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Mutations in Escherichia coli ExbB Transmembrane Domains Identify
Scaffolding and Signal Transduction Functions and Exclude
Participation in a Proton Pathway

Kristin R. Baker, Kathleen Postle

Department of Biochemistry and Molecular Biology, The Pennsylvania State University, University Park, Pennsylvania, USA

The TonB system couples cytoplasmic membrane proton motive force (pmf) to active transport of diverse nutrients across the
outer membrane. Current data suggest that cytoplasmic membrane proteins ExbB and ExbD harness pmf energy. Transmem-
brane domain (TMD) interactions between TonB and ExbD allow the ExbD C terminus to modulate conformational rearrange-
ments of the periplasmic TonB C terminus in vivo. These conformational changes somehow allow energization of high-affinity
TonB-gated transporters by direct interaction with TonB. While ExbB is essential for energy transduction, its role is not well
understood. ExbB has N-terminus-out, C-terminus-in topology with three TMDs. TMDs 1 and 2 are punctuated by a cytoplas-
mic loop, with the C-terminal tail also occupying the cytoplasm. We tested the hypothesis that ExbB TMD residues play roles in
proton translocation. Reassessment of TMD boundaries based on hydrophobic character and residue conservation among dis-
tantly related ExbB proteins brought earlier widely divergent predictions into congruence. All TMD residues with potentially
function-specific side chains (Lys, Cys, Ser, Thr, Tyr, Glu, and Asn) and residues with probable structure-specific side chains
(Trp, Gly, and Pro) were substituted with Ala and evaluated in multiple assays. While all three TMDs were essential, they had
different roles: TMD1 was a region through which ExbB interacted with the TonB TMD. TMD2 and TMD3, the most conserved
among the ExbB/TolQ/MotA/PomA family, played roles in signal transduction between cytoplasm and periplasm and the transi-
tion from ExbB homodimers to homotetramers. Consideration of combined data excludes ExbB TMD residues from direct par-

ticipation in a proton pathway.

I n Gram-negative bacteria, the TonB system couples cytoplasmic
membrane (CM) proton motive force (pmf) to active transport
of ligands across the outer membrane (OM) through TonB-gated
transporters (TGTs) (for reviews, see references 1 to 5). The TonB
system is composed of three CM proteins, TonB, ExbB, and ExbD,
and several different TGTs in the OM that recognize diverse li-
gands. In Escherichia coli K-12, the TonB system transports iron-
siderophore compounds and vitamin B,,, while in other Gram-
negative bacteria, additional nutrients, including nickel, sucrose,
heme, and maltodextrin, are transported (6-9).

TonB and ExbD have similar topologies of one N-terminal
transmembrane domain (TMD) and a large periplasmic domain
(10, 11). In contrast, ExbB contains three TMDs with a large sol-
uble cytoplasmic loop between TMDs 1 and 2 and a soluble cyto-
plasmic C-terminal tail domain (12, 13). ExbB appears to be the
scaffold upon which TonB and ExbD assemble, since TonB and
ExbD are proteolytically unstable in the absence of ExbB, while
ExDB stability is independent of TonB and ExbD (13-16; unpub-
lished results).

TonB physically interacts with OM TGTs, connecting CM pmf
energy to OM ligand transport (17-20). A proton pathway
through ExbB, ExbD, and/or TonB TMD residues has been pro-
posed based on the similar sequence homology to the flagellar
pmf-harnessing motor proteins, MotA and MotB (21). Through
sequence alignment, two different pathways mediated primarily
by ExbB TMD residues were proposed. The first pathway includes
residues in TonB: T181 — H,O (near G184) — H20 (TonB) —
S16 (TonB) — H,O (near A188) — T148 — H,O (near G144) —
D25 (ExbD). The second pathway does not: T181 — S155—H,0O
(near G151) — T148 — H,0 (near G144) — D25 (ExbD) (21).
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We demonstrated that all the residues except H20 in the TonB
TMD can be substituted with Ala without significantly decreasing
TonB activity (22). Recently, we also showed that the importance
of H20 appears to be structural, since the Asn substitution at
TonB residue 20, and only Asn, restores full TonB activity (23).
These studies removed H20, and thus the TonB TMD, from par-
ticipation in a proton translocation pathway. However, both ExbB
and ExbD are required for conformational response of the TonB C
terminus to pmf (24-27).

The predicted proton pathways through ExbB from Zhai and
Saier were evaluated by Braun and Herrmann in 2004 (21, 28).
They found that individual Ala substitution of predicted ExbB
proton pathway residues S155 T148 in TMD2 and T181 in TMD3
were functional, while double T148A/T181A substitution was in-
active for unknown reasons. ExbB E176 in TMD3, which is not
within the originally proposed proton pathway prediction, was
inactive when replaced with Ala but fully active with Asp and,
more importantly, Gln substitution, suggesting that E176 was not
on a proton translocation pathway (28). In that study, however,
other potential TMD residues that could affect ExbB activity, in-
cluding those within ExbB TMD1, were not evaluated.
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The first task for identifying residues on a proton pathway is to
define TMD boundaries. In the past, widely different predictions
have been made for the locations of ExbB TMD boundaries: resi-
dues 16 t0 39, 25 t0 42, and 23 to 42 for TMD1; residues 128 to 155,
131 to 160, and 141 to 159 for TMD2; residues 162 to 194, 177 to
199, and 172 to 194 for TMD3 (12, 13, 21).

In this study, we evaluated ExbB TMD boundaries with the
TOPCONS program that uses a consensus of multiple prediction
programs (29). This resulted in significant redefinition of these
regions, predicting ExbB TMD1 to consist of residues 22 to 42,
TMD?2 to consist of residues 132 to 152, and TMD?3 to consist of
residues 178 to 198. Here we show that block alanine substitution
of each half ExbB TMD inactivated ExbB, indicating that all 3
TMDs were essential for function. Subsequent substitution of in-
dividual TMD residues identified residues critical for signal trans-
duction or assembly of the energy transduction complex. No res-
idues directly participated in proton translocation. Thus, like the
TonB TMD, ExbB TMDs do not appear to be part of a proton
translocation pathway.

MATERIALS AND METHODS

Strains and plasmids. The bacterial strains and plasmids used in this
study are listed in Table 1. Plasmid pKP660 contains ExbB and ExbD,
which are expressed from the arabinose promoter of pBAD24 (25). ExbB
substitutions were constructed by site-directed mutagenesis PCR using a
pKP660 template as previously described (30). Correct sequences of both
exbB and exbD genes were confirmed in all mutant plasmids by the Penn
State Genomics Core Facility (University Park, PA).

Media and culture conditions. Luria-Bertani medium (LB), tryptone
medium (T), and M9 minimal salts medium were prepared as described
previously (31, 32). Agar plates, T-top agar, and liquid cultures were sup-
plemented with 100 pg/ml of ampicillin and plasmid-specific amounts of
L-arabinose such that the expression of the mutant proteins from the
araBAD promoter on pKP660 was equivalent to wild-type chromosomal
levels of expression. M9 salts were supplemented with 1.0% glycerol (wt/
vol), 0.4 mg of thiamine/ml, 1 mM MgSO,, 0.5 mM CaCl,, 0.2% Casa-
mino Acids (wt/vol), 40 mg of tryptophan/ml, and 1.85 uM FeCl;. Cul-
tures were grown with aeration at 37°C.

Spot titer assays. Strains expressing mutant ExbB proteins at chromo-
somal levels were grown to mid-exponential phase and plated in T-top
agar on T-plates containing identical arabinose concentrations and 100
pg/ml ampicillin. The chromosomal level of expression was confirmed by
precipitation of cultures with trichloroacetic acid (TCA) at the time of
plating and processing them for immunoblot comparison to expression of
ExbB from E. coli strain W3110. Fivefold dilutions of colicins and 10-fold
dilutions of phage were spotted on the bacterial lawns in triplicate. The
plates were incubated ~18 h at 37°C. Scoring was reported as the recip-
rocal of the highest dilution that produced clearing (33). For the individ-
ual and double Cys substitutions, a low-level disulfide-linked ExbB ho-
modimer was detected only after long exposure of nonreducing anti-ExbB
immunoblots; it was judged to be incapable of accounting for the reduced
activities observed in vivo (data not shown). Additionally, no evidence of
intramolecular cross-links occurring through the native ExbB C25 residue
was observed (data not shown).

