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ABSTRACT

Iron acquisition at the outer membrane (OM) of Gram-negative bacteria is powered by the proton motive force (PMF) of the
cytoplasmic membrane (CM), harnessed by the CM-embedded complex of ExbB, ExbD, and TonB. Its stoichiometry, ensemble
structural features, and mechanism of action are unknown. By panning combinatorial phage libraries, periplasmic regions of
dimerization between ExbD and TonB were predicted. Using overexpression of full-length His6-tagged exbB-exbD and S-tagged
tonB, we purified detergent-solubilized complexes of ExbB-ExbD-TonB from Escherichia coli. Protein-detergent complexes of
�230 kDa with a hydrodynamic radius of �6.0 nm were similar to previously purified ExbB4-ExbD2 complexes. Significantly,
they differed in electronegativity by native agarose gel electrophoresis. The stoichiometry was determined to be ExbB4-ExbD1-
TonB1. Single-particle electron microscopy agrees with this stoichiometry. Two-dimensional averaging supported the phage dis-
play predictions, showing two forms of ExbD-TonB periplasmic heterodimerization: extensive and distal. Three-dimensional
(3D) particle classification showed three representative conformations of ExbB4-ExbD1-TonB1. Based on our structural data, we
propose a model in which ExbD shuttles a proton across the CM via an ExbB interprotein rearrangement. Proton translocation
would be coupled to ExbD-mediated collapse of extended TonB in complex with ligand-loaded receptors in the OM, followed by
repositioning of TonB through extensive dimerization with ExbD. Here we present the first report for purification of the ExbB-
ExbD-TonB complex, molar ratios within the complex (4:1:1), and structural biology that provides insights into 3D organiza-
tion.

IMPORTANCE

Receptors in the OM of Gram-negative bacteria allow entry of iron-bound siderophores that are necessary for pathogenicity.
Numerous iron-acquisition strategies rely upon a ubiquitous and unique protein for energization: TonB. Complexed with ExbB
and ExbD, the Ton system links the PMF to OM transport. Blocking iron uptake by targeting a vital nanomachine holds promise
in therapeutics. Despite much research, the stoichiometry, structural arrangement, and molecular mechanism of the CM-em-
bedded ExbB-ExbD-TonB complex remain unreported. Here we demonstrate in vitro evidence of ExbB4-ExbD1-TonB1 com-
plexes. Using 3D EM, we reconstructed the complex in three conformational states that show variable ExbD-TonB het-
erodimerization. Our structural observations form the basis of a model for TonB-mediated iron acquisition.

Iron, universally found at the center of metabolic processes in
almost all organisms (1), may be acquired by Gram-negative

bacteria in chelated form as iron-bound siderophores. The Fur
protein regulates the expression of proteins involved in iron ho-
meostasis (2, 3), such that iron-limiting conditions lead to induc-
tion of genes necessary for its import from the environment (4).
High-affinity receptors in the outer membrane (OM) of Gram-
negative bacteria recognize different siderophores (5). Each recep-
tor protein forms a 22-stranded transmembrane �-barrel that
contains an N-terminal occlusion termed the plug domain (6).
This highly solvated globular domain is composed of a four-
stranded �-sheet inclined 45° to the membrane normal. At its
periplasmic face, the plug contains a semiconserved motif, the
Ton box (7, 8). More than 98 OM receptors across multiple spe-
cies demonstrate complexation with TonB, hence the term TonB-
dependent transporters (TBDTs) (7, 9). Upon substrate binding
at the cell surface, structural signals are propagated to the periplas-
mic side of the OM. In the case of the ferrichrome receptor FhuA
of Escherichia coli, binding induces unwinding of a short �-helix,
resulting in a disordered Ton box in the periplasm (10–12). Sub-
strate passage into the periplasm may occur by conformational

rearrangement of the plug domain following mechanical interac-
tions with the Ton box (10, 13). These interactions require input
of energy that is generated at the cytoplasmic membrane (CM) in
the form of the proton motive force (PMF) (14, 15), harnessed
and coupled to OM transport by the CM-embedded complex of
ExbB, ExbD, and TonB (16). The Ton system is an attractive target
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for development of therapeutics due to its central position in pow-
ering active nutrient import in all Gram-negative bacteria.

In E. coli, ExbB (26.3 kDa) and ExbD (15.5 kDa) are encoded
by the same operon (17), reflecting their linked functionality.
With three transmembrane helices (18), ExbB has more residues
facing the cytoplasm than exposed to the periplasm. ExbD is also
membrane bound with a single transmembrane domain; 22 resi-
dues are predicted to face the cytoplasm, and �98 residues face the
periplasm (19). With few cytoplasmic residues and a single trans-
membrane domain, TonB (26.1 kDa) is located mostly in the
periplasm (20). The N terminus of TonB requires ExbB for func-
tion (21) through its interactions with the first ExbB transmem-
brane domain (18). Indeed, ExbB has been demonstrated to sta-
bilize both ExbD and TonB (16). Apparently, no ExbB residue
directly participates in proton translocation across the CM (18).
Rather, ExbB has a structural “scaffolding” role, assembling into
dimers and tetramers (22) and potentially propagating signals be-
tween the cytoplasm and the periplasm (18).

In contrast, ExbD contains the sole residue, Asp25, in the Ton
complex that responds to the PMF (18, 23). Nuclear magnetic
resonance (NMR) revealed a solution structure of an isolated
periplasmic fragment from ExbD (24) as a folded globular domain
accounting for residues 64 to 133, surrounded by flexible and
extended residues (43 to 63 and 134 to 141). Only weak interac-
tions were measured between this soluble construct and peptides
representing periplasmic segments of TonB. However, consider-
ing the nonphysiological conditions (pH 3 and low salt) and a
propensity for protein aggregation, it is not surprising that this
study did not reflect in vivo evidence of ExbD-TonB interactions
(15, 23, 25–27). Postle and coworkers identified periplasmic re-
gions involved in ExbD and TonB interactions by disulfide cross-
linking (26, 28). In the absence of TonB, the same ExbD regions
tend to promote their homodimerization (26). This in vivo evi-
dence described an extended and dynamically flexible ExbD
periplasmic domain. The biological relevance of the NMR struc-
ture (24) has therefore been questioned (26, 28).

The TonB C-terminal domain forms high-affinity interactions
with TBDTs (29) and has been cocrystallized with FhuA (30) and
with the cobalamin receptor BtuB (31). However, no definitive
structural information for TonB’s N-terminal transmembrane
domain or for its central linker region (residues 33 to 150) (20)
exists. A stretch of residues (70 to 102) rich in proline was found to
adopt an extended and rigid conformation by NMR (32), and yet
it was dispensable for TonB-dependent transport in E. coli (33).
This suggests that the remainder of the central linker region would
assume a highly extended conformation, as described by Köhler et
al. (34). Indeed, the TonB C-terminal domain in the cocrystal
structures (30, 31) accounts for approximately one-third of total
residues (�151 to 239), yet it occupies only �2.5 nm of the
�21-nm periplasmic thickness (35, 36). Overall, TonB’s flexible
and dynamic periplasmic domain (28, 37) renders it an active
protein in the periplasm. For example, certain regions of TonB
have been demonstrated to mediate contacts with the periplasmic
binding protein FhuD (38). There is currently no ensemble anal-
ysis of the role played by TonB’s periplasmic domain in its work
cycle or how its interactions with ExbD lead to mechanical input
at the Ton box.

