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Abstract TonB is a protein prevalent in a large

number of Gram-negative bacteria that is believed

to be responsible for the energy transduction

component in the import of ferric iron complexes

and vitamin B12 across the outer membrane. We

have analyzed all the TonB proteins that are

currently contained in the Entrez database and

have identified nine different clusters based on its

conserved 90-residue C-terminal domain amino

acid sequence. The vast majority of the proteins

contained a single predicted cytoplasmic trans-

membrane domain; however, nine of the TonB

proteins encompass a ~290 amino acid N-terminal

extension homologous to the MecR1 protein,

which is composed of three additional predicted

transmembrane helices. The periplasmic linker

region, which is located between the N-terminal

domain and the C-terminal domain, is extremely

variable both in length (22–283 amino acids) and in

proline content, indicating that a Pro-rich domain

is not a required feature for all TonB proteins. The

secondary structure of the C-terminal domain is

found to be well preserved across all families, with

the most variable region being between the second

a-helix and the third b-strand of the antiparallel b-

sheet. The fourth b-strand found in the solution

structure of the Escherichia coli TonB C-terminal

domain is not a well conserved feature in TonB

proteins in most of the clusters. Interestingly,

several of the TonB proteins contained two C-

terminal domains in series. This analysis provides a

framework for future structure-function studies of

TonB, and it draws attention to the unusual

features of several TonB proteins.
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Abbreviations
CTD carboxy-terminal domain

DSS 2,2-dimethyl-2-silapentane-5-sulfonate

HSQC Heteronuclear single quantum

coherence

MSA multiple sequence alignment

NTD amino-terminal domain

NOE nuclear overhauser effect

OMT outer membrane transporter

Introduction

Iron is essential for the survival of almost all living

organisms (Ratledge and Dover 2000). The lynch-
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pin of the iron uptake system in Gram-negative

bacteria is the TonB protein which, with the help of

the ExbB/ExbD complex, transduces the energy of

the cytoplasmic membrane proton motive force

across the periplasmic space to the Outer Mem-

brane Transporters (OMTs) of a variety of iron-

ligand complexes. This allows for passage of the

iron loaded ligand into the periplasmic space

(recently reviewed in (Braun and Braun 2002;

Postle and Kadner 2003; Wiener 2005)). Iron

withdrawal is a well established method of inhib-

iting bacterial growth (Jurado 1997; Weinberg

1984), and disruption of the TonB gene is known

to decrease virulence in several organisms (Stork

et al. 2004; Beddek et al. 2004; Torres et al. 2001).

The TonB protein from Escherichia coli is

thought to have three domains (Fig. 1). Topology

studies have shown that E. coli TonB has a short

cytoplasmic domain consisting of 12 residues,

followed by a single a-helical transmembrane

domain ending approximately at residue 32 (Roof

et al. 1991). Residues 33–150 form a linker

domain that includes a Pro-rich region (Evans

et al. 1986) and a flexible region (Peacock et al.

2005). The last 90 residues form a structurally well

defined C-terminal domain (CTD) (Peacock et al.

2005; Koedding et al. 2005)

Although many studies have been published

about the TonB protein, the mechanism by which

it promotes ligand transport through OMTs is still

very much unknown. There are some indications

that TonB does not remain anchored to the

cytoplasmic membrane during the import of the

ferric ligand (Letain and Postle 1997; Larsen et al.

2003). It is also not known if the TonB protein

dislodges the cork domain from the OMT com-

pletely, partially or whether it only causes smaller

scale structural rearrangements (Klebba 2003;

Eisenhauer et al. 2005; Chimento et al. 2005).

Even the oligomeric state of the active form of

the protein is a matter of considerable debate

(Chang et al. 2001; Koedding et al. 2004; Khur-

sigara et al. 2004; Ghosh and Postle 2004; Sauter

et al. 2003). Our studies have shown that a

monomeric form of E. coli TonB-CTD can bind

to give a 1:1 complex with several TonB box

regions of various OMTs (Peacock et al. 2005).

This was later confirmed by two crystal structures

of two different constructs of the periplasmic

domain of TonB in complex with the OMT

Fig. 1 Topology diagram of the TonB/ExbB/ExbD sys-
tem. The three main functional domains of the TonB
protein are indicated. The proline-rich domain is repre-
sented by a filled arrow. The N-terminus of the three
proteins is shown for clarity. The topology was determined
in all cases for the E. coli proteins: TonB (Roof et al.