[**Fe]ferrichrome transport. Initial rates of iron transport supported
by ExbB variants were assessed as described previously (33, 34). Strains
containing plasmids were subcultured from overnight LB cultures into
M9 minimal medium supplemented with 100 pg/ml ampicillin and r-ar-
abinose sufficient to maintain near-chromosomal expression levels. The
cells were grown to mid-exponential phase, harvested, and suspended in
assay buffer (M9 minimal medium without iron supplementation and
with 0.1 mM nitrilotriacetate added to chelate residual free iron). Initial
rates of [*°Fe]ferrichrome transport were determined in triplicate. Chro-
mosomal levels of mutant ExbB expression were confirmed by TCA pre-
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TABLE 1 Strains and plasmids used in this study

Strain or Relevant genotype or Arabinose

plasmid description” Reference concn (%)”

E. coli strains
W3110 F~ IN(rrnD-rrnE)1 89
RA1017 ‘W3110 exbBD::kan AtolQRA 22

Plasmids
pBAD24  Empty vector control 90 NA®
pKP660  pBAD24 expressing exbBD from 25 0.0003

the pBAD promoter

pKP1459  exbB(Ala,, 5,) exbD Present study 0.0005
pKP1460  exbB(Alas,_4,) exbD Present study 0.0005
pKP1481  exbB(Ala,,, 5,) exbD Present study 0.0005
pKP1482  exbB(Ala,,,_5,) exbD Present study 0.0009
pKP1483  exbB(Ala, ;¢ 146) exbD Present study 0.0005
pKP1484  exbB(Ala,g; ,4,) exbD Present study 0.0008
pKP1461  exbB(K24A) exbD Present study 0.0003
pKP878 exbB(C25A) exbD 43 0.0003
pKP1474  exbB(G29A) exbD Present study 0.0007
pKP1462  exbB(S34A) exbD Present study 0.0003
pKP1498  exbB(S34C) exbD Present study 0.0003
pKP1499  exbB(S34T) exbD Present study 0.0003
pKP1463  exbB(T37A) exbD Present study 0.0005
pKP1471  exbB(W38A) exbD Present study 0.0004
pKP1475  exbB(G131A) exbD Present study 0.0003
pKP663 exbB(Y132A) exbD Present study 0.0003
pKP1470  exbB(T135A) exbD Present study 0.0003
pKP1612  exbB(T135C) exbD Present study 0.0003
pKP1521  exbB(T135S) exbD Present study 0.0003
pKP1522  exbB(T135V) exbD Present study 0.0005
pKP1476  exbB(G137A) exbD Present study 0.0003
pKP1465  exbB(S140A) exbD Present study 0.0003
pKP1466  exbB(P141A) exbD Present study 0.0003
pKP1477  exbB(G144A) exbD Present study 0.0003
pKP1478  exbB(G147A) exbD Present study 0.0003
pKP1419  exbB(T148A) exbD Present study 0.0003
pKP1422  exbB(T148C) exbD Present study 0.001
pKP1421  exbB(T148S) exbD Present study 0.0005
pKP1437  exbB(T148V) exbD Present study 0.0005
pKP1464  exbB(W150A) exbD Present study 0.0003
pKP1479  exbB(G151A) exbD Present study 0.0003
pKP1327  exbB(E176A) exbD Present study 0.0005
pKP1523  exbB(E176D) exbD Present study 0.0003
pKP1472  exbB(E176Q) exbD Present study 0.0003
pKP1420  exbB(T181A) exbD Present study 0.0003
pKP1422  exbB(T181S) exbD Present study 0.0003
pKP1437  exbB(T181V) exbD Present study 0.0005
pKP1480  exbB(G184A) exbD Present study 0.0003
pKP1473  exbB(P190A) exbD Present study 0.0003
pKP664 exbB(Y195A) exbD 43 0.0003
pKP1081  exbB(N196A) exbD 43 0.0006
pKP1520  exbB(N196D) exbD Present study 0.0003
pKP1519  exbB(N196H) exbD Present study 0.0003
pKP1423  exbB(T148A, T181A) exbD Present study 0.0008
pKP1623  exbB(T148C, T181C) exbD Present study 0.0003
pKP1424  exbB(T148S, T181S) exbD Present study 0.0003
pKP1437  exbB(T148V, T181V) exbD Present study 0.0008
pKP1194  pBAD24 expressing exbD from 91 0.05

the pBAD promoter

@ exbB(K24A), exbB with the amino acid change K24A (the K-to-A change at position
24 encoded by exbB). There are multiple amino acid changes in some genes.

b Percent arabinose used to achieve chromosomal expression level in M9 minimal

medium.

“NA, not applicable.
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FIG 1 Revision of ExbB TMD boundaries. ExbB topology within the cytoplas-
mic membrane (parallel black lines) and the TOPCONS-predicted boundaries
for TMDs 1, 2, and 3 are shown. The numbers in parentheses in the figure are
previous ExbB TMD predictions (12, 13, 21). The majority of ExbB is localized
in the cytoplasm (Cyto), as a large cytoplasmic loop and C-terminal tail. The N
terminus of ExbB is in the periplasm (Peri). The general locations of the pre-
viously identified ExbB E176A TMD mutant and T148A/T181A double mu-
tant are shown (boxes) (28).

cipitation of samples at the time of assay and immunoblotting with anti-
ExbB antiserum (35).

In vivo formaldehyde cross-linking. Strains containing plasmids
were subcultured from overnight LB cultures into M9 minimal medium
supplemented with 100 pg/ml ampicillin and r-arabinose sufficient to
maintain near-chromosomal expression levels. The cells were grown to
mid-exponential phase, and 0.5 A5,-ml cells were harvested, pelleted at
room temperature, and suspended in 938 .l of 100 mM Na** phosphate
buffer, pH 6.8. The cells were then treated with 1% monomeric parafor-
maldehyde (Electron Microscopy Sciences, Hatfield, PA) for 15 min at
room temperature, harvested, and solubilized at 60°C for 10 min in Laem-
mli sample buffer (LSB) (36, 37). Rapid formaldehyde cross-linking used
for ExbB half-Ala substitutions was performed similarly with the follow-
ing exceptions. The cells were grown and harvested as described above and
suspended in 938 wl of 100 mM Na®* phosphate buffer, pH 8.0. The cells
were treated with 1% paraformaldehyde for 3 min at room temperature.
The cross-linking reaction was then quenched with 1% acetic acid. Cross-
linked samples were resolved on 13% or 11% SDS-polyacrylamide gels
and detected by immunoblotting with anti-ExbB, anti-ExbD, or anti-
TonB antibodies (35, 38).

Proteinase K sensitivity. TonB sensitivity to proteinase K was per-
formed as previously described (26, 39, 40). Spheroplasts were generated
as previously described (39), and where indicated, treated with 60 uM
protonophore CCCP (carbonyl cyanide m-chlorophenylhydrazone) 5
min prior to proteinase K treatment. Proteinase K at 25 pg ml™' was
added for 2, 5, 10, or 15 min followed by the addition of 1.0 mM PMSF
(phenylmethylsulfonyl fluoride) to inactivate the proteinase K. Samples
were immediately precipitated with TCA and resolved on 13% SDS-poly-
acrylamide gels, and TonB was visualized on immunoblots probed with
TonB-specific antibodies (38).

RESULTS

Defining ExbB transmembrane domain boundaries. To address
the roles of the three ExbB TMDs in TonB-dependent energy trans-
duction, we began by reassessing their predicted boundaries. The re-
cently described TOPCONS program uses a consensus of multiple
different topology prediction algorithms, including evolutionary
conservation-based programs and the “biological” hydrophobicity
scale from experimentally generated measurements involving Sec61-
mediated integration of TMD helices (29). TOPCONS predictions
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for TMD boundaries were as follows: residues 22 to 42 for TMDI,
residues 132 to 152 for TMD2, and residues 178 to 198 for TMD3
(Fig. 1) (http://topcons.cbr.su.se).