Although the monomeric TonB C-terminal domain crystal-
lized in complex with TBDTs (30, 31), publications document in
vivo (39, 40) and in vitro (29, 41) evidence for TonB dimerization.

Despite various outcomes using several TonB truncations in vitro,
studies investigating full-length TonB have yet to be reported. The
absence of the TonB transmembrane domain has been implicated
in the nonnatural crystal structures of its periplasmic residues
(42). Moreover, a functional TonB transmembrane domain was
shown to play a role in its energy-transducing work cycle (43). The
transmembrane domains of all Ton system proteins may partici-
pate in energy transduction and mechanical interactions between
each other and TBDTs. Current models are limited in explaining
biochemical observations.

The stoichiometry of TonB-containing complexes also re-
mains unknown. Higgs et al. measured seven ExbB and two ExbD
proteins for every TonB protein in E. coli (44). This ratio may not
reflect the actual stoichiometry of the complex, as TonB is known
to be labile in vivo (21, 45). Indeed, strong TonB overexpression
led to degradation products, but moderate overexpression relative
to ExbB and ExbD was tolerated (44), providing ExbB-ExbD com-
plexes that are poised for synthesis and incorporation of TonB.
The measured cellular ratio, therefore, could represent a mixture
of three-protein complexes (ExbB-ExbD-TonB) and two-protein
complexes (ExbB-ExbD).

Our recent in vitro investigations characterized copurifying
proteins of stoichiometry ExbB4-ExbD2 (46). By single-particle
electron microscopy (EM), we noted occasional periplasmic ho-
modimerization by ExbD that correlated with two different ar-
rangements of ExbB’s cytoplasmic domains: a tetrameric arrange-
ment and a dimer of dimers. Despite the lack of a functional assay,
our results are consistent with in vivo data (18, 22, 26). Our bio-
physical analyses were expanded by the use of amphipols (47). In
both detergent and amphipols, we observed identical structural
conformations of the ExbB4-ExbD2 complex. Since amphipols are
known to retain activity of some membrane proteins (48, 49),
these data validated our choice of detergent for preserving in vivo
structural conformations.

Here, we present the first report for copurification of ExbB,
ExbD, and TonB as complexes having a 4:1:1 ratio, hence the
designation ExbB4-ExbD1-TonB1. Consistent with our predic-
tions from phage display, structural investigations by single-par-
ticle EM revealed two forms of periplasmic heterodimerization
between ExbD and TonB. A model of transenvelope energy trans-
duction by the Ton system is derived from structural observations
that show conformational plasticity of the intact complex.

MATERIALS AND METHODS
Cloning, expression, and purification of periplasmic domains: ExbD43–141

and TonB33–239. Chromosomal DNA encoding residues 43 to 141 of
ExbD (ExbD43–141) from E. coli was cloned by PCR into a modified
pET15b expression vector, resulting in the addition of 23 residues (includ-
ing the His6 tag) to its N terminus and two residues to its C terminus.
ExbD43–141 was expressed in E. coli BL21(DE3)/pLysS grown in Luria-
Bertani (LB; Fisher) medium supplemented with 50 �g/ml ampicillin
(Sigma) and 34 �g/ml chloramphenicol (Sigma). When cultures reached
an optical density at 600 nm (OD600) of 0.5 to 0.6, expression was induced
by addition of 0.4 mM isopropyl 1-thio-�-D-galactopyranoside (IPTG;
Bio Vectra) followed by shaking for 2 h at 37°C. Cell pellets were collected
by centrifugation at 7,000 � g and stored at �20°C. Pellets were resus-
pended in binding buffer (20 mM Tris [pH 8.0], 150 mM NaCl) supple-
mented with 0.4 mM phenylmethylsulfonyl fluoride (Sigma), 25 �g/ml
DNase (Roche), 25 �g/ml RNase (Roche), 5 mM MgCl2, and one tablet of
EDTA-free cOmplete Protease Inhibitor cocktail (Roche). Cells were
lysed on ice by two passes through an EmulsiFlex-C5 (Avestin) at 17,500
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kPa, and the lysate was centrifuged at 34,000 � g for 1 h at 4°C; superna-
tant was retained. After clarification by filtration (0.45-�m pore size),
supernatant was loaded onto a 10-ml nickel-nitrilotriacetic (Ni�-NTA)
Profinity immobilized metal ion affinity chromatography (IMAC; Bio-
Rad) column preequilibrated with binding buffer. All purifications were
performed using a Biologic DuoFlow chromatography system (Bio-Rad).
Nonspecifically bound material was removed by extensive washing (20
mM Tris [pH 8.0], 150 mM NaCl, 18 mM imidazole). His-tagged
ExbD43–141 was eluted from the resin by an imidazole gradient to 300 mM
and extensively dialyzed against 20 mM Tris-HCl (pH 8.0), 150 mM NaCl
for storage at 4°C.

Chromosomal DNA encoding residues 33 to 239 of E. coli TonB
(TonB33–239) was cloned by PCR into a modified pET28 expression vec-
tor, resulting in the addition of 20 residues to its N terminus, including an
N-terminal His6 tag. The TonB33–239 construct (TonB33–239) was ex-
pressed in E. coli BL21(DE3)/pLysS and purified by Ni�-NTA Superflow
resin (Qiagen) and SP-Sepharose (Amersham Biosciences) cation ex-
change as we previously described (50).

Cloning, expression, and purification of ExbB-ExbD-TonB. The
His6-tagged exbB-exbD (exbB-exbDHis6) coding sequence was PCR ampli-
fied from pExbBD (46) and inserted between restriction sites NcoI and
EcoRI of the dual-gene expression vector pETDuet-1 (Novagen). Full-
length tonB was PCR amplified from E. coli DH5� cells and inserted be-
tween restriction sites BglII and KpnI in the second multiple cloning site
of pETDuet-1. This strategy resulted in the addition of 26 C-terminal
residues to TonB, 15 of which specify the S-tag (51, 52). This plasmid was
transformed into E. coli BL21(DE3)/pLysS, and cells were grown with
shaking at 37°C in LB broth supplemented with 50 �g/ml carbenicillin
and 34 �g/ml chloramphenicol until the OD600 reached 0.8. Following
induction with 0.5 mM IPTG, cultures were left to grow for 3.5 h at 25°C
with shaking. Cells were collected by low-speed centrifugation (7,000 � g)
for 20 min at 4°C and frozen for storage at �20°C. Thawed bacterial
pellets were suspended in lysis buffer (50 mM Tris [pH 7.5], 200 mM
NaCl, 5 mM MgCl2, 100 �g/ml DNase, 100 �g/ml RNase, 10 �g/ml ly-
sozyme, and one tablet of EDTA-free cOmplete Protease Inhibitor cock-
tail). The resuspended mixture was lysed by two passes through an Emul-
siFlex-C5. Following low-speed centrifugation (4,300 � g) to remove
unlysed cells and other debris, samples were ultracentrifuged for 1 h at 4°C
and 250,000 � g to isolate membrane fractions. Membrane pellets were
resuspended in 50 mM Tris (pH 7.5), 200 mM NaCl, 20 mM imidazole,
and 1% (wt/vol) n-dodecyl-�-D-maltopyranoside (DDM; Anatrace) with
EDTA-free cOmplete Protease Inhibitor cocktail for 2 h at 4°C. DDM-
solubilized lysate, clarified by centrifugation at 34,500 � g, was applied to
a 5-ml Ni�-NTA Profinity IMAC column preequilibrated with 50 mM
Tris pH 7.5, 200 mM NaCl, 20 mM imidazole and 0.02% (wt/vol) DDM.
Following elution of nonbinding lysate, the column was washed with 50
mM Tris (pH 7.5), 500 mM NaCl, and 0.02% (wt/vol) DDM and then
with 50 mM Tris (pH 7.5), 200 mM NaCl, 50 mM imidazole, and 0.02%
(wt/vol) DDM. Specifically bound material was eluted with 25 mM Tris
(pH 7.5), 150 mM NaCl, 200 mM imidazole, and 0.02% (wt/vol) DDM.

