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The TonB system couples cytoplasmic membrane proton motive force to TonB-gated outer membrane
transporters for active transport of nutrients into the periplasm. In Escherichia coli, cytoplasmic membrane
proteins ExbB and ExbD promote conformational changes in TonB, which transmits this energy to the
transporters. The only known energy-dependent interaction occurs between the periplasmic domains of TonB
and ExbD. This study identified sites of in vivo homodimeric interactions within ExbD periplasmic domain
residues 92 to 121. ExbD was active as a homodimer (ExbD,) but not through all Cys substitution sites,
suggesting the existence of conformationally dynamic regions in the ExbD periplasmic domain. A subset of
homodimeric interactions could not be modeled on the nuclear magnetic resonance (NMR) structure without
significant distortion. Most importantly, the majority of ExbD Cys substitutions that mediated homodimer
formation also mediated ExbD-TonB heterodimer formation with TonB A150C. Consistent with the implied
competition, ExbD homodimer formation increased in the absence of TonB. Although ExbD D25 was not required
for their formation, ExbD dimers interacted in vivo with ExbB. ExbD-TonB interactions required ExbD transmem-
brane domain residue D25. These results suggested a model where ExbD, assembled with ExbB undergoes a
transmembrane domain-dependent transition and exchanges partners in localized homodimeric interfaces to form
an ExbD,-TonB heterotrimer. The findings here were also consistent with our previous hypothesis that ExbD guides

the conformation of the TonB periplasmic domain, which itself is conformationally dynamic.

The TonB system of Gram-negative bacteria couples the
proton motive force (PMF) of the cytoplasmic membrane
(CM) to the active transport of a diverse range of large, scarce,
or important nutrients across the unenergized outer membrane
(1, 24, 25). Active transport across the outer membrane requires
TonB-gated transporters, which are 22-stranded B-barrels with
lumens occluded by an amino-terminal globular domain called
the cork (37).

In addition to the TonB-gated transporters in the outer
membrane, the TonB system consists of 3 integral CM pro-
teins, TonB, ExbB, and ExbD. TonB and ExbD have identical
topologies, each with a single transmembrane domain (TMD)
and more than two-thirds of each protein in the periplasm (15,
20, 43). ExbB has 3 TMDs and significant cytoplasmic domains
(21, 22). ExbB and ExbD appear to couple the energy of the
CM PMF to conformational changes in the TonB carboxy
terminus (33). The TonB carboxy terminus directly contacts
the TonB-gated transporters and somehow transmits energy
for active transport of substrates. Evidence suggests all three
proteins form a complex in the CM, but the stoichiometry of
this complex is unknown (2, 38). The cellular TonB/ExbD/
ExbB ratio is 1:2:7 (16).

The only step in TonB energization currently known to re-
quire the PMF is characterized by a formaldehyde-cross-link-
able interaction between the TonB and ExbD periplasmic do-
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mains. While TonB is conformationally responsive to changes
in the PMF, the absence of protonatable residues in the TonB
TMD, among other data, suggests that TonB responds to the
PMF only by virtue of TonB-ExbD interactions through their
periplasmic domains (5, 11, 29, 38, 45).

ExbD can also be trapped in formaldehyde-cross-linked ho-
modimers in vivo. Unlike the formaldehyde-mediated TonB-
ExbD complex, homodimer formation does not require PMF,
TonB H20, or ExbD D25 (38). It is unknown if ExbD ho-
modimers are functional. In vitro studies pinpointed a specific
region of the ExbD periplasmic domain, residues 104 to 116,
as a homomultimeric interface. Nuclear magnetic resonance
(NMR) studies of the ExbD periplasmic domain (residues 43
to 141) demonstrated extensive aggregation of this isolated
domain, with 4 to 7 copies of the domain forming a homomul-
timer with 1 mM protein at pH 7.0 (10). It is not known if this
region mediates homodimerization in vivo.

In this study, cysteine scanning of a 30-residue region of the
ExbD periplasmic domain identified regions involved in ho-
modimer formation in vivo, some of which mapped to the region
identified in the NMR studies and some of which mapped to the
opposite end of the solution structure, suggesting that the ExbD
TMD contributes substantially to the conformation of a dynamic
ExbD carboxy terminus. Most importantly, the same set of ExbD
Cys substitutions that mediated spontaneous disulfide-linked ho-
modimer formation also mediated spontaneous heterodimer for-
mation with TonB A150C in vivo.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and plasmids used in this
study are listed in Table 1. Single-amino-acid substitutions were generated for all
plasmids using 30-cycle extralong PCR. All ExbD Cys substitutions were con-
structed using this method, with pKP999 (exbD) as the template unless otherwise
noted. pKP885, pKP899, pKP905, and pKP911 were derivatives of pKP660 (exbB
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid® Genotype or phenotype Reference

Strains
W3110
RA1017
RA1045
KP1344
KP1509

F~ IN(D-rmE)1 18
W3110 AexbBD::kan AtolQRA 29
W3110 AexbD AtolQR 5
W3110 tonB Pl14::blaM 33
W3110 AexbD AtolQR 38
AtonB::kan
Plasmids
pKP381
pKP945
pKP660
pKP885
pKP899
pKP905
pKP911
pKP1000
pKP1049
pKP999
pKP1001 (L93C)
pKP1002 (T94C)
pKP1003 (E95C)
pKP1004 (G96C)
pKP1005 (K97C)
pKP1006 (K98C)
pKP1007 (D99C)
pKP1008 (T100C)
pKP1009 (T101C)
pKP1010 (1102C)
pKP1011 (F103C)
pKP1012 (F104C)
pKP1013 (R105C)
pKP1014 (A106C)
pKP1015 (D107C)
pKP1016 (K108C)
pKP1017 (T109C)
pKP1018 (V110C)
pKP1019 (D111C)
pKP1020 (Y112C)
pKP1021 (E113C)
pKP1022 (T114C)
pKP1023 (L115C)
pKP1024 (M116C)
pKP1025 (K117C)
pKP1026 (V118C)
pKP1027 (M119C)
pKP1028 (D120C)
pKP1029 (T121C)
pKP1064
pKP1217 (D25N, L93C)
pKP1216 (D25N, T94C)
pKP1218 (D25N, E95C)
pKP1219 (D25N, G96C)
pKP1050 (D25N, K97C)
pKP1233 (D25N, K98C)
pKP1203 (D25N, D99C)
pKP1204 (D25N, T100C)
pKP1260 (D25N, T101C)
pKP1189 (D25N, 1102C)
pKP1051 (D25N, F103C)
pKP1226 (D25N, F104C)
pKP1227 (D25N, R105C)
pKP1228 (D25N, A106C)
pKP1261 (D25N, D107C)
pKP1270 (D25N, K108C)
pKP1052 (D25N, T109C)
pKP1237 (D25N, V110C)
pKP1262 (D25N, D111C)
pKP1269 (D25N, Y112C)
pKP1234 (D25N, E113C)
pkP1274 (D25N, T114C)
pKP1053 (D25N, L115C)
pKP1429 (D25N, M116C)
pKP1290 (D25N, K117C)
pKP1291 (D25N, V118C)
pKP1294 (D25N, M119C)
pKP1297 (D25N, D120C)
pKP1082 (D25N, T121C)