Sequence alignments of ExbB sequences with expect scores
from e *® to e 7 showed that the TMD regions are more highly
conserved than the predicted soluble domains, as had been noted
previously for more closely related species (41, 42) (see Fig. S1 in
the supplemental material). Sequence conservation for TMDI,
the least conserved TMD, did not indicate clear boundaries but
was consistent with the TOPCONS prediction. TMD2 contained
conserved Leu (at position 133), Pro (at position 141), Gly (at
positions 144-147-151), and Thr (at position 148) residues (Fig.
S1). For TMD3, the TOPCONS-predicted periplasmic boundary
occurred at residue 178, which omitted Glu 176 and the fully con-
served Ala 177 (Fig. S1). Glu 176 was included in these experi-
ments due to its acidic side chain and high level of conservation.
TMD3 sequence similarity drops considerably after residue 196, as
noted previously (Fig. S1) (43). TMD3 contained conserved Leu
(at position 178), Thr (at position 181), Pro (at position 190), and
Asn (at position 196) residues (Fig. S1).

All ExbB TMDs are essential for function. Large segments of
the TonB TMD can be simultaneously replaced with Ala residues
without affecting its activity (22). To determine rapidly whether
any portions of the three ExbB TMDs were dispensable, half of
each predicted TMD region (~11 consecutive codons) was re-
placed as a block with Ala codons on pKP660, which encodes the
exbB-exbD operon under arabinose control. The six resulting
plasmids were designated as a group to encode “half-Ala TMD”
ExbB proteins. Individually they were designated according to the
location of the Ala block substitution, e.g., “TMDI peri” for sub-
stitution of alanines on the periplasmic half of TMD1. The func-
tion of each half-Ala TMD was assessed by spot titer assay of sen-
sitivity to colicins B, D, Ia, and M and phage ¢80, each of which
requires the TonB system to enter and subsequently kill E. coli. All
of the mutants could be expressed at near-chromosomal levels
and were completely tolerant (insensitive) to all agents tested, in-
dicating that each half TMD was essential for ExbB function
(Table 2).

TABLE 2 ExbB half-alanine substitutions are nonfunctional in spot titer
assays

Sensitivity®

Mutant” Ara (%)’ ColB ColD Colla ColM ¢80

AexbBD AtolQRA  NA T,,T T,0,T T,0,T T,,T T,I,T
pExbBD 0.00005 S$SS SSS SSS  SSS  SSS

TMDI, peri 0.0001 TI,T TI.,T T,I,T TOIT TIT
TMDI, cyto 0.0001 1,7 T,0,T T,0,T T,,T T,I,T
TMD2, peri 0.0001 1,7 T0.,T T,I,T T,I,T T,T,T
TMD2, cyto 0.0001 TI,T TI.,T T,I,T TOIT TIT
TMD3, peri 0.0001 1,7 T,0,T T,0,T T,,T T,I,T
TMD3, cyto 0.0001 TI,T T0.,T T,I,T T,I,T T,T,T

@ All mutants were expressed near chromosomal levels in strain RA1017 (AexbBD
AtoIRQA). RA1017 contained the empty vector plasmid pBAD24. The corresponding
plasmid names for the mutants listed follow: pExbBD, pKP660; TMD1 peri, pKP1459;
TMD1 cyto, pKP1460; TMD2 peri, pKP1481; TMD2 cyto, pKP1482; TMD?3 peri,
pKP1483; TMD3 cyto, pKP1484.

b Percentage of L-arabinose (Ara) added to growth media and plates to achieve near
chromosomal expression levels. NA, not applicable.

¢ Colicins (colicins [Col] B to M) and phage $80 were spotted in 5-fold and 10-fold
dilutions, respectively. Clearing was indicated as follows: S, sensitive to the undiluted
agent tested; T, tolerance (insensitivity) to the undiluted agent tested.
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To determine whether the half-Ala TMD mutants were domi-
nant, each was expressed at least 100 X greater than the chromo-
somal level in wild-type strain W3110. Overexpressed half-Ala
TMDs from TMDs 2 and 3 significantly reduced the ability of
wild-type ExbB to support *°Fe transport to ~5% or less (see Fig.
S2 in the supplemental material). TMDI peri and cyto were the
least impaired, reducing activity to only ~20% and ~50% of that
of the wild type, respectively. These results suggested that each
half-Ala TMD for TMDs 2 and 3 retained significant ability to
assemble into a multimeric complex and suggested that TMD1
might play a more direct role in assembly.

Half-Ala TMD mutants prevent formation of the pmf-de-
pendent TonB-ExbD complex. In vivo interactions in the TonB
system can be identified by cross-linking with monomeric form-
aldehyde (20, 25, 35, 36, 43). Wild-type ExbB cross-links to form
homodimers and a homotetrameric complex that also includes
~85 kDa of an unknown protein(s) known as “ExbB tetramer +
X” (36, 43). When expressed in the absence of wild-type ExbB, the
least dominant half-Ala TMD1 cyto itself exhibited reduced for-
mation of the ExbB tetramer + X, consistent with the results from
the dominance study (see Fig. S3A in the supplemental material).
The half-Ala TMD2 cyto also reduced formation of this complex
but likely for other reasons than a defect in assembly, since this
mutant was dominant. The remaining half-Ala TMD mutants did
not reduce tetramer + X formation. Additionally, TMDI periand
TMD2 cyto cross-linking profiles contained two complexes in the
ExbB tetramer + X region, with the lower complex migrating near
130 kDa (Fig. S3A). While the composition of these two com-
plexes was not clear, it is likely that neither complex is a pure ExbB
homotetramer, since such a complex would migrate at ~100 kDa
(43). Instead, half-Ala substitution in TMD1 and TMD2 may have
altered ExbB conformations to the extent that alternative cross-
linkable conformations of ExbB were favored and migrated differ-
ently on SDS-polyacrylamide gels.

The uniform inactivity of the half-Ala TMD mutants was al-
most certainly due to their uniform inability to support formation
of the TonB-ExbD formaldehyde cross-link that typifies an active
TonB system (25). This pmf-dependent complex was absent from
ExbD cross-linking profiles of all the variants (see Fig. S3B in the
supplemental material). ExbD coexpressed with TMD2 cyto was
present at lower levels, suggesting that its proteolytic stability was
reduced. Despite the reduced ExbD levels, an ExbD-ExbB com-
plex was still apparent, suggesting that ExbB-ExbD assembly was
not disrupted. Consistent with their decreased ability to form the
ExbB tetramer + X complex, ExbB TMD1 cyto and TMD?2 cyto
mutants significantly eliminated or reduced TonB-ExbB complex
detection by anti-TonB antibodies (Fig. S3C).

Identification of important residues in ExbB TMDs. Three
roles for ExbB have been proposed: as a scaffold that stabilizes and
mediates assembly of TonB and ExbD, as transducer of signals
between cytoplasm and periplasm, and as a proton translocator
(14-16, 21, 27,43). To identify residues important for these roles,
we made substitutions throughout the three ExbB TMDs based on
conservation and theoretical importance for TMD helix packing,
signal transduction, or pmf coupling. Selected exbB codons were
replaced by Ala codons on pKP660 using site-directed mutagene-
sis. The ExbB mutants were initially assayed for TonB-dependent
>Fe transport activity. This discriminative assay can resolve the
activity level of partial-function mutants relative to that of the wild
type (34). Mutants identified as inactive by that criterion could
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FIG 2 [*°Fe]ferrichrome transport supported by ExbB TMD substitutions.
ExbB TMD substituted mutants were expressed at chromosomal levels in
strain RA1017 (AexbBD AtolQRA), and the initial rates of [>°Fe]ferrichrome
transport were measured as described in Materials and Methods. Triplicate
samples were taken at all time points, and the initial transport rates were
calculated by linear regression. Linear regression slopes were normalized to
plasmid-encoded wild-type ExbBD (pExbBD) (100%). Normalized percent
activities of at least two independent experiments were averaged, and standard
deviations are indicated by the error bars. ExbB TMD substitutions are pre-
sented as follows: (A) substitution of hydroxyl residues; (B) substitution of
proline, charged, and the remaining polar residues; (C) substitution of glycine
residues.
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TABLE 3 Sensitivity of low activity ExbB substitutions to TonB-
dependent colicins and phage $80