Complexes of ExbB4-ExbD2 in DDM were purified as described pre-
viously (46) using a 5-ml Ni�-NTA Profinity IMAC column followed by
preparative size exclusion chromatography (SEC) on a 120-ml (16 by 600
mm) Superdex pg column (GE Healthcare). Samples were eluted at 0.5
ml/min in 25 mM Tris (pH 7.5), 150 mM NaCl, and 0.02% (wt/vol) DDM.
When necessary, protein-detergent complexes (PDCs) were concentrated
in centrifugal filter devices (Thermo Scientific) having a nominal molec-
ular mass cutoff (MMCO) of 150 kDa. Following a 10-min centrifugation
at 2,000 � g, the filtrate and retentate were assayed for protein.

Assays for protein purity, concentration, and immunodetection.
Purified proteins were analyzed by SDS-PAGE under denaturing and re-
ducing conditions by silver staining or by colloidal Coomassie blue G-250
staining (Thermo Scientific). For S-tag detection, separated proteins were
transferred from polyacrylamide gels to an Immobilon-P polyvinylidene
fluoride (Millipore) membrane and then blocked for 30 min with 2%

bovine serum albumin (BSA) in Tris-buffered saline (TBS), consisting of
50 mM Tris (pH 8) and 150 mM NaCl. The membrane was washed ex-
tensively with TBS– 0.1% (vol/vol) Tween 20 before and after incubation
with mouse anti-S-tag IgG2b antibody (Novagen) and goat anti-mouse
alkaline-phosphatase-conjugated antibody (Jackson ImmunoResearch).
Immunoblots were developed with a nitroblue tetrazolium chloride-5-
bromo-4-chloro-3-indolyl phosphate solution (Roche).

Concentrations of ExbD43–141 and TonB33–239 were determined using
the bicinchoninic acid (Thermo Scientific) and Bradford (Thermo Scien-
tific) assays, respectively. Concentrations of ExbB-ExbD and ExbB-ExbD-
TonB were measured with a NanoDrop 1000 (Thermo Scientific) using
approximate extinction coefficients derived from potential complex sto-
ichiometries and the Beer-Lambert law. Extinction coefficients were cal-
culated from primary sequence using ProtParam from ExPASy (http:
//web.expasy.org/protparam).

Phage panning and analysis of affinity-selected peptides. Phage pan-
ning against TonB33–239 was performed as we previously described (53).
Purified ExbD43–141 was diluted to 100 �g/ml in 0.1 M NaHCO3 (pH 8.6),
and 150 �l of protein was adsorbed to a polystyrene microtiter plate
(Thermo Scientific). Plates coated with immobilized ExbD43–141 were in-
cubated for 16 h at 4°C followed by blocking (2 h at 37°C) with 5 mg/ml
BSA in 0.1 M NaHCO3 (pH 8.6) containing 0.02% (wt/vol) NaN3

(Fisher). A Ph.D.-12 phage library or Ph.D.-C7C phage library (1.5 � 1011

PFU each; New England BioLabs) was then added. Phage panning, clone
isolation, and DNA sequencing were performed under conditions identi-
cal to those used for TonB33–239 (53). Pairwise alignments of affinity-
selected peptides from ExbD43–141 and from TonB33–239 phage panning
were performed against the sequences of E. coli K-12 TonB and ExbD
using the Match program from the Receptor Ligand Contacts (RELIC)
server (54). This program uses a default scoring window of five; the
threshold score requires at minimum three identities and one similarity
between selected peptides and alignment sequence based on a modified
block amino acid substitution matrix (BLOSUM62). Identities are given a
score of �4, whereas similarities are given a score of �1. Alignment mis-
matches are given a score of either 0 or �1. For a window size of 5 residues,
the threshold for Match is a score of 13. Improvements to the pairwise
alignments were made using the program MatchScan (P. D. Pawelek,
unpublished data), which calculates alignment scores for a range of scor-
ing windows. For MatchScan, the minimum scoring threshold is in-
creased or decreased by 1 for each residue added or subtracted, respec-
tively, to the default scoring window.

Protein identification by mass spectrometry. Following SDS-PAGE
and Coomassie blue G-250 staining, protein bands were excised,
destained, and vacuum centrifuged. The samples were resolubilized in 2%
acetonitrile–1% formic acid, followed by reduction and alkylation. Tryp-
sin-digested samples were analyzed by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) on an LTQ Orbitrap Velos (Thermo
Scientific). Alcohol dehydrogenase was injected between samples as a
quality control and blank to monitor carryover. Identified peptides were
analyzed using Mascot (version 2.3.02; Matrix Science), searching the
NCBInr Escherichia coli database (357,495 entries) assuming trypsin di-
gestion. Search parameters included a fragment ion mass tolerance of 0.6
Da, parent ion tolerance of 15 ppm, cysteine carbamidomethyl fixed mod-
ification, and methionine oxidation variable modification. Results were
validated using Scaffold (version Scaffold_3.6.2; Proteome Software Inc.).

Analysis of size and molecular mass of protein-detergent com-
plexes. The mass of the IMAC-purified ExbB-ExbD-TonB complex was
measured by blue-native PAGE (BN-PAGE). Complexes were separated
on 4 to 16% gradient acrylamide gels containing 0.05% (wt/vol) DDM.
Samples were run at 4°C with cathode buffer (25 mM Tris and 192 mM
glycine [pH 8.8]) containing 0.02% (wt/vol) Coomassie blue G-250 at 100
V. After 45 min, the Coomassie blue-containing cathode buffer was re-
placed with clear cathode buffer, and electrophoresis was resumed for 3 h
at 200 V. PDC masses were determined by comparison with comigrating
protein standards (NativeMark; Life Technologies).

ExbB-ExbD-TonB Stoichiometry and Structure
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IMAC-eluted material was analyzed by analytical SEC using a 24-ml
(10- by 300-mm) Superdex 200 GL column (GE Healthcare). Samples (20
to 40 �g) were injected onto the column equilibrated in SEC running
buffer and eluted at 0.5 ml/min. The elution volume of known standards
(Bio-Rad) was used to determine the hydrodynamic radii of eluting com-
plexes.