1991), ExbD (Kampfenkel and Braun 1992) and ExbB
(Kampfenkel and Braun 1993). The stoichiometry of the
proteins in this complex has been estimated to be 1:2:7
TonB:ExbD:ExbB, but is not shown here for clarity (Higgs
et al. 2002)
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proteins FhuA and BtuB (Pawelek et al. 2006;

Shultis et al. 2006). Although physiologically

relevant dimeric forms may exist in vivo (Ghosh

and Postle 2004), a truncated TonB-CTD that

forms dimers in solution does not interact with

FhuA at all (Koedding et al. 2004). This suggests

that if TonB dimerization is important to the

transport mechanism then it is probably after

OMT recognition and binding.

In this report we present an analysis of the

TonB sequences we have found in the NCBI

Entrez database. Our analysis shows that the only

well conserved elements of TonB are the single

predicted transmembrane helix which is usually

located at the N-terminus, and a well defined 90

amino acid C-terminal region.

Materials and methods

Sequence retrieval

We examined all the completed and annotated

microbial genomes from the Entrez Genome

Project (http://www.ncbi.nlm.nih.gov/genomes/

lproks.cgi). From these we sorted for Gram-

negative bacteria and searched for annotated

TonB proteins in all the completed genomes (as

of August 10, 2006). We then verified the com-

pleteness of the list by performing a PSI–BLAST

search with three iterations (Altschul et al. 1997),

adding in any sequences of completely sequenced

genomes that the annotation search had missed.

Sequence analysis

All the retrieved sequences were entered into a

VectorNTI database (Invitrogen). The proteins

were subjected to multiple sequence alignment

(MSA) using default Clustal X (Thompson et al.

1997) settings and then subdivided into N-termi-

nal, periplamic linker and C-terminal domains

using the amino acid sequence of the E. coli TonB

as a guide. The N-terminal domains were then

aligned in the Clustal X software using the default

settings. The C-terminal domain was aligned

using a gap opening penalty of 8 to accommodate

some of the variable loops that were found in the

TonB sequences using the Clustal W algorithm.

The phylogenetic trees were created using a

Neighbor-Joining Bootstrap tree with 1,000 boot-

strap trials in Clustal X based on the MSA. The

phylogenetic trees were then visualized in the

Tree View program (http://taxonomy.zool-

ogy.gla.ac.uk/rod/treeview.html). N and C-termi-

nal domain clusters were assigned based on the

phylogenetic trees.

The N-terminal domains were analyzed for

predicted transmembrane helices using the Ave-

Has program (Zhai and Saier 2001) with the

multiple sequence alignments of the N-terminal

domains subdivided into three clusters. The

average hydropathy and similarity values at each

position of the MSA were obtained and plotted in

Microsoft Excel. For the MecR1 containing TonB

proteins, a profile based alignment procedure was

performed with the BlaR1 protein from Bacillus

licheniformis used as the profile. Secondary

structural elements were obtained from the num-

bering from the BlaR1–sensor domain crystal

structure (Birck et al. 2004).

The C-terminal domains were subdivided into

nine total clusters and then analyzed for second-

ary structure using the Jpred webserver with the

Jalign algorithm (Cuff and Barton 2000). In

addition, individual representative sequences

were subjected to secondary structure prediction

using the Jnet algorithm.

Expression and purification of E. coli

TonB-CTD and NMR spectroscopy

15N labeled E. coli TonB-CTD (residues 103–239)

was expressed and purified as described previ-

ously (Peacock et al. 2005). EP and KP peptides

consisting of TonB residues 70–83 (EP peptide:

EPEPEPEPIPEPPK) and residues 84–102 (KP

peptide: EAPVVIEKPKPKPKPKPKP) were

synthesized by Anaspec (San Jose, CA). The

peptides were over 98% pure as determined by

analytical HPLC and mass spectrometry.
15N labeled E. coli TonB-CTD was concen-

trated to 0.5 mM (8 mg/ml). A 500 ll 10% D2O

sample in 10 mM sodium phosphate pH 7.0 was

added to an NMR tube. Experiments were

performed at 25�C on a Bruker Avance

500 MHz Spectrometer with a triple resonance

inverse TXI cryoprobe. All data was processed

using NMRPipe (Delaglio et al. 1995) and
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analyzed with NMRVIEW (Johnson and Blevins

1994). 1H,15N HSQC spectra were acquired with a

flip back pulse for water suppression, and steady

state NOE spectra were acquired as described

previously (Kay et al. 1989). Proton chemical

shifts were referenced to 2,2-dimethyl-2-silapen-

tane-5-sulfonate (DSS) as 0 ppm and 15N chem-

ical shifts were referenced indirectly to DSS.