TonB(H20A) 29
TonB(C18G, A150C) 38
exbB exbD in pBAD24 38
ExbB ExbD(K97C) Present study
ExbB ExbD(F103C) Present study
ExbB ExbD(T109C) Present study
ExbB ExbD(L115C) Present study
ExbD(A92C) 38
ExbD(D25N, A92C) 38
exbD in pPro24 38

ExbD(D25N) 38

“ The plasmids listed below pKP999 and pKP1064 are derivatives of pKP999
and pKP1064, respectively, unless otherwise noted in Materials and Methods.
The ExbD substitutions expressed from each plasmid are listed in parentheses.
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exbD). All ExbD D25N Cys substitutions were derivatives of pKP1064 (exbD
D25N), except for the following: pKP1050 was a derivative of pKP1005 (exbD
K97C), pKP1051 was a derivative of pKP1011 (exbD F103C), pKP1052 was a
derivative of pKP1017 (exbD T109C), pKP1053 was a derivative of pKP1023
(exbD L115C), pKP1082 was a derivative of pKP1029 (exbD T121C), and
pKP1429 was a derivative of pKP1024 (exbD M116C). Forward and reverse
primers were designed with the desired base change flanked on both sides by 12
to 15 homologous bases (primer sequences are available upon request). Dpnl
digestion was used to remove the template plasmid. The sequences of the exbB
segment and the exbD gene were confirmed by DNA sequencing at the Penn
State Genomics Core Facility, University Park, PA.

To construct pKP1005, pKP1011, pKP1017, and pKP1023, forward and reverse
primers were designed to amplify the last 22 codons of exbB through the stop
codon of exbD from a pKP885 (exbB exbD K97C), pKP899 (exbB exbD F103C),
pKP905 (exbB exbD T109C), or pKP911 (exbB exbD L115C) template, respec-
tively, introducing flanking Ncol sites. The PCR-amplified, Ncol-digested frag-
ment was cloned into the unique Ncol site in pPro24 (34). Proper orientation was
determined by Fspl digestion. The sequences of the exbB segment and the exbD
gene were confirmed by DNA sequencing at the Penn State Genomics Core
Facility, University Park, PA.

Media and culture conditions. Luria-Bertani (LB), tryptone (T), and M9
minimal salts were prepared as previously described (35, 44). Liquid cultures and
agar plates were supplemented with 100 pg ml~! ampicillin and plasmid-specific
levels of sodium propionate, pH 8, as needed for expression of ExbD (see Table
S1 in the supplemental material). When coexpression of plasmid-encoded
TonB(C18G, A150C) was examined, cultures and agar plates were also supple-
mented with 34 pg ml~! chloramphenicol and plasmid-specific levels of L-arabinose
as needed for TonB expression. M9 salts were supplemented with 0.5% glycerol, 0.4
pg ml~! thiamine, 1 mM MgSO,, 0.5 mM CaCl,, 0.2% Casamino Acids, 40 pg ml~!
tryptophan, and 37 uM FeCl; - 6H,O. Cultures were grown with aeration at 37°C.
All assays were performed using mid-exponential-phase cells (455, ~ 0.43 to 0.5, as
measured on a Spectronic 20 with a path length of 1.5 cm).

Activity assays. Initial rates of [*>Fe]ferrichrome uptake were determined as
described previously (32, 40). For assays where cultures were treated with cop-
per-(1,10-phenanthroline); (CuoP), harvested cells were pelleted, resuspended
in 1X M9 supplemented as described above (no sodium propionate added), and
treated with an equal volume of 0.06 mM CuoP (0.03 mM [final]) or 0.5 mM
sodium phosphate buffer, pH 7.4 (buffer only) for 5 min at 37°C with aeration.
Cells were pelleted, and the standard iron transport protocol was followed,
starting with resuspension in the assay medium.

In initial assays testing CuoP treatment, it was found that resuspension of
harvested cells in unsupplemented 1X M9 and subsequent treatment with 0.03
mM CuoP decreased iron transport of a wild-type strain to about 25%. However,
treatment with the same concentration, 0.03 mM CuoP, in supplemented 1X M9
did not inhibit the activity of a wild-type strain. In all assays, the CuoP solution
was removed and the assays were carried out in identical media, but the medium
present during the 5-min CuoP treatment was important and differentially af-
fected the activity of a wild-type strain.

In vivo disulfide cross-linking. Saturated LB overnight cultures were subcul-
tured 1:100 in T broth. Equivalent A45s,-ml (total amount of cells; obtained by
multiplying the Ass, of the culture by the volume of culture used) of mid-
exponential-phase cultures were harvested and precipitated by addition of an
equal volume of 20% trichloroacetic acid (TCA). Cell pellets were solubilized in
nonreducing Laemmli sample buffer (26) containing 50 mM iodoacetamide, as
previously described (11). Samples were resolved on nonreducing 15%, 13%, or
11% SDS-polyacrylamide gels and immunoblotted with ExbD-specific polyclonal
antibodies (16) or TonB-specific monoclonal antibodies (31). Disulfide-linked
complexes still formed when samples were not TCA precipitated (see Fig. S3 in
the supplemental material). For reasons that were unclear, anti-ExbD immuno-
blots from nonreducing gels consistently showed lower detection than reducing
gels. Typically, a 10-min exposure from a nonreducing gel immunoblot was
comparable in intensity to a 1-min exposure from a reducing gel immunoblot. To
determine total protein expression levels, cell pellets of TCA-precipitated samples
harvested at the same time as the cultures described above were solubilized in
reducing Laemmli sample buffer containing B-mercaptoethanol (B-ME), resolved
on reducing SDS-polyacrylamide gels, and immunoblotted as described above.