SEC-MALLS. Protein complexes in DDM were analyzed by SEC cou-
pled to multiangle laser light scattering (MALLS) in-line detectors. Fol-
lowing 150-kDa MMCO concentration, IMAC-purified PDCs were
applied to a 24-ml Superdex 200 column operated by an Alliance high-
pressure liquid chromatographer (HPLC; Waters Corporation) at 0.5 ml/
min. OD280, refractive index, and laser light scattering were measured
using the 2489 UV/Vis (Waters Corporation), OptiLab rEX (Wyatt Tech-
nology), and miniDAWN TREOS (Wyatt Technology) detectors, respec-
tively. Data were processed using the “protein conjugate” analysis module
of the Astra software package version 5.3.4.18 (Wyatt Technology). The
protein and detergent dn/dc values used were 0.187 and 0.143 ml/g (55–
57), respectively.

Native agarose gel electrophoresis. Purified protein samples (5 �g)
were loaded into a horizontal 0.8% (wt/vol) agarose gel immersed in
nondenaturing buffer (25 mM Tris, 19.2 mM glycine [pH 7.5], 0.02%
[wt/vol] DDM). Migration was carried out at 50 V for 1 h. Samples mi-
grated according to their apparent isoelectric point (pI) (58). All theoret-
ical pI analyses were calculated using the translated sequences of our con-
structs that include tags on the ExPASy program ProtParam (http://web
.expasy.org/protparam). The pIs of protein standards lysozyme (59) and
BSA (60) were taken to be 11.0 and 5.1, respectively.

Electron microscopy and single-particle analysis. The IMAC-puri-
fied ExbB-ExbD-TonB complex (1 ng/�l) was adsorbed for 1 min on
negatively glow-discharged carbon-coated EM copper grids, followed by
negative staining with freshly prepared 1.5% (wt/vol) uranyl formate (pH
5) for 90 s. Grids were imaged at 200 kV at the Facility for Electron Mi-
croscopy Research, McGill University, with an FEI Tecnai G2 F20
equipped with a Gatan Ultrascan 4k by 4k digital charge-coupled device
(CCD) camera. Digital transmission electron microscopy (TEM) micro-
graphs were recorded at a nominal magnification of approximately
�67,000, corresponding to a 2.2-Å pixel size at the specimen level. A total
of 83 micrographs were imaged untilted and tilted �60° using the UCSF
Tomo package (61) for the random conical tilt (RCT) reconstruction
method. The untilted micrographs collected for the RCT method were
combined with another 92 untilted micrographs that were imaged man-
ually. All contrast transfer function parameters were determined using
CTFFIND3 (62). For the RCT reconstructions, approximately 9,500 tilt
pairs were selected manually in Xmipp 3.1 (63). All particles were win-
dowed into 128- by 128-pixel images. Boxed images of particles were
normalized and subjected to two-dimensional (2D) classification using
the CL2D algorithm of the Xmipp package (64). Using the calculated
in-plane rotations and triangulated tilt angles, three-dimensional (3D)
initial models were reconstructed using the corresponding images of the
tilted RCT particles (65).

Particles from the additional 92 untilted micrographs were selected
semiautomatically in EMAN2 (66). Combined untilted particles
(�38,000) were phase flipped, aligned, and submitted to the Sparx pro-
gram “iterative stable alignment and clustering” (ISAC) for 10 genera-
tions (67).

The program RELION was used for 3D classification and refinement
(68). All steps implemented phase flipping, as suggested by the program-
mers for negative-stain data. Symmetry was never imposed during calcu-
lations. The particles (�33,000) belonging to RELION 2D classes resem-
bling validated ISAC classes were accepted for 3D classification and
refinement. For 3D classification, we chose three RCT models that repre-
sent the principal conformations most frequently observed in 2D class
averaging. Initial models were low-pass filtered to 50 Å. This resulted in
three subsets of particles belonging to the same conformational class. Each
subset was then used to refine its 50-Å low-pass-filtered RCT model. The

resultant refined models were used for a second round of 3D classification
of all particles followed by refinement with the new subsets. All 3D visu-
alizations were rendered in UCSF Chimera (69) (version 1.9; build
39798). Measurements of 3D volume applied a partial specific volume of
1.21 Å3/Da (70). Gold standard resolution was calculated within RELION
refinement using the 0.143 Fourier shell correlation cutoff (68, 71).

The three 3D-EM volumes have been deposited in EMDataBank un-
der accession numbers EMD-2859, EMD-2934, and EMD-2935.

RESULTS
Phage display predicts periplasmic interactions between TonB
and ExbD. Periplasmic interactions between TonB and ExbD
were predicted using phage display. This molecular genetics strat-
egy subjects an immobilized protein to a combinatorial bacterio-
phage M13 library engineered to express random sequences of 12
(Ph.D.-12) or seven (Ph.D.-C7C) amino acids on its surface-ex-
posed pIII coat protein. Phages that bind strongly to the immobi-
lized protein are subjected to DNA sequencing, thus identifying
the affinity-selected peptides. The peptides are then computation-
ally aligned to the primary sequence of potential binding partners;
interaction sites are predicted from localized alignment clusters.

A soluble construct of ExbD (ExbD43–141) was expressed and
purified. By SDS-PAGE, His6-tagged ExbD43–141 exhibited near
homogeneity and migrated to a molecular mass of �13.7 kDa, in
concordance with the expected molecular mass for this construct
(see Fig. S1A in the supplemental material). Soluble TonB33–239

was isolated to greater than 95% purity and migrated to its higher-
than-anticipated molecular mass, �35 kDa (see Fig. S1B in the
supplemental material). Although the predicted molecular mass
of our construct is 24.9 kDa, aberrant migration of TonB on SDS-
PAGE gels has long been reported (41, 72). The purified periplas-
mic domain of ExbD (ExbD43–141) was subjected to phage pan-
ning against both peptide libraries. Ph.D.-C7C panning and
Ph.D.-12 panning returned 131 and 110 unique peptides, respec-
tively. Affinity-selected peptides against TonB33–239 were obtained
from our previous study (53).

Unique ExbD43–141 affinity-selected peptides (11 from Ph.D.-
C7C and 10 from Ph.D.-12 libraries [see Table S1 in the supple-
mental material]) were aligned to the sequence of ExbD to identify
potential regions of homodimerization. These peptides clustered
between residues 46 to 73 of ExbD (Fig. 1A), the periplasmic region
immediately following the transmembrane domain. To identify po-
tential regions of heterodimerization, we aligned TonB33–239 affinity-
selected peptides to the sequence of ExbD (9 peptides from the Ph.D.-
C7C library and 10 from the Ph.D.-12 library [see Table S2 in the
supplemental material]). These clustered to the same region on
ExbD: residues 46 to 62 (Fig. 1B). All of these ExbD residues were
found in the region previously described as extended and flexible in
the NMR solution structure of a similar construct (24). Similarly, to
identify residues on TonB that may interact with ExbD, ExbD43–141

affinity-selected peptides (see Table S3 in the supplemental material)
clustered at two regions on TonB. Peptides (4 from Ph.D.-C7C and 9
from Ph.D.-12 libraries) matched TonB periplasmic residues 39 to
55, a region immediately following the transmembrane domain (Fig.
1C). Another 19 peptides (7 from Ph.D.-C7C and 12 from Ph.D.-12
libraries) matched residues 125 to 144 of TonB’s periplasmic domain
(Fig. 1D). The latter set of residues map between the proline-rich
region and the C-terminal domain that has previously been crystal-
lized in complex with outer membrane receptors (30, 31). Under our
stringent conditions, no TonB affinity-selected peptides clustered to
the sequence of TonB itself.