Interactions of TonB-CTD with the Pro-rich

region peptides were studied by adding a stoichi-

ometric amount of peptide to the TonB sample.

Results

Initial BLAST searches with both the full-length

and the C-terminal domain of the E. coli TonB

protein (AAC74334) showed that TonB se-

quences are only found in Gram-negative bacte-

ria. Using the Entrez Genome database we

searched 217 completely sequenced Gram-nega-

tive bacterial genomes for annotated TonB pro-

teins (August 10, 2006). Manual curation of these

genomes yielded 219 TonB sequences from 124

organisms with unique taxonomic IDs. Additional

PSI-BLAST searching added 26 TonB sequences

and six organisms. A further 18 sequences from 14

organisms were added to the TonB database

based on manual examination of the TonB liter-

ature. These additional organisms do not have

completely sequenced genomes available but their

TonB proteins have been examined experimen-

tally and are important to our current understand-

ing of TonB structure and function. In total, 263

TonB sequences from 144 gram-negative bacteria

were examined in this study. Members of the

Proteobacteria, Cyanobacteria, Bacteroidetes/

Chlorobi, Chlamydiae/Verrucomicrobia and Fuso-

bacteria phyla are all represented. These TonB

proteins are extremely variable in length, ranging

from 170 residues for one of the four TonBs in

Bactereoides fragilis, to 700 residues in one of the

four TonBs in Colwellia psycherythraea. However,

the majority of the TonB proteins are between 225

and 300 residues long (Fig. 2A). Approximately

42% of these organisms have more than one TonB

protein encoded in the genome, with numbers

ranging between two and nine unique copies of

different TonB proteins within the same organism

(Fig. 3). The organism that holds the record to

date with nine TonBs is Pseudomonas syringae pv.

syringae B728a. The majority of organisms with

multiple TonBs have either two or three (67%)

annotated TonBs.

Based on the currently available genome

sequence data and annotation, approximately a

third of Gram-negative bacteria appear to not

have a TonB. Members of the Chlamydia,

Chlamydophila, Chromohalobacter, Coxiella,

Ehrlicia, Francisella, Geobacter, Halobacter, Jan-

naschia, Lawsonia, Leifsonia, Legionella, Rickett-

sia, Wigglesworthia or Wolbachia genus were not

found to have any known TonB proteins. Woli-

nella succinogenes had one protein annotated as

TonB that was 105 amino acids long and contained

no apparent N-terminal or periplasmic linker

domain, which we excluded from our analyses.

Additionally, some species have annotated OMT

receptors in the Entrez database, but no obvious

TonB orthologues. It is unclear whether any of

these receptors are functional, or if and how they

might be activated. At least one organism, Aqui-

fex aeolicus, has annotated ExbB and ExbD genes,

but no TonB protein. Perhaps this organism, or

the organisms with OMT proteins lacking TonB,

encodes a protein that is too divergent from other

known TonB sequences to be recognized by

BLAST, that fulfils the same function.

TonB is generally acknowledged to contain

three domains––an N-terminal domain containing

a single transmembrane helix, a periplasmic

linker domain containing a Pro-rich domain, and

a C-terminal domain for which a large amount of

biophysical and structural information is avail-

able. Our attempts to do phylogenetic analysis on

TonB using full-length sequences were unsuccess-

ful due to the hypervariable linker region. There-

fore, we subdivided each of the proteins into

three domains using the E. coli TonB protein as a

guide and all further analysis was done based on

these domain divisions.

C-terminal domain

The C-terminal domain is the most well studied

and best conserved portion of the TonB protein.
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Fig. 2 Histograms of
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from the 263 analyzed
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In E. coli the structured C-terminus appears to

span approximately the last 90 amino acids of the

protein (Peacock et al. 2005; Koedding et al.

2005). Phylogenetic analysis of the C-terminal

domains yielded nine clusters (Fig. 4). Organiza-

tion of these clusters does not appear to be

dependent on the taxonomy of the organism.

Bacteria from different taxonomy group together

within certain clusters, and TonBs from the same

species can be found throughout several different

CTD-domain clusters. For example, Pseudomo-

nas syringae pv. syringae B728ABh has nine

different TonB proteins that classify to clusters

1C, 2B, 2C and 4. Representative protein

sequences for each CTD cluster are listed in

Table 1, and an exhaustive list can be found on

the web at http://groningen.bio.ucalgary.ca/vogel/

tonb.