Mutations or Sensitivity”

substitution(s)® Ara (%)’ ColB ColD Colla ColM ¢80
None (WT) NA 8,8,8 6,6,6 7,7,7 6,6,6 8,8,8
AexbBD AtolQRA  NA 1,7 T,717T T,71,T TTT TTT
pExbBD 0.00005 7,7,7 4,4,4 7,7,7 6,6,6 7,7,7
S34A 0 17,7 T,1,T T7T1,T T,T,T T,T,T
S34C 0.00005 T,T T, T,T 222 3,3,3 3,3,3
S34T 0 T T,1,T UUU TT,T 1,1,1
T135A 0.00005 3,3,3 T.T,T 4,44 3,3,3 3,3,3
T148A 0.00005 7,7,7 2,2,2 7,7,7 4,4,5 3,3,3
T148C 0.0001 3,3,3 T,T,T 444 T.T7,7T T, 1,T
T148V 0.00005 17,7 T,1,T T]T1,T T,T,T T,T,T
TI181A 0.00005 7,7,7 3,3,3 7,7,7 6,6,6 8,8,8
T181C 0.0001 7,7,7 3,3,3 7,7,7 6,6,6 8,8,8
T181V 0.00005 7,7,7 3,3,3 7,7,7 3,3,3 7,7,7
T148A T181A 0.00005 1,7 T,717T T,71,T TTT TTT
T148C T181C 0.0001 3,3,3 T.T,T 4,44 T,T,T 4,4,4
T148V T181V 0.00005 17,7 T,1,T T]T1,T T,T,T T,T,T

“WT indicates strain W3110, and AexbBD AtolRQA indicates strain RA1017. Both
contained the empty vector control from which all plasmids were expressed, pPBAD24.
All mutants were expressed near chromosomal levels in strain RA1017. The
corresponding plasmid names are listed in Table 1.

b Percentage of L-arabinose added to growth medium and plates to achieve near
chromosomal expression levels. NA, not applicable.

¢ Colicins (Col) and phage $80 were spotted in 5-fold and 10-fold dilutions,
respectively. Results are presented as the reciprocal of the highest dilution that provided
clearing (8,57 %, or 10~ ® dilution). U, undiluted; T, tolerant (insensitive).

still have low levels of activity. These mutants were additionally
tested in spot titers of colicins B, D, Ia, and M and phage ¢80,
which is a more sensitive, but less discriminative, assay for TonB
function (34) (Fig. 2 and Table 3). None of the Ala substitutions
significantly affected protein stability, as evidenced by the rela-
tively low levels of L-arabinose required to induce their expression
at chromosomal levels (Table 1).

Effects of substitutions at protonatable residues in ExbB
TMDs. Polar residues within TMDs play multiple roles (44, 45).
We analyzed Ala substitutions at S34 and T37 (TMD1), Y132,
T135, S140, and T148 (TMD?2), and T181 (TMD3). Previously,
ExbB T148A and T181A were 99% active in iron transport assays;
however, steady-state levels of the mutants were not determined
(28). Here, Ala substitution at all ExbB hydroxyls within the pre-
dicted TMDs were expressed at chromosomally encoded levels.

In these studies, T148A reduced *’Fe transport activity to
~22%, while ExbB T181A supported intermediate activity (61%)
(Fig. 2A). Braun and Herrmann also evaluated double Ala substi-
tutions T148A/T181A and found them completely inactive (28).
The inactivity of the T148A/T181A double substitution was con-
firmed here with spot titers (Table 3). The difference in our results
and those of Braun and Herrmann could be due to protein over-
expression in their study.

Of the remaining substitutions at hydroxyl residues, only ExbB
S34A and T135A eliminated **Fe transport activity entirely (Fig.
2A), while T135A retained slight activity in the more sensitive spot
titer assays (Table 3). The remaining hydroxyl residue substitu-
tions, T37A, Y132A, and S140A, were fully active in *°Fe transport
and not considered further (Fig. 2A).

Charged residues play critical roles in proton binding for pro-
ton-translocating protein complexes such as H* F-F, ATPase,
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M, viral protein, flagellar motor protein MotB, and bacteriorho-
dopsin (reviewed in reference 44). Of substitutions at the two
charged residues in the ExbB TMDs, K24A in TMD1 was fully
functional; ExbB E176A in TMD3 supported ~25% activity, rul-
ing out an essential role in proton translocation (Fig. 2B). Our
observation that additional substitutions of E176 to Asp or Gln
supported 70% and 25% activity, respectively, confirmed this
conclusion (Fig. 2B). In the Braun and Herrmann study, ExbB
E176Q supported 80% iron transport activity (28). Taken to-
gether, these results indicated that E176 does not play a key role in
proton translocation. Glu residues are known to play important
roles in helix-helix interactions (46).

Effects of substitutions at unique function glycine, proline,
and tryptophan residues. Common TMD packing motifs con-
taining Gly residues have been implicated in driving helix assem-
bly (46, 47). ExbB and a closely related homolog, TolQ, both con-
taina G4y (141yXXG147 (144) XXXG15; (145) packing motif in TMD2
(TolQ positions shown in parentheses). For TolQ TMD2, G141A,
G144A, and G148A are completely inactive in assays for pmf-
dependent OM stability, TolA-Pal coimmunoprecipitation, and
pmf-independent colicin uptake, suggesting that corresponding
ExbB residues may also be functionally important (48). However,
none of the Ala substitutions of corresponding ExbB TMD?2 Gly
residues at positions 144, 147, and 151 eliminated activity, sup-
porting ~90%, 67%, and ~45% >°Fe transport activity, respec-
tively (Fig. 2C). In addition, Ala substitution of less conserved Gly
residues G29 (TMD1) and G131 and G137 (TMD2) and highly
conserved G184 (TMD3) were fully functional (Fig. 2C).

Considering that ExbB and TolQ TMD sequences are highly
conserved and that TolQR can partially substitute for ExbBD
functions in TonB-dependent energy transduction, it is almost
certain that ExbB and TolQ TMD functions are mechanistically
similar (41, 49, 50). Therefore, it is likely that activity differences
between TolQ and ExbB Ala-substituted glycines reflected a dis-
parity in the different assay sensitivities rather than actual mech-
anistic differences. Additionally, the steady-state levels of the
TolQ substitutions in that study are unknown, further complicat-
ing activity comparisons to corresponding ExbB substitutions.
Given the 100% Gly conservation for distantly related ExbB align-
ments, glycines at these positions almost certainly comprise an
important helix packing motif as Goemaere et al. pointed out (48)
(see Fig. S1 in the supplemental material). Ala replacement of the
remaining individual Gly residues might be too conservative to
highlight their full functional importance.

Proline-kinked a-helices influence TMD helix-helix interac-
tions and can be important for propagating conformational
changes during signal transduction (46, 51, 52). In both MotA and
TolQ systems, the proline residues are proposed to influence pro-
ton translocation functions via regulation of proton flow through
helix movements mediated by Pro-kinked helices (48, 53, 54).
Substitutions of conserved proline residues P173 and P222 in the
corresponding TMD domain of the homologous flagellar motor
protein MotA eliminated torque generation (53, 55). Similar to
results with MotA P222A, TolQ P187V (ExbB P190A) eliminated
Tol-dependent activities (48). In contrast, TolQ P138V (ExbB
P141, MotA P173) was partially active.

In these studies, we obtained an intermediate result for Ala
substitution at ExbB P141 (TMD2), which supported ~45% ac-
tivity in *°Fe transport. While P190A in TMD3 had a more detri-
mental effect, it still supported ~15% transport activity (Fig. 2B).
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The presence of low but detectable activity for ExbB P190A but
not the corresponding prolines in MotA and TolQ probably re-
flected differences in the sensitivities of the assays for the different
activities of the three paralogues. These reduced but intermediate
activities of substitutions at Pro residues appeared to support a
role in TMD helix assembly but did not argue strongly for an
absolute role in proton gating.