Sverzhinsky et al.

1876 jb.asm.org June 2015 Volume 197 Number 11Journal of Bacteriology

http://web.expasy.org/protparam
http://web.expasy.org/protparam
http://jb.asm.org


ExbB and TonB copurify in a complex with ExbD. Having
predictions of periplasmic interactions between TonB and ExbD
and wishing to expand on our recent copurification of ExbB with
ExbD (46), we pursued copurification of the three full-length pro-
teins. The exbB-exbDHis6 operon from pExbBD was subcloned
into a pETduet vector along with the tonB gene, a cloning strategy
that resulted in the addition of 11 residues and the S-tag to the C
terminus of TonB. The DDM-solubilized membrane fraction was
applied onto an IMAC column followed by elution of strongly
bound proteins. The eluate was analyzed by SDS-PAGE and col-
loidal Coomassie blue staining, identifying three bands migrating
to 37, 26, and 17 kDa (Fig. 2A). Immunodetection using anti-S-tag
antibodies identified the 37-kDa band as the S-tagged TonB (Fig.
2B). The identity of all proteins, including ExbB at 26 kDa and
ExbD at 17 kDa, was confirmed using LC-MS/MS (see Fig. S2 in
the supplemental material). Again, TonB showed aberrant migra-
tion on SDS-PAGE despite a calculated molecular mass of
28.8 kDa.

We previously showed (46) that the DDM-solubilized ExbB4-
ExbD2 complex migrated to �240 kDa by BN-PAGE. Figure 2C
shows that ExbB, ExbD, and TonB form a DDM-solubilized com-
plex that migrates to a similar position by BN-PAGE. Whereas
ExbB copurified with ExbD in several oligomeric states (Fig. 2D,
red dashed line), the cooverexpression of TonB with ExbB and
ExbD resulted in a single monodispersed complex (Fig. 2D, blue
solid line). Such monodispersity was achieved for ExbB4-ExbD2

only after preparative SEC (Fig. 2D, orange dotted line). Compar-
ison of the IMAC-purified three-protein complex to SEC-purified
ExbB4-ExbD2 shows that the two share a hydrodynamic radius of
�6.0 nm. Considering that the similar biophysical properties of
the two PDCs most likely reflect comparable protein content, we
turned to SEC-MALLS to identify the stoichiometry of the three
proteins.

Proteins purify in complexes of ExbB4-ExbD1-TonB1 stoi-
chiometry. Stoichiometry of the monodisperse three-protein
complex was deduced following the method of Slotboom et al.
(73). Simultaneous measurements of light scattering, absorbance,
and refractive index (three-detector method) during elution from
gel filtration allow calculation of the absolute molecular mass and
detergent contribution to a PDC. However, since the stoichiom-
etry for the complex of ExbB, ExbD, and TonB remained un-
known, a self-consistent method (74) was applied to determine
the molar ratios. The band size and staining intensity of ExbB (Fig.
2A) reduced the stoichiometric candidates to those having ExbB
in excess. Because the three-protein complex has a molecular mass
(Fig. 2C) and a hydrodynamic radius (Fig. 2D) similar to those of
DDM-solubilized ExbB4-ExbD2 (see Table S4 in the supplemental
material), the total number of protein units within the complex
was limited to six. Under these criteria, the most consistent stoi-
chiometry was that of ExbB4-ExbD1-TonB1 (Fig. 3A). The abso-
lute molecular mass of the PDC (�230 kDa) is in agreement with
that observed via BN-PAGE (Fig. 2C) and with estimates of mo-
lecular mass based on analytical SEC regression curves of standard
proteins (data not shown). Furthermore, the measured detergent
contribution by refractive index (�40.5%) is similar to amounts
that we assayed by 1D NMR for the ExbB4-ExbD2 complex (47).

To further investigate whether our deduced stoichiometry
could be supported by independent criteria, we looked at the re-
sultant pIs of the candidate stoichiometries. Following removal of
the predicted transmembrane domains of each protein, the poten-
tial stoichiometries displayed sufficiently different expected pIs
(see Table S4 in the supplemental material). Using native agarose
gel electrophoresis, the ExbB4-ExbD2 complex migrated with
strong electronegativity, comparable to what was seen with the
BSA control (Fig. 3B). In contrast, the deduced ExbB4-ExbD1-
TonB1 stoichiometry was consistent with a reduced electronega-

FIG 1 (A and B) Alignment of ExbD43–141 and TonB33–239 affinity-selected Ph.D.-C7C and Ph.D.-12 peptides to the ExbD sequence. (A) The top 10 scoring
ExbD43–141 affinity-selected peptides aligned to residues 46 to 73 of the periplasmic domain of ExbD. See also Table S1 in the supplemental material for peptide
match scores and window sizes. (B) The top nine scoring TonB33–239 affinity-selected peptides aligned to residues 46 to 62 of the periplasmic domain of ExbD.
See also Table S2 in the supplemental material for peptide match scores and window sizes. (C and D) Alignment of ExbD43–141 affinity-selected Ph.D.-C7C and
Ph.D.-12 peptides to TonB sequence. (C) The top six scoring peptides aligned to residues 38 to 55 of the periplasmic domain of TonB. (D) The top nine scoring
peptides aligned to residues 125 to 144 of the central region of periplasmic TonB. See also Table S3 in the supplemental material for peptide match scores and
window sizes. Only top-scoring peptides are shown for clarity; see the corresponding tables in the supplemental material for all peptides.
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tive migration of the three-protein complex. Moreover, this
experiment confirmed that there is no apparent mixture of three-
protein and two-protein complexes. The three-protein complex
migrated as a single species to a unique location without any rec-
ognizable band corresponding to the ExbB4-ExbD2 complex. Al-
though the exact pIs of the three proteins are unknown, an anal-
ysis of their soluble domains can inform on the observed
migrations. The soluble residues of ExbB are less electronegative
(pI 6.85) than the soluble residues of ExbD (pI 5.78). DDM is
nonionic, and we assume that it masks the surface charge of all
transmembrane domains. Soluble residues of the ExbB4-ExbD2

complex are predicted to have a pI of 6.23, yet the complex mi-
grates further, with an apparent pI of �5.5. This result indicates
that ExbD’s soluble residues may contribute strongly to the overall
pI along with surface masking of basic residues, probably by ex-
tensive cytoplasmic contacts of ExbB (18, 46). The soluble resi-
dues of TonB show an equally strong, yet opposite, overall charge
compared to ExbD. With a predicted pI of 9.57, these residues
would largely neutralize ExbD’s electronegativity. Assuming that

basic residues remain masked in the ExbB soluble domains, mod-
est migration of the three-protein complex toward the anode sup-
ports equal amounts of ExbD and TonB in the complex. Consid-
ering our phage display predictions of periplasmic interactions of
ExbD with TonB and having purified the ExbB4-ExbD1-TonB1

complex, we turned to structural studies to visualize our predic-
tions.