For assays catalyzing oxidative cross-linking with copper-(1,10-phenanthro-
line);, saturated LB overnight cultures were subcultured 1:100 in M9 minimal
medium. The harvested cells were resuspended in unsupplemented 1X M9 and
treated with an equal volume of 0.06 mM CuoP (0.03 mM [final]) or 0.5 mM
sodium phosphate buffer, pH 7.4 (buffer only) for 5 min at 37°C with aeration.
Following treatment, samples were precipitated by addition of an equal volume
of 20% TCA. All cell pellets were resuspended in nonreducing Laemmli sample
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FIG. 1. Cysteine substitutions in the ExbD periplasmic domain form spontaneous disulfide-linked dimers in vivo. TCA-precipitated proteins
from strains expressing chromosomally encoded wild-type ExbD (W3110) or a AexbD AtolQR strain (RA1045) expressing plasmid-encoded ExbD
variants near native ExbD levels (see Table S1 in the supplemental material for induction levels) were resolved on nonreducing or reducing 15%
SDS-polyacrylamide gels and immunoblotted with ExbD-specific polyclonal antibodies. Reduced and nonreduced samples came from the same
culture. d indicates the position of the homodimer, and m indicates the position of the monomer. The positions of nonreducing molecular mass

standards are indicated on the left.

buffer containing 50 mM iodoacetamide. At the time of initial harvest, samples
from each culture were also TCA precipitated, and the pellets were resuspended
in reducing Laemmli sample buffer containing B-ME. These served as the re-
duced sample controls for total protein expression levels. Equal Ass,-ml were
loaded for all samples. Immunoblotting was performed as described above.

In vivo formaldehyde cross-linking following oxidative cross-linking. Satu-
rated LB overnight cultures were subcultured 1:100 into M9 minimal medium
supplemented with sodium propionate (see Table S1 in the supplemental mate-
rial for induction levels). At mid-exponential phase, cells were harvested and
treated with an equal volume of 0.6 mM CuoP (0.3 mM [final]) for 5 min at 37°C
with aeration. The cell pellets were washed once with 1X M9 and then resus-
pended in sodium phosphate buffer, pH 6.8, and treated with formaldehyde as
previously described (17). Half of the samples were resuspended in nonreducing
Laemmli sample buffer containing 50 mM iodoacetamide and half in reducing
Laemmli sample buffer containing B-ME. The samples were resolved on 13%
nonreducing or reducing SDS-polyacrylamide gels, respectively, and immuno-
blotted with ExbD-specific polyclonal antibodies.

RESULTS

Cysteine substitutions from ExbD residue 92 through resi-
due 121 form spontaneous disulfide-linked dimers. In vivo,
ExbD A92C, a periplasmic domain substitution, forms disul-
fide-linked homodimers (38). In vitro, the ExbD periplasmic
domain forms higher-order homomultimers through residues
104 to 116 (10). Our unpublished in vivo studies suggested a
30-residue region of the ExbD periplasmic domain, from res-
idues 92 to 121, was important in mediating protein-protein
interactions of ExbD (A. A. Ollis, A. Kumar, and K. Postle,
unpublished data). To investigate the role of this region of
ExbD in homodimer formation in vivo, cysteine substitutions
were individually constructed at each of the remaining 29 res-
idues. ExbD has no native cysteine residues, so wild-type ExbD
encoded on plasmid pKP999 was used as the template.

Each plasmid-encoded substitution was expressed in strain
RA1045 (AexbD AtolQR), where deletion of tolQR prevented
the activity attributable to cross talk of TonB with this homol-
ogous system (3). Attempts were made to express each ExbD
Cys substitution at levels equal to those of native ExbD when
analyzed under reducing conditions. Immunoblots with an
ExbD-specific polyclonal antibody of steady-state levels of
TCA-precipitated proteins resolved on SDS-polyacrylamide
gels showed all but one of the substitutions could be stably
expressed (Fig. 1, reduced). ExbD I102C was proteolytically

unstable and only faintly detected on longer exposures, even
when induced with the highest concentration of sodium pro-
pionate. The instability was not specific to substitution of cys-
teine, since ExbD I102A was also proteolytically unstable (data
not shown). Cys substitutions at T94, K98, and D107 also
decreased ExbD stability, but these substitutions could be ex-
pressed to native ExbD levels with higher concentrations of
sodium propionate (see Table S1 in the supplemental mate-
rial). ExbD L93C showed aberrant migration, migrating more
slowly than wild-type ExbD. ExbD L.93A also exhibited slower
migration (data not shown). Single-amino-acid substitutions
can alter protein mobility on SDS-polyacrylamide gels (36).

To see if any of the ExbD periplasmic domain Cys substitu-
tions were capable of forming spontaneous disulfide-linked
homodimers, samples were prepared under nonreducing con-
ditions. Bacterial cell pellets were solubilized in sample buffer
containing iodoacetamide to alkylate free cysteines and pre-
vent dimer formation after cell lysis. ExbD homodimers would
theoretically migrate at about 31 kDa. Accordingly, ExbD-
specific immunoblots of nonreducing SDS-polyacrylamide gels
showed a number of ExbD Cys substitutions formed disulfide-
linked homodimers, with the highest level of complex forma-
tion observed for G96C, D99C, 1102C, D107C, K108C, Y112C,
and E113C (Fig. 1, nonreduced). Notably, dimer formation
appeared to stabilize ExbD 1102C. Reducing conditions com-
pletely hydrolyzed the homodimer, yet only a small amount of
monomeric ExbD 1102C was detected on long exposures of
immunoblots (see Fig. S1 in the supplemental material). Lower
levels of dimer formation were observed for A92C, E95C,
K98C, T109C, V110C, D111C, M116C, and D120C. For a few
substitutions, a higher complex was formed, migrating around
40 kDa and most significantly detected with G96C, K98C, and
D99C. This complex was still detected in a strain lacking ExbB,
ruling out the possibility that it was a disulfide-linked complex
between ExbD and ExbB, which has a single native cysteine
(see Fig. S2 in the supplemental material; data not shown).
The identity of this complex is unknown.