Tryptophan can play a structural role in TMD anchoring and
positioning within the membrane by stabilizing interactions at
membrane-water interfaces (45, 56). Tryptophan located within
the TMD interior has demonstrated roles in oligomer assembly
and in an ion gating mechanism (57, 58). According to our TMD
predictions, ExbB W150 in TMD2 was located near the mem-
brane-water interface, and ExbB W38 in TMDI1 was located
within the TMD boundaries. While ExbB W150A was fully active
in >°Fe transport, W38A supported only 18% activity (Fig. 2B).
W38 is located on the same helical face as the functionally impor-
tant S34 residue in TMD1, suggesting that this face was somehow
important for ExbB function.

ExbB facilitates, but is not essential for, formation of an ini-
tial pmf-independent TonB-ExbD interaction. To assess effects
of ExbB mutants in more mechanistically informative assays, we
first need to more fully understand the role of wild-type ExbB.
Three stages in the initial energization of TonB at the CM have
been identified using the pmf-sensitive assays of TonB proteinase
K resistance and formation of TonB-ExbD formaldehyde cross-
links (25, 26). In stage I, TonB and ExbD are not detectably asso-
ciated; TonB is sensitive to proteinase K and does not form a
formaldehyde cross-link with ExbD in vivo (26). In stage II, which
does not require pmf, TonB and ExbD periplasmic domains as-
semble such that their interaction prevents proteinase K degrada-
tion of TonB residues 1 to 155 (~23 kDa). When pmfis collapsed,
TonB-ExbD interactions are arrested at stage II, demonstrated by
essentially complete conversion of all TonBs to the ~23-kDa pro-
teinase K-resistant fragment, apparently due to protection by
ExbD. Only when both pmf and ExbB are present does TonB
energization progress from stage II to stage III. In that stage, TonB
and ExbD undergo pmf-dependent rearrangement of their con-
formational relationship such that formaldehyde cross-linkable
residues in both proteins are in proximity to cross-link. This shift
in the conformational relationship renders the entire length of
TonB proteinase K sensitive again.

To determine the role of ExbB in TonB progression from stage
I to stage II, the proteinase K sensitivity of TonB in the absence of
ExbB was assessed. In E. coli strain RA1017 (AexbBD AtolQRA)
where pExbD was expressed at chromosomal levels, a small but
detectable proportion of TonB could form the characteristic pro-
teinase K-resistant fragment after 2 min of treatment with protei-
nase K, indicating that TonB and ExbD had the capacity to in-
teract in the absence of ExbB (Fig. 3A, middle blot). Because
the proportion of TonB in this form did not increase upon the
addition of the protonophore CCCP, which stalls TonB at stage
I, ExbB was still clearly required for the initial efficient TonB-
ExbD stage II assembly (Fig. 3A, compare top and middle blots,
+CCCP lanes). These results indicated that, while not absolutely
essential for initial stage I TonB-ExbD interactions, ExbB greatly
facilitated them. The small proportion of the TonB proteinase
K-resistant fragment that forms in the absence of ExbB was still
dependent upon ExbD, since TonB, in the absence of ExbB and
ExbD, did not form the characteristic ~23-kDa fragment (Fig. 3A,
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FIG 3 ExbB is required for conformational response of TonB to pmf and
efficient TonB-ExbD assembly. Spheroplasts (Sph) or whole cells (WC) were
treated with dimethyl sulfoxide (DMSO) (sph) or CCCP and subsequently not
treated with proteinase K (—) or treated (+) with proteinase K (+PK) for a
time course of 2, 5, 10, and 15 min, followed by the addition of the protease
inhibitor (PMSF) and immediate precipitation with trichloroacetic acid
(TCA). TCA-precipitated samples were resolved on 13% SDS-polyacrylamide
gels and immunoblotted with anti-TonB (o TonB) antibodies. The positions
of molecular mass markers (in kilodaltons) are indicated to the left of the blots.
Plasmid-expressed wild-type and mutant proteins or the deletion strain are
indicated to the right of each blot. The position of the TonB proteinase K-re-
sistant ~23-kDa fragment is indicated by an asterisk to the right of the blots.
(A) ExbB facilitates initial TonB-ExbD assembly. Spheroplasts were generated
from the AexbBD AtolQRA strain (RA1017), expressing pExbBD (pKP660) or
pExbD (pKP1194) at chromosomal levels. RA1017 containing the empty vec-
tor, pBAD24, is shown in the bottom blot. (B) ExbB TMD mutations affect
TonB conformational response to pmf. Spheroplasts were generated in
RA1017 expressing plasmid-encoded ExbB TMD mutants at chromosomal levels
as well as ExbD. This figure is a composite of representative immunoblots.

bottom blot). Instead, a small population of TonB was degraded

to an unknown ~28-kDa fragment as noted previously (26).
Identification of ExbB TMD residues that mimic effects of

ExbD D25N on TonB energization. ExbD and homologous pro-
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teins TolR and MotB TMDs all contain a highly conserved proto-
natable Asp residue which is considered a key component of their
respective putative proton pathways (21, 27, 59, 60). The ExbD
D25N mutant stalls the TonB-ExbD interaction at the pmf-inde-
pendent stage 11, regardless of whether pmf is present, suggesting
protonation of D25 is essential for conformational response to
pmf (26). Thus, the behavior of the inactive ExbD D25N substi-
tution in the proteinase K sensitivity assay provides an example
where proton translocation is prevented. It is important for the
interpretation of our data here to recognize that ExbD D25N also
decreases the stability of the TonB-ExbD stage II interaction in the
presence of CCCP for unknown reasons. The degradation of TonB
stalled at stage II by the ExbD D25N mutation may reflect disso-
ciation of TonB and ExbD D25N or increased accessibility of
ExbD D25N and subsequently TonB to proteinase K. In either
case, any ExbB TMD substitutions that mimicked the behavior of
ExbD D25N in this assay would be candidates to be on a proton
translocation pathway.

All ExbB substitution mutants supported the stage II initial
assembly of the pmf-independent TonB-ExbD interaction to a
much greater extent than seen in the absence of ExbB (compare
the levels of the proteinase K-resistant fragment in Fig. 3A, 2-min
time point of the middle blot, + CCCP lanes, with Fig. 3B, 2-min
time points, + CCCP lanes). There was mutant-specific variability
in the stability of the proteinase K-resistant form in the presence of
CCCP over time. For those mutants that had the least deleterious
effects in the phenotypic assays (P141A, G147A, G151A, E176A,
and T181A), the TonB proteinase K-resistant fragment remained
stable over the 15-min time course, similar to results in the pres-
ence of wild-type ExbB. For ExbB S34A, W38A, T135A, P190A,
Y195A, and the T148A/T181A double mutant, the TonB protei-
nase K-resistant fragment was unstable over the 15-min time
course, mimicking the behavior of TonB in the presence of ExbD
D25N (Fig. 3B) (26). To confirm that S34A, W38A, T135A,
T148A/T181A, and P190A were unable to support a TonB transi-
tion from stage II to stage III, their ability to support formation of
the pmf-dependent TonB-ExbD formaldehyde cross-linked com-
plex was determined. Consistent with the proteinase K resistance
assay results, none of them was able to support formation of the
cross-linked complex (see Fig. S4, S5B and C, and S6 in the sup-
plemental material).

The behavior of ExbB W38A, P190A, and Y195A indicated that
other factors in addition to proton translocation could affect con-
version of TonB from stage II to stage III: tryptophan and proline
are not protonatable residues and were likely to play a structural
role. Although Y195 is potentially a protonatable residue, Y195F is
fully functional, indicating that aromaticity is the only important
aspect of the tyrosine residue at that position (43). Thus, this assay
could rule out residues as participants in proton translocation by
their ability to support a wild-type conformational response of
TonB to collapse of pmf. To test participation of S34A, T135A, or
T148A/T181A in proton translocation required additional substi-
tutions and assays described below.