Electron microscopy shows heterodimerization between
ExbD and TonB. Monodisperse complexes of DDM-solubilized
ExbB4-ExbD1-TonB1 were stained with uranyl formate and im-
aged by EM. Similar to the ExbB4-ExbD2 complex in DDM (46),
uniform particles of �10-nm diameter were observed, apparently
in various orientations (Fig. 4A). Single particles (�38,000) were
extracted, aligned, and submitted to 2D analysis using the iterative
algorithm ISAC (see Fig. S3 in the supplemental material for the
single particles) (67). Instead of forcing particles into a user-de-
fined number of averages, ISAC validates only stable and repro-
ducible class averages. Some validated class averages (Fig. 4B)
showed features previously described for the ExbB4-ExbD2 parti-
cles (46). The major features are conserved, including the thickest
density (red bracket), which had been identified as the DDM mi-
celle surrounding the transmembrane domains. The two exten-
sions descending from the micelle (green arrowheads) were in-
ferred to be the ExbB cytoplasmic domains. The lone density on
the periplasmic side of the micelle (pink arrowhead) represented
homodimerized ExbD. Figure 4C shows a new conformation not
observed with the ExbB4-ExbD2 complex. It shows a thick point of
density above the micelle, yet not connected by observable den-
sity. Whereas most ExbB4-ExbD2 particles did not show observ-
able periplasmic density, fewer ExbB4-ExbD1-TonB1 particles ad-
opted this conformation (Fig. 4D). As individual, extended
polypeptides cannot be observed in negative-staining EM, these
class averages may represent complexes without dimerization in
their periplasmic domains.

Taken together, these 2D class averages reveal two distinct
forms of heterodimerization between ExbD and TonB in their
periplasmic domains. The first shows extensive dimerization be-
ginning at the micelle (Fig. 4B), as was seen with ExbD ho-
modimerization. However, unlike the observed flexibility of the
ExbD periplasmic homodimer, the ExbD-TonB periplasmic het-
erodimer tends to remain in a position normal to the micelle. The
“floating ball” conformation may represent a second form of het-
erodimerization (distal dimerization), where TonB and ExbD
form periplasmic contacts further away from the micelle (Fig. 4C).

Regardless of the presence or absence of periplasmic dimeriza-
tion, some side view class averages showed differences in the cy-
toplasmic arrangement of ExbB. While generally of similar
lengths, one of the two thick cytoplasmic extensions tended to
descend further away from the micelle than the second extension
(Fig. 4B, rows 2 and 4; Fig. 4D, row 3). Overall, 2D image analyses
of the ExbB4-ExbD1-TonB1 complex revealed homogeneous par-
ticles captured in multiple conformations. A 3D classification ap-
proach was taken to reconstruct certain snapshots of this dynamic
complex.

3D reconstruction shows multiple states of the ExbB4-
ExbD1-TonB1 complex. Initial 3D models were constructed with
the RCT method. The resultant 3D RCT models closely resembled
the 2D averages used in their determinations (see Fig. S4 in the
supplemental material). 3D single-particle classification in
RELION (68) using three representative RCT models abrogated

FIG 2 Purification and biophysical properties of the ExbB-ExbD-TonB com-
plex. (A) SDS-PAGE analysis shows three coeluting proteins (3P) migrating to
37 (TonB), 26 (ExbB), and 17 (ExbD) kDa, stained with colloidal Coomassie
blue. (B) Anti-S-tag immunodetection of IMAC-eluted proteins (3P) reveals
S-tagged TonB. (C) BN-PAGE analysis showing that ExbB, ExbD, and TonB
form a complex (3P) with a molecular mass similar to that of DDM-solubilized
ExbB4-ExbD2: �240 kDa. (D) Analytical SEC comparing IMAC-eluted ExbB
and ExbD, IMAC-eluted ExbB, ExbD, and TonB, and SEC-purified ExbB4-
ExbD2. The peak at �12.4 ml corresponds to a hydrodynamic radius of �6.0
nm. Larger oligomers of ExbB-ExbD elute at 9.5 to 11 ml. M, molecular mass
markers.
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their missing-cone effect (65). The improved (no longer flattened)
references were used for a more precise 3D classification of single
particles. Based on similarity in 3D, single particles were grouped
into the extensive dimerization (�9,400 particles), distal dimeriza-

tion (�12,200), and unobserved dimerization (�10,900) classes.
Approximately two-thirds of the ExbB4-ExbD1-TonB1 particles
grouped to the two heterodimerization classes, as opposed to one-
third of ExbB4-ExbD2 particles belonging to classes with periplasmic

FIG 3 Determination of stoichiometry for the ExbB4-ExbD1-TonB1 complex. (A) Protein and detergent contributions of the DDM-solubilized ExbB-ExbD-
TonB complex were measured by SEC-MALLS using the three-detector method. From candidate extinction coefficients, the best derived stoichiometry was
ExbB4-ExbD1-TonB1. The resultant complex size was �230 kDa, �40.5% of which is DDM. (B) Native agarose gel electrophoresis (pH 7.5) separated proteins
based on pI. Lysozyme (pI 11.0) migrated toward the cathode (indicated by a minus sign); BSA (pI 5.1) migrated toward the anode (indicated by a plus sign). The
three-protein complex showed less migration than ExbB4-ExbD2, consistent with its predicted electronegativity. For clarity, the brightness of the image has been
adjusted.

FIG 4 2D image analysis of the ExbB4-ExbD1-TonB1 complex. (A) A typical TEM micrograph showing uniform particles of �10-nm diameter in various
orientations. Following extraction, single particles were classified using ISAC. (B) Four class averages showing the DDM micelle (bracket), the cytoplasmic
domains of ExbB (green arrowheads), and dimerized protein in the periplasmic domain (pink arrowhead). These averages show dimerization beginning at the
micelle, whereas the periplasmic dimerization in panel C is at a point further from the micelle. (D) Four class averages with no observable density on the
periplasmic side of the micelle. Single, extended polypeptides are not expected to be visualized by negative-staining EM.
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density (46). Each group of single particles was used to refine its low-
pass-filtered reference model, leading to the final 3D volumes (Fig. 5).
The final 3D volumes showing extensive, distal, and unobserved
periplasmic dimerization have resolutions of 28, 23, and 23 Å, respec-
tively (see Fig. S5 in the supplemental material), and are consistent
with 2D averages (see Fig. S6 in the supplemental material). The re-
sultant 3D volumes indicate consensus representations of the
ExbB4-ExbD1-TonB1 complex in the extensive periplasmic het-
erodimerization conformation (Fig. 5A), the distal periplasmic het-
erodimerization conformation (Fig. 5B), and no observed dimeriza-
tion in the periplasmic domain (Fig. 5C). The last two volumes
further support our deduced stoichiometry by clearly showing four
regions of density extending from the micelle into the cytoplasmic
domain, forming a ringlike arrangement parallel to and below the
micelle. The first volume, however, has two thicker regions of density
descending unequally from the micelle, previously interpreted as a
dimer of ExbB dimers (46).

DISCUSSION

Current mechanistic models for the Ton system’s energizing
TBDTs derive from sometimes contradictory structural data
for isolated domains of individual proteins. In vivo cross-link-
ing studies identified important residues and their associated
phenotypes but have not provided basic information on stoi-

chiometry of the complex or ensemble views of conformational
states. In this study, we used His-tagged ExbD to copurify in-
teracting partners ExbB and TonB in complexes having esti-
mated stoichiometry ExbB4-ExbD1-TonB1. We overexpressed
the full-length exbB-exbDHis6 and S-tagged tonB genes using
identical promoters on a single plasmid, proposed to approxi-
mate Fur-regulated transcriptional activity (17, 75). Using this
strategy, stoichiometrically relevant complexes were antici-
pated to form in the CM of E. coli cells. Our attempts to purify
TonB alone, either fused to stabilizing proteins or with terminal
affinity tags or coexpressed as tonB and exbB-exbD on two separate
plasmids, were unrewarded.