It is important to note that, for certain Cys substitutions, the
nature of the native side chain would not favor interaction with
the same residue of another ExbD. Asp99, for example,
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FIG. 2. ExbD residues 92 through 121 are tolerant of replacement with cysteine, but disulfide-linked dimer formation can inhibit activity. A
strain expressing chromosomally encoded wild-type ExbD (W3110) or a AexbD AtolQR strain (RA1045) expressing plasmid-encoded wild-type
ExbD (pExbD) or ExbD Cys substitutions near native ExbD levels (see Table S1 in the supplemental material, 1X M9, for induction levels) was
assayed for the ability to support transport of iron-loaded ferrichrome (Fe-Fc) as described in Materials and Methods. The results presented are
representative data where activity was within 5% across at least two sets of triplicate assays. The y axis indicates the initial rate of transport. The
ExbD variants assayed are indicated along the x axis. TCA-precipitated samples harvested just prior to each assay were resolved on 15%
nonreducing or reducing SDS-polyacrylamide gels and immunoblotted with ExbD-specific polyclonal antibody. A indicates the AexbD AtolQR
strain (RA1045), w indicates wild-type strain W3110, and pE indicates plasmid-encoded wild-type ExbD. The residue numbers indicate the
positions of the ExbD Cys substitution. On the right, d indicates the position of the homodimer, and m indicates the position of the monomer. (A,
B, and C) Sets of activity assays performed on the same days. (D) Activity assays for select ExbD homodimers catalyzed by CuoP treatment. —

and + indicate buffer only and 0.03 mM CuoP treatment, respectively, prior to assay. The gray bars highlight CuoP-treated strains. The error bars
indicate standard errors of the means.

formed prominent homodimeric interactions when replaced

to support ferrichrome-mediated iron transport under nonre-
with Cys, but two side chains with the same charge are unlikely

ducing conditions was determined, with each substitution ex-

to interact. Disulfide-linked interactions served as evidence
that the regions of ExbD where these substitutions are located
came into close contact in vivo. Disulfide bonds may trap nor-
mally transient conformations in addition to any native inter-
faces.

ExbD residues 92 through 121 are tolerant of replacement
with cysteine. The ability of each ExbD with a Cys substitution

pressed to native ExbD levels (Fig. 2, lower immunoblots). The
corresponding degree of dimer formation for each strain
assayed was also determined. All 30 substitutions were ac-
tive, with Y112C supporting the lowest initial rate of trans-
port at about 80% the rate of wild-type plasmid-encoded
ExbD (Fig. 2C).

The 80% activity of ExbD I102C, for which a monomer was
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FIG. 3. Addition of an oxidizing agent increases the number of ExbD Cys substitutions trapped in disulfide-linked homodimers. (Nonreduced)
AexbD AtolQR strains (RA1045) expressing plasmid-encoded ExbD variants near native ExbD levels (see Table S1 in the supplemental material,
1x M9, for induction levels) were treated with buffer only (—) or 0.03 mM CuoP (+) for 5 min at 37°C, with aeration. TCA-precipitated samples
were resolved on nonreducing 15% SDS-polyacrylamide gels and immunoblotted with ExbD-specific polyclonal antibodies. The positions of
nonreducing molecular mass standards are indicated on the left. d indicates the position of the homodimer, and m indicates the position of the
monomer. (Reduced) TCA-precipitated samples taken from the same cultures prior to treatment were resolved on reducing 15% SDS-
polyacrylamide gels and immunoblotted with ExbD-specific polyclonal antibodies.

not detected, suggested that ExbD was active as a homodimer
(Fig. 2A). ExbD G96C, K108C, and Y112C also had significant
levels of disulfide-linked dimers present (Fig. 2A and B).
Dimers observed here for F103C were detected only when this
substitution was overexpressed. ExbD G96C, with ~2/3 pres-
ent as a homodimer and 1/3 present as a monomer, supported
85% activity, also suggesting that the dimeric form was active.
ExbD K108C and Y112C, which were initially expressed at
higher levels than native ExbD and exhibited dimer levels
equal to or greater than monomer levels, supported 110% and
90% activity, respectively (Fig. 2B). When inducer was de-
creased to achieve the desired native ExbD levels of expression
for these substitutions, significantly less dimer was present for
K108C and activity was the same, near 110%. Y112C now
showed equal dimer and monomer levels, and activity de-
creased to 80% (Fig. 2C). The activities of these substitutions
could be attributed to the significant level of monomer present.

ExbD homodimers differentially affect ExbD activity. To
increase the ratio of dimer to monomer so that the activity of
the dimer could be estimated, strains expressing ExbDs with
Cys substitutions were treated with the oxidizing agent CuoP as
described in Materials and Methods. After treatment, only 3

substitutions, K97C, T114C, and K117C, still showed no ho-
modimer formation (Fig. 3). For E95C, G96C, D99C, and
1102C, homodimer levels remained unchanged after CuoP
treatment. Significant increases in homodimers were observed
for T109C through E113C, L115C, and M116C.

The degree of dimer formation could be gauged only by
the decrease in monomer levels. This was due to the fact
that, although treated and untreated samples came from the
same culture, the detectability of ExbD in the dimer band
had greatly increased—exemplified by D111C, Y112C, and
E113C—suggesting a change in conformation that allowed
greater access to antibody binding. Only a slight increase in
total ExbD levels was observed when CuoP-treated samples of
these Cys substitutions were reduced after treatment (data not
shown). Inducer was absent during the 5-min CuoP treatment,
ruling out an actual increase in the amount of protein synthe-
sized, which would otherwise have been evident in all treated
samples.

Since CuoP treatment catalyzed almost 100% dimer forma-
tion for some of the Cys substitutions, attempts were made to
determine the activities of the dimeric forms. It was necessary
to adapt standard CuoP treatments to the demands of the iron
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transport assays because the standard treatment inhibited iron
transport in wild-type cells (reference 27 and data not shown).
To retain full iron transport activity of a wild-type strain after
CuoP treatment, the concentration of CuoP was reduced 10-
fold to 0.03 mM, and cells had to be suspended in fully sup-
plemented M9 medium as described in Materials and Methods
(Fig. 2D, pExbD).

Unfortunately, this treatment no longer catalyzed high levels
of dimer formation for the majority of ExbD Cys substitutions
(data not shown). Only Y112C and M116C exhibited nearly
100% homodimers. K108C also showed a significant increase
in homodimers, though monomer was still present (Fig. 2D,
nonreduced). This limited our ability to examine the activity or
inactivity of observed ExbD homodimers to these few substi-
tutions.

