lane. Samples were resolved on a 13% SDS-polyacrylamide gel and immunoblotted.
ExbD was visualized with ExbD-specific polyclonal antibodies or T7 epitope tag-specific
monoclonal antibodies. Positions of molecular mass standards are indicated on the side.
Identities of ExbD-specific crosslinked complexes and monomers are indicated in the
middle. (*) indicates a non-specific cross-reactive band.
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Fig. 10.
Active TonB and ExbD cysteine substitutions form specific periplasmic domain contacts.
Strains expressing wild-type ExbD and TonB (W3110), ExbD(A92C) with TonB(C18G,
A150) [KP1509/pKP1000, pKP945], ExbD(A92C) with TonB(C18G, H20A, A150C)
[KP1509/pKP1000, pKP1031], ExbD(D25N, A92C) with TonB(C18G, A150C) [KP1509/
pKP1049, pKP945] were processed in non-reducing sample buffer containing
iodoacetamide as described in Materials and Methods. Samples were resolved on a 13%
non-reducing SDS-polyacrylamide gel and immunoblotted. ExbD (A) or TonB (B) was
visualized with ExbD-specific polyclonal antibodies or TonB-specific monoclonal
antibodies. Positions of molecular mass standards are indicated on the left. Lanes 3 through
6 contained strain KP1509 expressing derivatives of ExbD(A92C) coexpressed with
TonB(C18G, A150C). Derivatives contained (+) or lacked (-) the residue substitutions listed
to the right.
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Fig. 11.
ExbD A92 is distantly located from the proposed multimeric interface of ExbD. The NMR
structure of the carboxy-terminal domain (amino acids 44-141) of ExbD is shown (pdb code:
2pfu). The proposed multimeric interface (amino acids 104-116) (Garcia-Herrero et al.,
2007) is highlighted in blue. Residue A92 is highlighted in red. ExbD(A92C) spontaneously
formed dimers through this residue in vivo (Fig.10).
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Table 2

Strains and Plasmids used in this study.

Strain or Plasmid Genotype or Phenotype Reference

Strains

 W3110 F− IN(rrnD-rrnE)1 (Hill and Harnish, 1981)

 GM1 ara, Δ(pro-lac), thi, F′ pro lac (Sun and Webster, 1987)

 KP1038 GM1 exbB∷Tn10, tolQ(am)

 KP1344 W3110 tonB∷blaM (Larsen et al., 1999)

 KP1392 GM1 exbB∷Tn10, tolQ(am), recA∷cat (Held and Postle, 2002)

 KP1477 W3110 ΔtonB∷kan (Devanathan and Postle, 2007)

 KP1484 GM1 ΔtonB∷kan Present study

 KP1503 GM1 exbB∷Tn10, tolQ(am), ΔtonB∷kan Present study

 KP1509 W3110 ΔexbD, ΔtolQR, ΔtonB∷kan Present study

 RA1017 W3110 ΔexbBD∷kan, ΔtolQRA (Larsen et al., 2007)

 RA1021 W3110 ΔexbD Ray Larsen

 RA1045 W3110 ΔexbD, ΔtolQR (Brinkman and Larsen, 2008)

Plasmids

 pKP325 pBAD-regulated TonB (Larsen et al., 1999)

 pKP381 TonB(H20A) (Larsen et al., 2007)

 pKP568 TonB(C18G) (Ghosh and Postle, 2005)

 pKP879 TonB(C18G, H20A) Present study

 pKP945 TonB(C18G, A150C) Present study

 pKP1054 TonB(H20D) Present study

 pKP1031 TonB(C18G, H20A, A150C) Present study

 pBAD24 L-arabinose-inducible, pBR322 ori (Guzman et al., 1995)

 pKP660 pBAD24 expressing exbBD from the pBAD promoter Present study

 pKP761 ExbB, ExbDΔ2-11 Present study

 pKP880 ExbB, ExbD(A92C) Present study

 pKP930 ExbB with 7 residue C-terminal insertion Present study

 pKP944 ExbB-Venus, ExbD Present study

 pET21a-Venus Venus fluorescent protein (Anderson and Yang, 2008)

 pKP1186 pPro24-(T7-ExbD) Present study

 pKP1195 pBAD24-(T7-ExbD) Present study

 pPro24 propionate-inducible, pBR322 ori (Lee and Keasling, 2005)

 pKP999 pPro24 expressing exbD Present study

 pKP1000 ExbD(A92C) Present study

 pKP1049 ExbD(D25N, A92C) Present study

 pKP1055 ExbD(D25H) Present study

 pKP1064 ExbD(D25N) Present study

 pKP1191 ExbD(D25A) Present study

Mol Microbiol. Author manuscript; available in PMC 2010 August 1.