OM receptors greatly outnumber TonB molecules (44). They
can even bind the TonB C-terminal domain in their apo form (29,
41, 76). The role of TonB, therefore, is continually to engage OM
receptors and potentially other periplasmic proteins, as described
in the “membrane surveillance” model (77). This physical wear
most likely explains TonB’s observed lability in vivo (16, 45, 78,
79). What might happen to the ExbB tetramer and a single ExbD
during TonB turnover? Considering in vivo protein quantitation
(44), we propose that a second molecule of ExbD occupies the
place of TonB. This coordination could be mediated by multi-
functional or essential housekeeping proteins that have been
noted by in vivo cross-linking to ExbB (18, 22) and to ExbD (15,

FIG 5 3D volumes representing the consensus conformational states of the ExbB4-ExbD1-TonB1 complex. Following 3D classification using RCT reference
models, particles were grouped and used for refinement. The resultant volumes represent consensus structures of the ExbB4-ExbD1-TonB1 complex in three
conformational states: extensive periplasmic dimerization (A), distal periplasmic dimerization (B), and no observed dimerization on the periplasmic side of the
micelle (C). Volumes in panels B and C show four regions of density descending from the micelle, which can be attributed to a tetramer of ExbB. The distal
portions of these cytoplasmic domains form a ringlike arrangement below and parallel to the micelle. The volume in panel A shows two thick regions of density
descending unequally from the micelle, attributable to a dimer of ExbB dimers. All rotations are relative to 0°. The mesh contour represents volumes of �230 kDa,
with the inner volume threshold decreased to display features. A scale bar (4 nm) delineates the potential CM boundary. Cytoplasmic and periplasmic domains
are colored red and purple, respectively.
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27). Indeed, such ExbB4-ExbD2 complexes readily formed and
purified in the absence of TonB overexpression (46). Alterna-
tively, if the TonB work cycle is restricted to a single productive
energy transduction potentially leading to its cleavage, then tran-
sient ExbD homodimerization may be necessary to “prime” one of
the ExbD molecules with a proton in anticipation of TonB’s rein-
tegration into the complex.

TonB undergoes a complicated work cycle, in part as a dimer
(29, 39, 40, 42), and yet acts as a monomer during Ton box inter-
actions with TBDTs (29–31). EM observations (see below) sup-
port our biophysical data (Fig. 2C and D) of monomeric TonB
with ExbD (Fig. 4B and C). These results are at variance with those
of a study by Sauter et al., in which an in vivo two-hybrid assay
demonstrated transmembrane-mediated TonB homodimeriza-
tion irrespective of the presence of ExbB and ExbD (39). Our
purification strategy would not have isolated complexes lacking
ExbD. However, the findings presented here do not rule out
periplasmic TonB homodimerization in vivo but establish ExbB4-
ExbD1-TonB1 as the basic CM-embedded complex. Two mole-
cules of TonB may undergo periplasmic homodimerization, po-
tentially upon binding to peptidoglycan (29, 77) or to TBDTs
(50), without interaction in their transmembrane domains.

We exploited phage panning and clustering of sequence align-
ments to discover potential regions of interaction between the
periplasmic domains of ExbD and TonB. Our data identify a re-
gion of residues immediately following the ExbD transmembrane
domain that is predicted to mediate ExbD homodimeric and
ExbD-TonB heterodimeric interactions (Fig. 1A and B, respec-
tively). This outcome accords with our structural observations of
ExbD homodimerization beginning at the micelle in the ExbB4-
ExbD2 complex (46). Although an extensive cysteine-scanning
mutagenesis study of ExbD homodimerization did not investigate
this region (26), a subsequent study of residue block deletions
identified this region as playing a role in PMF-dependent conver-
sion of heterodimeric ExbD-TonB to an energized form (27). In-
deed, our data also predict the region immediately following
TonB’s transmembrane domain as interacting with the ExbD
periplasmic domain (Fig. 1C). Such heterodimerization may ex-
tend from the region adjacent to the transmembrane domain to a
point approximately one-third from the TonB C terminus (Fig. 1D).
Taken together, our two predicted periplasmic regions of interaction
may form the basis of the mutual protection from complete protei-
nase K degradation as detailed in previous studies (23, 43). Consistent
with those findings, extensive heterodimerization according to our
data would leave the final one-third of TonB’s C-terminal residues
susceptible to cleavage by proteinase K. This heterodimeric confor-
mation (“stage II”) was found to be associated with correct periplas-
mic assembly of TonB before the input of PMF energy by ExbD (23).

Although we could not establish which region of ExbD may
mediate the above-mentioned heterodimerization with TonB,
others suggest that ExbD Leu132 is involved (23, 80). Whereas
ExbD Ala92 was shown (15) to interact with TonB Ala150 (adja-
cent to our predicted region), it most likely contributes a different
form of heterodimerization. A follow-up study by the same au-
thors found that ExbD residues 92, 97, and 109 specifically and
strongly cross-linked with TonB residues 150 to 212 (28). While at
first these results may seem inconsistent with our phage display
data, Ollis et al. did not mutate the TonB residues identified here.
Furthermore, their strong cross-linking depended on a PMF-
competent form of ExbD; we used soluble periplasmic domains of

each protein. It appears as though the latter set of ExbD residues
are involved in the correct positioning of TonB C-terminal resi-
dues for interaction with TBDTs (“stage III”), a conformation
associated with proteinase K sensitivity of all of TonB species
(23, 28).

Structural biology using EM has the benefit of allowing the
observation of protein complexes simultaneously in their differ-
ent physical states (81). 3D-EM structure determination is opti-
mal for large (	500-kDa), rigid complexes that display symmetry
(82, 83). The DDM-solubilized ExbB4-ExbD1-TonB1 complex,
relatively small for EM, shows both structural heterogeneity and
asymmetry. Furthermore, 2D and 3D classification is complicated
by variations in the negative stain itself (84). Nevertheless, with
both single particles and 2D ISAC classes, we recognized different
positions of ExbB’s cytoplasmic domain and different periplasmic
states of ExbD and TonB (Fig. 4). Furthermore, reliable 3D mod-
els were reconstructed with the RCT method (65) from 2D classes
(see Fig. S4 in the supplemental material).

Considering that uranyl formate staining reveals domains of at
least 10 kDa (84), it is not surprising that single particles failed to
show a highly extended lone polypeptide, as described for TonB’s
central region (34). As we previously showed for ExbD (46), struc-
tural observations on the periplasmic side of the micelle are attrib-
utable to protein-protein interactions that have enough mass to be
discernible by negative stain. In the present study, we identify two
forms of periplasmic density: extensive dimerization (Fig. 4B) and
distal dimerization (Fig. 4C). Although we cannot exclude the
possibility that the “floating ball” is in fact the structured TonB
C-terminal domain as seen in complex with TBDTs (30, 31), this
would be unlikely due to the absence of a ligand-loaded TBDT and
the previously described dynamic nature of the TonB C-terminal
domain (28, 37). The extensive ExbD-TonB heterodimerization is
consistent with our phage display predictions (Fig. 1B, C, and D)
involving residues immediately following the two transmembrane
domains up to TonB residue �144. The distal ExbD-TonB het-
erodimerization may result from protein-protein interactions
promoted by, but not limited to, TonB residues 150 to 212 and
ExbD residues 92, 97, and 109 (28). We used 3D reconstruction to
gain more information about the two heterodimeric states and
their relationship to ExbB4-ExbD1-TonB1 that lacked periplasmic
dimerization (Fig. 4D).