For both Y112C and M116C, the dimeric form inhibited
iron transport activity. CuoP-treated ExbD Y112C and M116C
supported only 5% and 20% activity, respectively, compared to
about 90% for samples treated with buffer only (Fig. 2D). In
contrast, ExbD K108C exhibited monomer levels similar to
those of ExbD M116C after CuoP treatment but was still at
least 70% active. This was similar to the result, described
above, where ExbD I102C was highly active as a spontaneously
formed homodimer.

ExbD dimers are assembled with ExbB. It was not known if
the inactive ExbD disulfide-linked dimers were inhibited in
their ability to assemble as part of a normal complex with
ExbB, such as if nonnative conformations were trapped after
translocation of the periplasmic domain across the CM or if
dimer formation blocked later conformational changes after
assembly. Both active and inactive ExbD (ExbD D25N or wild-
type ExbD after the collapse of PMF) can be cross-linked with
formaldehyde to ExbB (38). Since CuoP catalyzed almost com-
plete dimerization for certain ExbD Cys substitutions, attempts
were made to formaldehyde cross-link these disulfide-linked
dimers to ExbB to determine if the trapped ExbD homodi-
meric conformations could still assemble with ExbB.

Cultures expressing wild-type ExbD or the 4 ExbD Cys sub-
stitutions that showed the highest dimer levels (Fig. 3), K108C,
Y112C, E113C, and M116C, were treated with 0.3 mM CuoP
for 5 min and then cross-linked with formaldehyde under
nonreducing conditions. Cross-linked samples were divided in
half. One half was reduced with B-mercaptoethanol to hydro-
lyze disulfide cross-links, and the other half remained nonre-
duced. All were solubilized at 60°C to retain formaldehyde
cross-links. Samples were resolved on reducing or nonreducing
SDS-polyacrylamide gels and immunoblotted with ExbD-spe-
cific polyclonal antibodies (Fig. 4). An ExbD disulfide-linked
homodimer (~31 kDa) formaldehyde cross-linked to ExbB
(~26 kDa) would theoretically migrate at approximately 57
kDa. Due to migration similar to that of a heterodimeric com-
plex of ExbD and TonB (52 kDa), each substitution was also
cross-linked in a AfonB background (KP1509) to rule out those
complexes due to TonB-ExbD cross-links.

As seen previously under reducing conditions (38), here,
wild-type monomeric ExbD formaldehyde cross-linked into
homodimers and heterodimeric complexes with ExbB and
TonB, which were detected under both nonreducing and re-
ducing conditions (Fig. 4A). The formaldehyde-cross-linked
homodimer is typically the complex with the lowest abundance
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(38) and was apparent here on long exposures (Fig. 4B). Under
nonreducing conditions, cross-linking profiles for ExbD Cys
substitutions had much lower levels of the ExbD-ExbB com-
plex and appeared to show a TonB-ExbD cross-link (Fig. 4A,
left immunoblot). However, the ~57-kDa bands were still
present in a AtonB strain, ruling out a cross-link to TonB. The
size of the complex suggested it could represent a novel com-
plex of an ExbD disulfide-linked homodimer that was formal-
dehyde cross-linked to ExbB (ExbD,-ExbB). Due to the CuoP
treatment, much higher levels of homodimers and no mono-
mers were detected. It was not clear why ExbD homodimer
bands appeared as a doublet; however, both bands decreased
in the presence of reducing agent, suggesting disulfide-linked
dimers were in both bands. Doublet bands were also apparent
for the ExbD monomer, including cysteineless wild-type ExbD.
These may represent two conformations of ExbD, an unknown
modification, or a degradation product.

The same samples were also immunoblotted under reducing
conditions that hydrolyzed the disulfide bond of the ExbD
homodimer and retained ExbD monomers formaldehyde cross-
linked to other proteins (Fig. 4A, right immunoblot). Under
these conditions, levels of the suspected ExbD,-ExbB hetero-
trimer were greatly lowered with concomitant restoration of
the typical ExbD-ExbB heterodimer and ExbD monomer band
(Fig. 4A and C). This confirmed the identity of this 57-kDa
band as an ExbD,-ExbB heterotrimer, demonstrating that the
ExbD disulfide-linked dimers assembled with ExbB in vivo.
This also confirmed the supposition, based on data from the
Mot and Tol systems, that dimeric ExbD interacts with ExbB
(4, 6, 23). The absence of TonB had no effect on the cross-
linking profiles in the reduced samples, indicating that while
ExbD was trapped as a disulfide-linked homodimer, it could
not formaldehyde cross-link to TonB.

ExbD homodimer formation does not require ExbB or ExbD
D25. While it was observed that select ExbD disulfide-linked
homodimers could still complex with ExbB, it was not known if
they formed before or after interaction with ExbB. Since ExbD
homodimers formaldehyde cross-link in the absence of ExbB,
it was possible disulfide-linked dimer formation occurred be-
fore interaction with ExbB (38). The abilities of the Cys sub-
stitutions to form spontaneous disulfide-linked dimers were
compared in a AexbBD AtolQRA strain (RA1017). All dimers
still formed, and no new dimers were detected in the absence
of ExbB (see Fig. S2 in the supplemental material and data not
shown). Apparent decreases in the levels of dimers mostly
reflected variations in ExbD expression, since ExbB stabilizes
ExbD (9). For ExbD D111C, Y112C, and E113C, the decrease
in dimers suggested that they interacted with ExbB.

D25 is an essential residue in the ExbD transmembrane
domain, and a D25N mutation prevents energized interaction
between TonB and ExbD periplasmic domains (38). A func-
tional ExbD TMD, however, was not important for homodimer
formation. Inactive ExbD D25N can be cross-linked into ho-
modimers with formaldehyde (38), and accordingly, all ExbD
D25N Cys substitutions still formed disulfide-linked dimers
(see Fig. S2 in the supplemental material). No new dimers
were detected in the presence of the D25N mutation (data not
shown).