ExbB S34A and W38A are assembly mutants that define a
TMDI1 cyto face important for TonB-ExbB interactions. Resi-
dues whose only role was related to proton translocation would
not be expected to impair ExbB assembly functions and thus
would be dominant. Assessment of dominance of ExbB S34A,
W38A, T135A, T148A, Y195A, P190A, and the double mutant
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FIG 4 ExbB S34A and W38A TMD mutants are not dominant. ExbB mutants
were coexpressed with ExbD using 0.01% L-arabinose in wild-type (WT) strain
W3110. All mutant proteins were overexpressed >100-fold compared to chro-
mosomal levels, based on serial dilutions and immunoblot analysis (data not
shown). Initial rates of [**Fe]ferrichrome transport were measured from trip-
licate samples and normalized to the results for strain W3110 (100%). Aver-
aged percentages of at least two independent experiments are shown.

T148A/T181A was carried out as for the half-Ala TMD mutants
above in wild-type strain W3110.

ExbB S34A did not reduce *°Fe transport lower than ~70% of
chromosomally encoded ExbB activity compared to overex-
pressed wild-type ExbB, which reduced **Fe transport to ~85% of
chromosomally encoded activity (Fig. 4). Thus, ExbB S34A was
not dominant, suggesting that it could not assemble into a com-
plex with wild-type ExbB. Likewise, ExbB W38A exhibited only
moderate dominance. ExbB S34 and W38 reside on the same he-
lical face of TMD1 cyto. Consistent with that, the half-Ala TMD1
cyto was the least dominant of the half-Ala TMDs, reducing activ-
ity to ~45% (see Fig. S2 in the supplemental material). The ability
of assembly mutants S34A and W38A to form the ExbB te-
tramer + X complex was surprisingly not impaired, suggesting
that there were subsequent essential configurations of wild-type
ExbB tetramer in which they could not participate during energy
transduction (Fig. S7A).

Where ExbB S34A and W38A appeared to be impaired was in
their ability to cross-link to TonB in vivo. S34A eliminated the
TonB-ExbB complex, while W38A reduced it (Fig. 5). These data
are consistent with the iron transport results where S34A was
completely inactive and W38A had about 20% iron transport ac-
tivity. Even though ExbB S34A did not stabilize TonB in a half-life
study (data not shown), it clearly still maintained some sort of
interaction because it supported greater formation of the TonB-
ExbD stage IT complex than the absence of ExbB did (Fig. 3B). This
implied that S34A altered but did not abolish TonB-ExbB inter-
action through the TMDs. ExbB W38A consistently gave rise to
high levels of the tetramer + X complex as well as a high level of
background complex formation, possibly suggesting that it was
delayed in moving out of the tetramer + X conformation (see Fig.
S7A in the supplemental material).

ExbB P190 and P141 mediate efficient transition from ExbB
homodimers to ExbB tetramer + X. ExbB appears to be a dimer
of dimers, which subsequently interacts with an unknown protein
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FIG 5 ExbB S34A and W38A reduce the TonB-ExbB formaldehyde cross-
linked complex. ExbB TMD1 mutants were expressed at chromosomal levels
instrain RA1017 (AexbBD AtolQRA), and parent strain W3110 (WT) served as
the wild-type chromosomal control. The strain or mutations are indicated
above the lanes. Cultures grown to mid-exponential phase were cross-linked
with monomeric formaldehyde and solubilized in gel sample buffer at 60°C.
Samples were resolved on 11% SDS-polyacrylamide gels and immunoblotted
with anti-TonB antibody. The positions and compositions of complexes are
indicated to the right of the blot. The positions of molecular mass standards (in
kilodaltons) are indicated to the left of the blot. A shorter exposure of the same
immunoblot is shown in the bottom blot for comparison of monomer levels.

to form the ExbB tetramer + X (43). ExbB P141A and P190A
exhibited dominant-negative phenotypes with P190A being more
dominant of the two, reducing wild-type activity to ~10%. Both
ExbB P141A and P190A exhibited an increase in ExbB ho-
modimer formation, suggesting that they could not easily transi-
tion from dimer to tetramer. For P190A, the ExbB tetramer + X
complex was essentially absent (Fig. 6; see Fig. S7B in the supple-
mental material). It is important to note that failure to form te-
tramer + X complex is not proof that it no longer exists, only that
the relationships between cross-linkable residues in that complex
has changed. In this case, however, since a correspondingly high
level of dimer complex was found instead, the data suggested that
ExbB P190A existed primarily as a dimer, with dominance due to
preventing normal tetramerization of wild-type ExbB. These re-
sults removed ExbB P141 and P190 from playing a direct role in
proton translocation and were consistent with the iron transport
results where activity was reduced but not absent in the Ala sub-
stitutions.

Substitution analysis of ExbB T135 and the T148/T181 com-
bination. Potential direct roles of important polar ExbB TMD
residues in proton translocation were further investigated by de-
termining which other near-cognate residues could functionally
substitute. Both Ser and Thr are found on proton translocation
pathways, whereas Cys, which has a similar overall structure, is not
(44). Cysteine can form hydrogen bonds (61). Valine has a methyl
group instead of the hydroxyl group of threonine and thus has a
somewhat similar shape while being nonpolar. Substitution of
ExbB T135 with cysteine and serine supported 62% and 86% ac-
tivity in >*Fe transport, respectively. Even substitution with valine
retained 8% activity (Fig. 2A). The fact that all the T135C/S/V
substitutions increased activity relative to T135A (0%) indicated
that hydrophobicity, size, and shape, or ability to form a hydrogen
bond was important at this position, rather than the ability to
translocate protons.
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FIG 6 ExbB P190A reduces ExbB tetramer + X complex formation. ExbB
TMD3 mutants were expressed at chromosomal levels in strain RA1017
(AexbBD AtolQRA), and parent strain W3110 (WT) served as the wild-type
chromosomal control. The strain or mutations are indicated above the lanes.
Cultures grown to mid-exponential phase were cross-linked with monomeric
formaldehyde and solubilized in gel sample buffer at 60°C. Samples were re-
solved on 13% SDS-polyacrylamide gels and immunoblotted with anti-ExbB
antibody. The positions and compositions of complexes are indicated to the
right of the blot. The positions of molecular mass standards are indicated to
the left of the blot. A shorter exposure of the same immunoblot is shown in the
bottom blot for comparison of monomer levels.

Additional single substitutions at ExbB T148 and T181 further
supported the contention, based on the Ala substitutions, that
neither residue was directly on a proton translocation pathway.
Because the T148S substitution, which could conceivably contrib-
ute to a proton pathway, did not restore significant activity over
and above the T148A substitution (28% versus 23% in the >°Fe
transport assay [Fig. 2A]), there appeared to be a preference for
Thr at that position that was not due to a requirement for proton
translocation. ExbB T148C and T148V substitutions resulted in
~3% and 0% activity, respectively. In contrast to T148, all T181
substitutions were active. ExbB T181 Ser, Cys, and Val substitu-
tions supported 81%, 33%, and 42% >*Fe transport, respectively,
demonstrating that T181 was not directly a part of a proton trans-
location pathway (Fig. 2A).