While we noted less flexibility of the ExbD-TonB heterodimer
than the ExbD homodimer (46) relative to the micelle, the varying
positions of the heterodimeric densities constituted limiting
structural heterogeneity. In addition to particles having no ob-
servable periplasmic density (Fig. 4D) and differences in the ExbB
cytoplasmic domain positions, 3D classification and refinement
proved difficult. The refined 3D volumes (Fig. 5) resemble their
RCT reference models and serve as consensus structures for the
three conformations chosen for reconstruction, rather than static
conformations of ExbB4-ExbD1-TonB1. The distal-dimerization
(Fig. 5B) and nondimerized (Fig. 5C) classes are similar to the
ExbD-undefined class of ExbB4-ExbD2 (46) in terms of ExbB’s
arrangement of the cytoplasmic domain. The extensive-dimeriza-
tion class (Fig. 5A), however, shares a comparable arrangement of
ExbB’s cytoplasmic domain with the ExbD-defined models of
ExbB4-ExbD2.

Combining in vivo and in vitro data from the literature with our
structural observations of the ExbB4-ExbD1-TonB1 complex, we
propose a model for function of the Ton system. Baker and Postle
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have recently demonstrated that ExbD residue Asp25 is the sole
residue capable of responding to the PMF (18). Whereas the au-
thors suspect that unidentified proteins may lend proton translo-
cating transmembrane domains to create a proton relay pathway,
a simpler explanation may lie in the nature of the interaction be-
tween TonB and ligand-loaded TBDTs. Steered molecular dy-
namics simulations of the TonB C-terminal domain in complex
with BtuB described a downward pulling (into the periplasm) by
TonB (85). While the plug domain’s �-sheet “unzipped” (10),
TonB’s C-terminal domain and interstrand contact with the Ton
box remained intact. A downward pulling motion was also advo-
cated by Köhler et al. when they found that TonB residues 56 to
126 adopt a left-handed polyproline-II helix conformation that
would have more than enough length to span the periplasm (34).
Such extended secondary structures need not be composed of a
majority of, or even any, proline residues (86), thereby explaining
why the E. coli TonB mutant lacking residues 66 to 100
[TonB
(66 –100)] remained functionally active (33) and why
some TonB proteins of other Gram-negative bacteria have re-
duced proline content or shorter linker regions (20). Polypro-
line-II helices can mutarotate to polyproline-I helices, resulting in
a length contraction of 40% (34, 87) and thus providing the req-
uisite downward pulling force. Based on our observations of single

particles and 2D classes showing one set of ExbB dimers further
away from the micelle, we hypothesize that ExbB interprotein re-
arrangements lead to a pulling down (into the cytoplasm) of ExbD
and hence induce a contractile motion with TonB (Fig. 6).

How can a single residue translocate a proton across the CM?
The simplest mechanism might be facilitated translocation. As
diagrammed in Fig. 6A, a proton would bind Asp25 of ExbD with-
out ExbD-TonB periplasmic dimerization (represented by Fig.
5C). This corresponds to the dimer of ExbB dimers as a ringlike,
tetrameric arrangement in the cytoplasm, while TonB scans the
periplasmic side of the OM for extended Ton boxes, indicating
TBDT-bound ligand. Independent of contacts between TonB and
the Ton box, a protonated ExbD leads to distal dimerization (Fig.
6B) with TonB, potentially at TonB residues 150 to 212 (28) and as
presented in Fig. 5B. Although depicted by a simple contact, this
interaction would undoubtedly involve the creation of a quater-
nary protein structure, sufficient for observable density by EM
(Fig. 4C). This conformation would be the PMF-dependent, pro-
teinase K-sensitive conformation described previously (23). Once
TonB assumes a conformation identified in crystal structures (30,
31), a signal must be propagated to the CM (Fig. 6C, asterisk).
Potentially, the “stiffening” of TonB may be sensed between
TonB’s transmembrane domain and the first ExbB transmem-

FIG 6 Proposed model of transenvelope energy transduction, whereby proton translocation across the CM couples ligand import at the OM. This conceptual
model shows proteins of the cellular envelope: FhuA (PDB 2GRX) in blue, ExbB in red, ExbD in purple, and TonB in green. (A) The Ton system work cycle begins
by “charging” ExbD’s Asp25 with a proton (represented by red o�). TonB, in its extended conformation, scans (double-headed arrow) the OM for a disordered
Ton box. ExbB is arranged in its tetrameric, ringlike form around the transmembrane domains of TonB and ExbD. (B) Energy transduction-competent ExbD
binds TonB distally. The binding of ligand (ferricrocin crystal structure) triggers disordering of the Ton box. Recognition of ligand-loaded TBDTs (C) propagates
a signal to the CM (*), inducing an interprotein rearrangement of ExbB. (D) Relative to one ExbB dimer, the other ExbB dimer transiently mediates cellular entry
of ExbD, thus releasing its proton into the cytoplasm. Pulling down of ExbD would induce a contraction of TonB, thereby unzipping the TBDT �-sheet plug
domain, resulting in periplasmic entry of its ligand. (E) The work cycle resets through ExbD-mediated repositioning of TonB (extensive dimerization) to its
extended conformation (F), during which ExbB assumes its natural, ringlike arrangement.
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brane domain (16, 18, 88). Rearrangement of ExbB would follow
(Fig. 6C and D), with subsequent shuttling of the proton into the
cytoplasm via temporary cellular entry of ExbD, inducing a con-
traction of TonB (34), unzipping of the �-sheet plug domain, and
entry of the TonB-dependent ligand (13, 85). Ton box release and
repositioning of TonB by ExbD (Fig. 6E) would reset the work
cycle (28). ExbD would make extensive dimerization contacts
(Fig. 1 and 5A), followed by the dimer of ExbB dimers returning to
the original arrangement (Fig. 6F), resembling the PMF-indepen-
dent proteinase K-resistant conformation (23). Our model is an
oversimplification based on structural observations; we cannot
define proton energetics or the exact nature of ExbB-mediated
proton shuttling by ExbD. Previously described TonB-FhuD in-
teractions as a ternary complex with FhuA (38) are congruent with
the proposition presented here. Further experimentation is
needed to confirm our model. As direct electron detectors and
computational software greatly improve (89–91), high-resolution
cryo-EM is well suited to refining our structural observations.

Using predictive molecular genetics, protein purification, and
structural biology, we identified the stoichiometry of the Ton
complex, predicted and observed periplasmic interactions, and
combined our structural data into a model for function. Consid-
ering that iron acquisition is a virulence factor (1, 92), an ad-
vanced understanding of the Ton system is imperative. Recently,
bacteriostatic compounds targeting the Ton system were discov-
ered (93). A combination of mutational in vivo work and the
structural biology presented here holds potential to elucidate the
mechanism of action of these newly described compounds.
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