ExbD homodimers increase in the absence of TonB. The
results discussed above, where formaldehyde cross-linking
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FIG. 4. ExbD disulfide-linked homodimers assemble with ExbB. Strains expressing chromosomally encoded wild-type ExbD (W3110) in the
absence of TonB (KP1344) or a AexbD AtolQR strain (RA1045) or a AexbD AtolQR AtonB (KP1509) strain expressing plasmid-encoded wild-type
ExbD (pExbD) or ExbD Cys substitutions near native ExbD levels (see Table S1 in the supplemental material for induction levels) were treated
with CuoP, washed, and then cross-linked with formaldehyde as described in Materials and Methods. (A) Samples were resolved on 13%
nonreducing or reducing SDS-polyacrylamide gels and immunoblotted with ExbD-specific polyclonal antibodies. The positions of monomeric
ExbD and ExbD-specific cross-linked complexes are indicated on the left. The positions of molecular mass standards are indicated between the
immunoblots. (B) Long exposures of the immunoblots in panel A showing only the strains expressing wild-type ExbD. NR indicates nonreduced.
Red indicates reduced. (C) Short exposures of the immunoblots in panel A, cropped to the region of the ExbB-ExbD heterodimer, are shown for
better comparison of relative levels of the complex under nonreducing or reducing conditions.

of disulfide-linked ExbD dimers was analyzed, suggested
that the ExbD periplasmic domain could form disulfide-
linked homodimers or formaldehyde-cross-linked TonB-
ExbD heterodimers, but not both at the same time. For the
four Cys substitutions examined in that assay, dimer formation
was efficiently catalyzed even in the absence of TonB. To
determine if TonB was important for spontaneous ExbD ho-
modimer formation, disulfide-linked dimer formation was ex-
amined in a AexbD AtolQR AtonB strain (KP1509). All 14
dimer-forming Cys substitutions showed increased disulfide-
linked dimers in the absence of TonB, suggesting possible
competition existed between homodimers and heterodimers
and a TonB-dependent change in the dynamics of the ExbD
periplasmic domain (Fig. 5).

Most ExbD Cys substitutions that can dimerize also form
heterodimers with TonB with a Cys substitution. It was previ-
ously observed that ExbD A92C forms a homodimer and a
disulfide-linked heterodimer with TonB(C18G, A150C) (38).
A150 is a nonessential residue of the TonB carboxy terminus
(residues 150 to 239), a functionally essential region of the
TonB periplasmic domain (30, 41). To determine if any of the
other ExbD residues with Cys substitutions could be trapped in

specific interaction with TonB, each was coexpressed with
TonB(C18G, A150C), and disulfide-linked complex formation
was examined for both ExbD and TonB. A number of ExbD
Cys substitutions were trapped in disulfide-linked heterodimers
with TonB (Fig. 6). There was a strong correspondence be-
tween those Cys substitutions that participated in ExbD-TonB
heterodimer formation and those that formed homodimers:
A92C, E95C through D99C, K108C, T109C, Y112C, and
E113C. Both interactions, however, were not observed through
all sites. ExbD 1102C and V110C formed homodimers but not
ExbD-TonB heterodimers. K97C and K98C formed het-
erodimers but not homodimers.

ExbD D25 is specifically important for disulfide-linked
TonB-ExbD heterodimers. We had previously observed that
ExbD D25N still formed disulfide-linked homodimers but did
not form the ExbD A92C-TonB A150C heterodimers (38). To
determine if a functional ExbD TMD was also important for
the other observed disulfide-linked heterodimers, ExbD Cys
substitutions with a wild-type TMD or containing a D25N
TMD substitution were coexpressed with TonB(C18G, A150C)
and examined under nonreducing conditions. ExbD Cys sub-
stitutions formed homodimers with or without residue D25,
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the homodimer, and m indicates the position of the monomer. The middle set of immunoblots is a shorter exposure of the top set showing

the monomer band only.

but significant interaction with TonB A150C required D25
(Fig. 7). In the presence of wild-type TonB, ExbD D25N Cys
homodimers were increased compared to substitutions with a
wild-type TMD, as expected if disulfide-linked homodimer for-
mation prevented subsequent interactions with TonB (see Fig.
S2 in the supplemental material). In studies of these same
substitutions with the coexpression of TonB A150C, the dif-
ferences between ExbD Cys and ExbD D25N Cys homodimers
were not as obvious (Fig. 7). Disulfide-linked heterodimer for-
mation of the wild-type ExbD Cys with TonB A150C may also
have resulted in increased ExbD homodimers, similar to the
effect of the D25N substitution, possibly by blocking further
cycles of ExbD-TonB associations.

DISCUSSION

ExbD can formaldehyde cross-link in vivo into a ho-
modimer or a heterodimer with TonB through its periplas-
mic domain. ExbD also formaldehyde cross-links efficiently
to ExbB through unknown regions. ExbB and PMF are re-
quired to form the ExbD-TonB heterodimer, but not the ExbD
homodimer. The functional significance of the ExbD ho-
modimer is unknown. ExbD A92C was previously demon-
strated to be a site of in vivo ExbD homodimeric and ExbD
A92C-TonB A150C heterodimeric interaction. ExbD A92C
formed homodimers even if the inactivating D25N TMD mu-
tation was present, but the heterodimeric complex with TonB
A150C required functional TMDs of both proteins (38).

The same periplasmic ExbD residues mediate in vivo inter-
actions between ExbD dimers and ExbD-TonB heterodimers.
We recently identified a 30-residue region of ExbD that was
important in supporting ExbD formaldehyde-cross-linked pro-
tein-protein interactions, including homodimers and ExbD-
TonB heterodimers (Ollis et al., unpublished). To determine if
this region was directly involved in these interactions, ExbD
residues 92 through 121 were scanned with Cys substitutions

for analysis of in vivo disulfide cross-linking with another ExbD
and with TonB A150C.

Here, we showed that most of the 14 ExbD Cys substitutions
that mediated disulfide cross-linking of ExbD homodimers also
mediated formation of heterodimers with TonB. This sug-
gested that ExbD periplasmic domain homodimeric interac-
tions were not formed through static interfaces, since a per-
manent interaction would have prevented interaction with
TonB in that region. Consistent with this idea, the absence of
competing TonB led to an increase in ExbD homodimeriza-
tion.