The T148A/T181A double mutant was completely inactive.
This was not due to a requirement for T181 as shown above. Dou-
ble substitutions of T148/T181 to Cys, Ser, or Val residues were
assayed for *°Fe transport and/or in spot titers (Fig. 2A and Table
3). The double Ser substitution retained ~21% *°Fe transport
activity. Since ExbB T181S supported 81% activity, this was not an
additive effect but instead reflected the activity of the least active
substitution of the pair, T148S. This result suggested that the two
residues were not acting synergistically. The ExbB T148C/T181C
substitution supported nearly full sensitivity to colicin Ia in spot
titers, whereas the requirement of the TonB system for pmf is
absolute (Table 3). Taken together, these results argue against
the idea that T148 or T181 plays any direct role in proton
translocation. Consistent with the effect of the single T148V
substitution, the ExbB T148V/T181V mutant was completely
inactive (Table 3).
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Role of ExbB T148. The inactive or reduced activity of individ-
ual T148 substitutions described above suggested that T148 was
more important than T181 for ExbB activity. To define that role,
T148C/V substitutions were analyzed using the more mechanisti-
cally informative assays applied to the single substitutions. T148V
concomitantly reduced ExbB tetramer + X and homodimer com-
plex detection in formaldehyde cross-linking. T148V/T181V re-
duced ExbB tetramer + X detection, with what appeared to be a
compensatory increase in ExbB homodimers (see Fig. S5A in the
supplemental material). Double T148/T181 Ala and Cys substitu-
tions did not affect ExbB multimer formation, suggesting that the
phenotype of the Val substitutions reflected structural interfer-
ence. The structural interference did not prevent ExbB T148V
from being highly dominant (Fig. 4). ExbB T148V also had a
unique phenotype in the proteinase K sensitivity assays that assess
TonB-ExbD interactions (Fig. 3B). While the rest of the inactive
ExbB TMD mutants had a TonB proteinase K profile similar to
that of ExbD D25N, T148V produced a TonB proteinase K profile
in which the TonB proteinase K-resistant fragment was present at
nearly 100% in the cell population, even in the presence of pmf
(spheroplasts without added CCCP). ExbB T148V also did not
reduce the stability of the TonB proteinase K-resistant fragment
under any circumstance. Thus, ExbB T148V appeared to keep
TonB permanently stalled in stage I and stabilized its contact with
ExbD.

ExbB S34A is an assembly mutant. Although S34A was en-
tirely inactive, S34 in the first TMD was unlikely to be on a proton
pathway. ExbB S34A was not dominant in the >°Fe transport assay
and prevented formation of the TonB-ExbB formaldehyde cross-
link that reflects interactions through the TMDs (Fig. 5) (40).
These data suggested that S34 played a structural role in allowing
correct assembly. Additional S34 substitutions supported this
conclusion. S34C/T restored very low but detectable activity in
spot titers, suggesting that both size and polarity are important at
S34 (Table 3). Confirming the role for ExbB S34A in assembly
with TonB, both ExbB S34C and S34V restored a low but detect-
able level of the TonB-ExbB formaldehyde cross-linked complex
(Fig. 7).

DISCUSSION

New TMD predictions for the ExbB/TolQ/MotA/PomA family.
The members of the ExbB/TolQ/MotA/PomA family are integral
CM proteins. ExbB and TolQ have three TMDs with the N termi-
nus in the periplasm. MotA and PomA have four TMDs, with the
“extra” TMD occurring at the N terminus, and the N-terminal
residue located in the cytoplasm. There is a high degree of homol-
ogy among the C-terminal two TMDs of all four proteins (Fig. 8).
That and the fact that they are all in multiprotein complexes that
require pmf as the energy source unite them as a family. However,
the E. coli ExbB, TolQ, and MotA proteins and the Vibrio algino-
Iyticus MotA orthologue PomA have dissimilar published TMD
predictions (ExbB [12, 13, 21], TolQ [62, 63], MotA [64—66], and
PomA [67]). Because all four proteins are likely to have similar
mechanisms of action, we subjected ExbB, TolQ, MotA, and
PomA to analysis with TOPCONS. The results significantly al-
tered the previous predictions for the last two TMDs of each pro-
tein and brought them into greater congruency with the ExbB
TMD predictions (see Fig. S8 in the supplemental material). On
the basis of that information, we aligned the last two TMDs of each
protein based on six shared highly conserved residues: those cor-
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parent strain W3110 (WT) served as the wild-type chromosomal control. The
strain or mutations are indicated above the lanes. Cultures grown to mid-
exponential phase were cross-linked with monomeric formaldehyde and sol-
ubilized in gel sample buffer at 60°C. Samples were resolved on 11% SDS-
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The positions of molecular mass standards are indicated to the left of the blot.
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comparison of TonB monomer levels. For ExbB monomer levels, the same
samples were resolved on a 13% SDS-polyacrylamide gel and immunoblotted
with anti-ExbB antibody.
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responding to ExbB G137, G144, G151, and P141 in the second to
last TMD and those corresponding to ExbB T181 and G184 in the
last TMD (Fig. 8). For MotA, residues corresponding to ExbB
P141, G144, T181, and G184 are absolutely conserved among over
50 comparisons in many different species (68).

Glycine residues in TMDs drive helix assembly and are thus
important markers by which conserved TMDs can be aligned.
ExbB, TolQ, and PomA all have a G, ,XXG,,; XXXG,5, motif in
the second to last TMD (ExbB residues 132 to 152). Such glycine
zipper motifs are highly conserved and play a role in helix packing
(47). MotA lacks the central Gly residue (G147 in ExbB) and in its
place carries the most conservative replacement, Ala, which is least
likely to interfere in packing. All 4 second to last TMDs have an
additional Gly residue (Gly137 in ExbB). We suggest that this
redefinition of the boundaries of the last two TMDs is an accurate
one, reflecting the high degree of residue conservation and current
best identifications of transmembrane domain helices. Itis impor-
tant to note that while our predictions are for 21-residue TMDs,
longer TMDs cannot be not ruled out. However, wherever the
TMD boundaries lie, they will almost certainly be based upon the
high degree of residue conservation.

By significantly redefining the TMD boundaries, the TOPCONS
predictions for MotA and TolQ may alter interpretations of pre-
vious studies. Previously defined TMD boundaries place MotA
P173 (corresponding to P141 in ExbB) at the cytoplasmic edge of
the second to last TMD, where it was proposed to interact with the
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essential pmf-responsive MotB residue Asp32, also at the cyto-
plasmic edge of the TMD (68). The redefined TMD boundaries for
MotA place the conserved P173 in the center of the TMD, where it
may be sufficiently distant from MotB D32 that the proposed
interaction does not occur. This relocation suggests that prolines
corresponding to MotA P173 serve structural roles and are not
directly involved in proton translocation as previous studies have
suggested (53, 54). A nonessential structural role for the P173 in
MotA is consistent with our findings that the corresponding ExbB
P141A retained 45% activity. In addition, ExbB P141A supported
formation of both stage II and stage III TonB-ExbD interactions.

In studies of PomA T186I and MotA T209W mutants, which
correspond to ExbB T181, were both inactive (65, 69). Our results
suggested that the observed inactivity was likely due to the nature
of the substitutions; the corresponding ExbB T181 was highly tol-
erant to substitutions with Ala, Ser, Val, and Cys residues. To the
extent that the four proteins have similar mechanisms, the con-
served Thr in the second to last PomA and MotA TMDs does not
appear to be important for anything other than optimal helix
packing (46).

ExbB TMDs do not directly participate in a proton translo-
cation pathway. We mutated all the residues with side chains not
predicted to serve a strictly structural purpose in the three ExbB
TMDs, with the goal of testing their role in proton translocation as
part of TonB-dependent energy transduction (Fig. 9). Our results
exclude the possibility that ExbB TMD residues have any residue-
specific role in proton translocation. First, substitutions of resi-
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dues that are on a proton pathway should strongly decrease activ-
ity. Few of the ExbB Ala substitutions tested had severe effects on
iron transport activity. Where strong decreases in iron transport
activity were observed, several different assays coupled with anal-
ysis of further substitutions provided explanations that ruled out a
direct role in proton translocation, as they also did for the mod-

MDY,
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FIG 9 Summary of residue substitutions in ExbB transmembrane domains.
Predicted ExbB TMDs are depicted as shaded sequences. Gray residues within
each sequence indicate the positions of Ala substitutions. All substituted resi-
dues are shown in gray: light gray residues were functional, and dark gray,
underlined residues were nonfunctional when substituted to alanine. The cor-
responding amino acid numbers are listed above the residues. ExbB Y195A
and N196A substitutions were previously reported (43).
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erately inactive substitutions. Instead, as described below, ExbB
TMD:s play roles in assembly of the ExbB tetramer + X complex,
interaction with TonB, presumably through its TMD, and correct
assembly of the TonB-ExbD complex and signal transduction be-
tween cytoplasm and periplasm. The role in signal transduction is
consistent with the positioning of ExbB and TonB-ExbD residues
on opposite sides of the cytoplasmic membrane, providing a
means of communication between cytoplasm and periplasm (43).