Because ExbD homodimers could associate with ExbB and
because ExbD homodimers appeared to be the default ar-
rangement for ExbD in the absence of other members of the
complex, it appeared that the ExbD,-ExbB complex might be
an initial assembly intermediate. TonB was also not required
for the formation of the ExbD,-ExbB complex. It should be
noted that Pramanik et al. recently identified an ExbBs-ExbD,
complex in vitro and could find no evidence for ExbD dimers
(42). In that study, however, ExbD carried a StreplI affinity tag
at its carboxy terminus and ExbB carried a His, tag. Epitope
tags have resulted in artifactual protein interactions or pre-
vented native interactions, described in multiple protein sys-
tems where histidine tags were used (8, 19, 47). Within the
TonB system, ExbD oligomerization states are affected by
epitope tagging. A T7 epitope tag at the amino terminus of
ExbD prevents in vivo formaldehyde cross-linking between
ExbD and TonB or ExbB and results in artifactual formation
of T7-ExbD homotrimers (38). It could be that the presence of
the Strepll or His, tag prevented detectable association of
ExbD homodimers with ExbB in vitro.

The functional distinction between homodimeric ExbD
and TonB-ExbD heterodimeric interactions became apparent
when the ExbD D25N substitution was examined. Because the
disulfide-linked complexes in this study occurred spontane-
ously, it was not possible to directly assess the role of PMF.
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Newly synthesized proteins require PMF for CM insertion, and
disulfide-linked complexes would be preexisting in any cultures
treated with a protonophore to collapse the PMF. ExbD TMD
residue D25 is a candidate residue for promoting direct re-
sponse of ExbD to PMF and is essential for energized ExbD-
TonB periplasmic domain interaction (38). In this study ExbD
D25N largely prevented the formation of ExbD-TonB het-
erodimers, which validated the biological relevance of these
specific sites of disulfide-linked interaction.

A model is therefore proposed where ExbD homodimers
constitute the initial interaction of the ExbD periplasmic domain.
ExbD homodimers assembled with ExbB are able to interact with
TonB. Homodimerization of ExbD appears to involve multiple
interfaces, and specific regions of the ExbD homodimer transition
to heterodimeric interactions with TonB. The ExbD TMD, spe-
cifically residue D25, is important for the conformational transi-
tions of the ExbD periplasmic domain to these specific heterodi-
meric associations with the TonB carboxy terminus. The specific
signal that initiates the transition is unknown.

The theme of homodimeric-to-heterodimeric transitions in-
volving shared interfaces has been seen in other systems. In
Agrobacterium tumefaciens, TraM inhibits the transcriptional

activator TraR through formation of a heterodimeric antiacti-
vation complex. Both TraM and TraR form homodimers, with
the homodimeric interface of TraM also serving as its interac-
tive site with TraR. Initial nonspecific binding of TraR to the
TraM homodimer has been proposed to facilitate homodimer
dissociation and formation of the inactive TraR-TraM het-
erodimer (7). If present, initial PMF-independent interaction
between ExbD and TonB periplasmic domains could serve a
similar purpose. In the case of the TonB system, however, it is
likely that ExbD-TonB periplasmic domain interaction acti-
vates TonB, since TonB lacks TMD residues that could pro-
mote a direct, independent response of TonB to PMF (45).
The TonB-ExbD periplasmic domain interaction, detected by
formaldehyde cross-linking, requires PMF (38). Thus, an equi-
librium between ExbD and TonB-ExbD interactions might be
more like the yeast copper chaperone yCCS and copper, zinc
superoxide dismutase SOD1. Both form homodimers, as do
both TonB and ExbD (11, 38), with activation of SOD1 by
yCCS occurring through heterodimeric interaction between
conserved homodimer interface residues from both proteins
(28). Copper binding to yCCS promotes and stabilizes het-
erodimeric interaction with SOD1 (46).



Vor. 193, 2011

DYNAMIC INTERACTIONS OF ExbD PERIPLASMIC DOMAIN 6861

Q Q
£ IS
8 8
< <
'q <
€] €]
IS + TonB(C18G, A150C) S + TonB(C18G, A150C)
< ! 1 < I 1
QO O O O
-~ @O -
d988 8 8 R 8 ga g 8 g & 2
Q5 0 o 9 9o 2 Q2 & = = = =
Xog < w O X X Xo O X +— > W
<§_+_+_+_+_+kDa‘<;_+_+_+_+_+D25N
TonB-ExbD—» 8 5= W = W~ - _4518_ o = o = o
ExbD homodimer—» - a - - ::258: - — - -
EXbD MONOMEr—p wnom ™ o e o e = = {5 @mom o e o= oo
reduced - - - — -
oExbD oExbD
kDa:
TonB-ExbD—» [ . — 50 — .

TonB monomer—»

reduced

cocccsscte- | ecccasesssss

oTonB

oTonB

FIG. 7. ExbD D25 is important for ExbD-TonB disulfide-linked heterodimer formation. TCA-precipitated samples of strains expressing
chromosomally encoded wild-type ExbD and TonB (W3110) or a AexbD AtolQR AtonB strain (KP1509) coexpressing plasmid-encoded
TonB(C18G, A150C) and ExbD Cys substitutions without (=) or with (+) a D25N TMD substitution near native levels were resolved on
nonreducing or reducing 13% and 11% SDS-polyacrylamide gels and immunoblotted with ExbD-specific polyclonal antibodies or TonB-specific
monoclonal antibodies. Reduced and nonreduced samples came from the same culture. The positions of the monomeric proteins or disulfide-
cross-linked complexes are indicated on the left. The positions of nonreducing molecular mass standards are indicated between the immunoblots.
The strain designations across the top apply to both immunoblots below. All samples were processed on the same day.

Similarities and differences between the solved structure of
the ExbD periplasmic domain and ir vivo results. Previous in
vitro studies using NMR diffusion or dynamic light-scattering
assays with the isolated ExbD periplasmic domain (1 mM at
pH 3.0 or 7.0) showed multimerization of 4 to 7 copies of the
ExbD periplasmic domain. Based on amide chemical shifts,
when the protein concentration was increased from 0.2 mM
(monomeric) to 1 mM (multimeric), the region of residues 104
to 116 was proposed as the homomultimeric interface. The
opposite end of the structure, including residues 92 to 103, was
not involved in multimerization based on no change with in-
creased protein concentration (10). The proposed region of
homomultimerization was not investigated in vivo.

When all sites of spontaneous in vivo disulfide-linked dimer
formation in this study were mapped onto the ExbD periplas-
mic domain NMR structure, homodimerization sites clustered
at both ends of the structure (Fig. 8). These two distinct inter-
active domains suggested the possibility of at least two homodi-
meric interfaces in vivo. If these residues form a single inter-
face, the interactive conformation is not represented by the
solution structure, where residue side chains of even just the
most prominent interaction sites face in multiple directions.
One of the in vivo interactive regions, residues 106 to 116,
overlapped most of the identified in vitro interactive region,
residues 104 to 116. In vivo interaction through these substi-
tution sites did not require function of the ExbD TMD, sup-
porting the fact that this region supports homomultimeric as-
sociations of an inactive ExbD periplasmic domain, even
lacking the entire TMD. In the monomeric NMR structure,
this region has predominantly hydrophobic, surface-exposed
residues, F104, A106, V110, 1115, and M116, which could

FIG. 8. Sites of disulfide-forming Cys substitutions map to opposite
ends of the ExbD periplasmic domain solution structure. Side chains of
residues where Cys substitutions were trapped in disulfide-linked ho-
modimers in vivo are mapped on the ExbD periplasmic domain NMR
structure, Protein Data Bank (PDB) code 2pfu. The image was gen-
erated using Swiss-PdbViewer (14). The darker gray ribbon represents
the Cys-scanned region examined in this study. The black side chains
indicate significant spontaneous ExbD homodimer formation. The
gray side chains indicate weak spontaneous homodimer formation.
With the exception of 1102, V110, and M116, the side chains pictured
showed significant ExbD heterodimer formation with TonB A150C
formation. C and N indicate the carboxy and amino termini of the
domain, respectively.
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promote nonspecific aggregation of the 4 to 7 subunits. While
in vivo results support interactions through this region, it is
unknown if higher-order homomultimers, in addition to a ho-
modimer, occur in vivo.

A conformationally dynamic ExbD periplasmic domain.
This study provided evidence that the ExbD periplasmic do-
main conformation is dynamic in vivo. Interaction sites ob-
served in vivo extend beyond those observed in vitro. ExbD
1102, which was unstable as a Cys substitution unless trapped
as a dimer, is a buried residue on the 4 strand of the NMR
structure (Fig. 8). ExbD I102C was fully active as a dimer,
suggesting that this region of the B4 strand is surface exposed
in the monomers prior to forming the homodimer. The con-
formation of a monomeric unit of the active ExbD I102C
dimer would require changes from the solved structure. Addi-
tional sites of interaction in vivo not observed in vitro clustered
at the opposite end of the NMR structure from the identified
sites and included A92, E95, G96, K98, and D99. Perhaps
membrane insertion of ExbD is important for interaction
through this region.

Specific regions of the ExbD periplasmic domain required
conformational flexibility. Y112C, the site of highest dimer
formation, and M116C, both located on the external face of the
same helix in the NMR structure, were only active as mono-
mers. Complete homodimer formation through these sites in-
hibited activity, indicating that these residues must be free to
move in vivo. This could suggest that interaction at the inter-
face of this helix is normally resolved within a cycle of confor-
mational changes or that nonnative conformations trapped by
disulfide bonds reflect a transient close association of the he-
lices. ExbD K108C, like Y112C and M116C, formed both ho-
modimers and heterodimers, yet high levels of K108C ho-
modimers did not significantly inhibit TonB activity. K108C
may be in a region that comes into close association during
conformational changes but not itself an essential residue for
direct interactions. Sites such as Y112 or M116 could still be
accessible to TonB interaction in a disulfide-linked K108C
homodimer. The fact that the trapped dimer of ExbD 1102C
was fully active indicated that homodimeric ExbD had a func-
tional role and suggested some regions of ExbD remained
associated as homodimers even during heterodimeric interac-
tion with TonB.

In the presence of an oxidizing agent, only 3 of the 30 ExbD
Cys substitutions were not trapped in homodimeric interac-
tion—K97, T114, and K117. This suggested that ExbD dynam-
ically sampled many environments prior to establishing its di-
meric interfaces. Findings in this study were also consistent
with earlier suggestions that ExbD guides the conformation of
the TonB periplasmic domain, which itself is conformationally
dynamic (12, 29, 33, 41).

Comparison to the TolR periplasmic domain. The solution
structure of residues 59 to 130 of the paralogous TolR
periplasmic domain (residues 39 to 139) from Haemophilus
influenzae is a homodimer, and the monomers have secondary
and tertiary structures similar to the Escherichia coli ExbD
monomer solution structure (39). ExbD I1102C, which was ac-
tive as a dimer and unstable as a monomer, is located on the B4
strand in the ExbD structure. In the TolR structure, the cor-
responding B4 strands of each monomer do form part of the
homodimeric interface (39). However, the strands are oriented
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antiparallel, so Leu104, which corresponds to ExbD Ile102, is
not in close interaction between monomers, with a C*-CP dis-
tance of about 16 A (data not shown). It is unknown how the
presence of the TolR C-terminal tail (residues 131 to 139)
would alter the structure—in the ExbD monomeric structure,
the corresponding tail region lies partially along the B4 strand.
The TolR dimeric structure, however, supports the idea of
homodimeric interaction involving the B4 strand of ExbD in
vivo.

In vivo disulfide cross-linking of E. coli TolR Cys substitu-
tions, which overlapped ExbD Cys substitutions from 111 to
121 in this study, shows similarities to ExbD homodimeric
interactions, although TolR Y117C, corresponding to ExbD
Y112C, formed the only spontaneous dimer. Like ExbD
Y112C, TolR Y117C is nonfunctional as a homodimer and is
hypothesized to block conformational changes of the TolR
periplasmic domain (13). As reported, however, in the H. in-
fluenzae TolR dimer structure, the corresponding residue
Y114, although located on a helix that forms part of the ho-
modimer interface, is too distant for interaction between
monomers (39). Overall, the in vitro and in vivo homodimeric
interactions suggest the B4 strand and a2 helix form homodi-
meric interfaces for both the ExbD and TolR periplasmic do-
mains. The structural similarities of these proteins suggest they
may form very similar homodimers. The functional differences
of these similar proteins may be defined by the way their
homodimers change in response to TMD interactions with
their respective CM complexes and/or PMF.

In summary, this work demonstrated the conformational
plasticity of the ExbD periplasmic domain, as it interacted
either with itself or with a TonB periplasmic domain in vivo.
The results led to a model where some homodimeric interac-
tions of ExbD must be released for subsequent heterodimeric
interaction with TonB. Asp25 in the ExbD TMD was im-
portant to promote this transition. Sequestering specific
ExbD periplasmic domain residues in homodimeric interac-
tions could provide a level of regulation for TonB-ExbD
interactions, restricting unproductive interactions of the
ExbD periplasmic domain and controlling the transition with
signals from the ExbD TMD.
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