Role of ExbB TMD1. ExbB TMDI1 is the least conserved
among the corresponding TMDs of the ExbB/TolQ/MotA/PomA
family. The properties of the half-Ala cyto substitution and the
two inactive substitutions, $34 and W38, within that region indi-
cated that ExbB interacts with TonB through this TMD. The pri-
mary sequences of the corresponding TMDs among the family
therefore likely reflect different additional TMDs through which
each family member interacts in energy transduction, outer mem-
brane integrity, and flagellar rotation (Fig. 8).

The inactive AVall7 deletion in the single TonB TMD is sup-
pressed by ExbB mutations in TMD1: V35E, V36D, and A39E (39,
40). On the basis of previous definitions of ExbB TMD1 bound-
aries, these residues were thought to be near the cytoplasmic
boundary of TMD1. However, the redefinition of the boundaries
in this study places them well within the cytoplasmic half of
TMD1. While the ExbB suppressors are at a depth similar relative
to that of W38 and S34 in TMD1, ExbB V36 and A39 are located
on the opposite face and V35 is closer to the W38 face (see Fig. S9A
in the supplemental material). The suppressors somehow reestab-
lish ExbB TMD1 interactions with the TonB TMD. It is notable
that the suppressors all exchange the negatively charged Asp or
Glu for the native Ala or Val residues (39, 40). Similar suppressors
exist between TonB/ExbB paralogues TolA/TolQ, where a TolQ
TMDI1 face corresponding to ExbB S34 supports similar con-
served functional interactions (70, 71).

Role of ExbB TMD2. All individual ExbB TMD2 Ala substitu-
tions formaldehyde cross-linked with TonB and with ExbD and
could form the ExbB homodimer and tetramer + X complex, thus
eliminating key roles in assembly. Most exhibited small to mod-
erate decreases in ExbB activity. This TMD appeared to play a role
in signal transduction, because ExbB T135A, the only inactive Ala
substitution in TMD2, did not support the stage III pmf-depen-
dent interaction between TonB and ExbD. In addition, the T148V
substitution caused TonB-ExbD to stably stall at the pmf-inde-
pendent stage II. Because the half-Ala TMD2 cyto reduced ExbD
stability, there appeared to be a role in ExbD interaction as well.

Role of ExbB TMD3. With one exception, all individual ExbB
TMD3 substitutions formaldehyde cross-linked with TonB and
ExbD and could form the ExbB homodimer and tetramer + X.
The exception was ExbB P190A, which had ~15% activity and
appeared to be stalled in a homodimeric state. Thus, the kink
induced by P190 appeared to be important for the transition from
homodimer to tetramer + X. Consistent with that idea, ExbB
P141A in TMD2 led to a more modest decrease in activity, but like
ExbB P190A, accumulated higher levels of formaldehyde cross-
linked homodimers. In the reevaluated TMD boundaries, P141
and P190 were located at similar depths in the membrane (Fig. 9).
Prolines are known to play important roles in signaling mediated
by transmembrane domains (51). Residue N196 was previously
shown to be important for signal transduction (43).

Idiosyncratic profile of reduced activity ExbB TMD mutants
in colicin uptake. We have hypothesized that the conformation of
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the disordered TonB C terminus is modulated by ExbD protein
such that it recognizes ligand-bound transporters by induced fit.
Different Cys substitutions in the TonB C terminus have assay-
dependent and residue-specific (idiosyncratic) phenotypes in a
variety of assays that measure sensitivity to colicins and phage and
ability to transport Fe-ferrichrome (72, 73). The C terminus of
TolA may be similar (74).

It is logical that the C terminus of TonB would interact differ-
entially with different transporters and colicin ligands, all of which
have different amino acid sequences. It is not logical that muta-
tions in ExbB would have idiosyncratic phenotypes, because ExbB
supposedly interacts only with TonB and ExbD in the energy
transduction complex and not with the transporter proteins to
which energy is transduced. Nonetheless, idiosyncratic pheno-
types were observed for some ExbB substitutions in colicin sensi-
tivity assays. For example, ExbB T148C/T181C was nearly insen-
sitive to colicin D and completely insensitive to colicin M while
retaining significant sensitivity to colicin B and nearly wild-type
sensitivity to colicin Ia (Table 3). Colicins B and D both use the
outer membrane transporter FepA as a receptor; however, colicin
D exerts its effects as a tRNase in the cytoplasm, whereas colicin B
kills cells by creating a pore in the cytoplasmic membrane. Colicin
Ia, which uses the transporter Cir as a receptor, also kills by cre-
ation of a cytoplasmic membrane protein pore. It seems unlikely
that ExbB T148C/T181C differentially alters TonB conformations
and transporter recognition. Amino acid sequence homologies
and functional cross talk between ExbB and TolQ raise the possi-
bility that ExbB could be directly and differentially involved in
direct interaction with colicins in the cytoplasmic membrane.
This idea is based on the finding that after colicin A was osmoti-
cally introduced into the periplasmic space, its killing activity in
the cytoplasmic membrane depended on the presence of TolQ
(75). Potential ExbB-colicin interaction has not been explored for
ExbB substitutions.

How does the TonB system harness pmf? While the use of
cytoplasmic membrane pmf energy for TonB-dependent trans-
port across the OM has been well established, the mechanism by
which pmfis harnessed remains unknown (1, 39, 76-78).

The results of our experiments here ruled out direct participa-
tion of ExbB TMD residues in proton translocation and instead
supported a role in signal transduction, a homodimer-to-homo-
tetramer transition, and direct interaction with the TonB TMD. In
helical wheel projections of ExbB TMD2 and TMD3, conserved
small residues line one face of each TMD from residues in G147 to
A134 in TMD?2 and T181 to A187 in TMD3, which could hypo-
thetically form part of an aqueous channel through which protons
would move (see Fig. S9B and C in the supplemental material).
We think that it is more likely that it represents a helix packing
motif. Although an aqueous channel model has been proposed for
proton translocation in the Mot system, it has not been experi-
mentally explored (68). Repositioning of the TMD boundaries in
this study also raised questions about that model.

The TonB TMD retains TonB in the cytoplasmic membrane
but has no direct role in harnessing and responding to pmf (23,
79-81). ExbD thus emerges as the only protein with a TMD resi-
due—an essential conserved Asp25—that somehow responds to
pmf. ExbD mediates initial stages of TonB energization, as ExbD
transits from a homodimer to two different conformations of the
TonB-ExbD heterodimer (25, 26, 80).

Itis not clear how a single Asp would, by itself, harness pmfand
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use it to transmit conformational changes to the TonB C termi-
nus. However, perhaps ExbD does not function alone in this ca-
pacity. It has been known for years that unidentified proteins are
essential for TonB activity (82, 83). At least one of these proteins is
characterized by a short half-life, and because they have not
turned up in genetic selections, they are likely to be either redun-
dant or essential (84, 85). Both ExbD and ExbB formaldehyde
cross-link to unidentified proteins in vivo (25, 36, 43). The most
abundant ExbB in vivo formaldehyde cross-linked complex con-
tains an ExbB tetramer linked to an unknown protein or proteins
of ~85 kDa. In this study, the two substitutions that disrupted
formation of the tetramer + X complex, P190A and T148V, also
rendered ExbB nonfunctional. The ExbB tetramer + X complex
does not require TonB or ExbD to form, suggesting that it is a
stable and abundant complex (36). It is not known through which
domain of ExbB this complex forms. Likewise, ExbD cross-links
in vivo to a protein of ~18 kDa (25). This cross-link grows more
abundant when ExbD is not active.

What might be the function of the unknown proteins? It is
possible that an unidentified protein could contribute TMDs to
form a more complete proton translocator (86). Alternatively, for
the ExbD paralogue, TolR, it has been shown that rotation of the
helices is important for function (87). If the ExbD helices also
need to rotate, perhaps this is accomplished by the interaction of
ExbB cytoplasmic domains with unidentified cytoplasmic pro-
teins. It has been recently shown that the thrombopoietin receptor
has multiple dimeric conformations achieved through rotation of
helices (88). For any of these models, it is likely that the identifi-
cation of unknown proteins will be important for future progress
in understanding the mechanism.
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