All clusters except one have a predicted

secondary structure consisting of 3 b-strands and

2 a-helices as determined by Jpred (Fig. 5).

Cluster 1C is the only exception as only the

extreme C-terminal b-strand and the amphipathic

a-helix are predicted. Several of the clusters (2A,

2C and 3B) often predict to have a longer a-helix

at the N-terminus of this domain as compared to

the E. coli TonB. This is not dissimilar to the

related TolA protein (Lubkowski et al. 1999;

Witty et al. 2002).

The most notable differences across the rest of

the families appear to be a variable loop size

between a-helix 2 and b-strand 3 (Fig. 6). The

exact alignment of these loops is not always

inherently obvious, and is highly affected by the

Gap opening penalty applied in Clustal X. How-

ever, we know that this is not an artifact of the

alignments, as the solution structure of TonB2

from Vibrio anguillarum has confirmed the exis-

tence of this extra long loop (Peacock et al.

submitted). In fact, the E. coli TonB has one of

the shortest loops of all the known TonBs, and

the loop extension appears to be a general feature

of many TonB proteins.

Several TonBs have relatively lengthy C-ter-

minal extensions of approximately 30–190 resi-

dues, for example the TonB from Salinbacter

ruber (ABC44054) displays this feature. Gener-

ally the sequence in this extension is unremark-

able, however three TonB proteins unexpectedly

contain a second complete TonB C-terminal

domain (Fig. 7). The examples of this are from

Bactereoides fragilis (CAH09447 and BAD50734)

and Bactereiodess thetaictamicron (AAO79003).

Although the sequences of the two fused TonB

0.7%

58.3%

20.1%

8.3%

4.2%

2.8%

2.8%
2.1% 0.7%

1 TonB

2 TonBs

3 TonBs

4 TonBs

5 TonBs

6 TonBs

7 TonBs

8 TonBs

9 TonBs

Fig. 3 A total of 144
Gram-negative bacteria
were found to possess an
annotated TonB. Of
these, 60 bacteria had
more than one annotated
TonB. The distribution
frequency of TonBs in
these Gram-negative
bacteria ranges between 1
and 9 as indicated above
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CTDs are not identical, they do belong to the

same clusters in our phylogenetic analysis.

The most highly conserved features across all

TonB families is the ‘‘YP motif’’, found along the

extension from the beginning of the known

structure of the C-terminal domain of TonB and

a-helix 1, as well as the amphipathic a-helix 2

(Fig. 8A). The tyrosine from this motif is in close

contact with the TonB box of the OMTs as seen

in the recently published crystal structures of the

FhuA-TonB periplasmic domain (Pawelek et al.

2006) and BtuB-TonB-CTD complexes (Shultis

et al. 2006), as well as the solution structure of

TonB-CTD bound to a 10mer peptide of the

FhuA TonB-box (Peacock et al. in preparation).

The alignments of the TonB-CTDs are more

variable further towards the N-terminus of the

protein. This could be in part due to the differ-

ences in predicted secondary structure in this

region, and could accommodate for longer

a-helices in this area of the protein.

Many TonBs (not including the E. coli ver-

sion) have a conserved SSG motif in the loop

joining b-strand 2 to a-helix 2. Although this

Fig. 4 Phylogenetic tree
diagram of TonB C-
terminal domains
(CTDs). Three seed
sequences from each
cluster were used to
improve visual clarity.
The clusters (1A–C, 2A–
C, 3A–B and 4) were
analyzed for sequence
conservation and are
indicated on the diagram.
The trees are based on
CLUSTAL X-derived
multiple sequence
alignments (MSA). The
tree was drawn with the
TreeView program
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region does not make any direct contact to the

TonB box in any TonB-complex structures, it is

in close proximity to the outer membrane

receptor and therefore may play a role in

receptor recognition.

The periplasmic linker domain

The linker domain of the E. coli TonB protein is

comprised of 38 amino acids of unknown function

(33–70), a 33 amino acid Pro-rich domain (70–

Fig. 5 Secondary
structure predictions of
TonB C-terminal domain
clusters were performed
using Jpred (Cuff and
Barton 2000). Individual
sequences from each
TonB C-terminal domain
cluster were chosen as
representatives and were
subjected to secondary
structure prediction using
the Jnet algorithm. The
overall structural
similarities and
differences between C-
terminal domain clusters
are highlighted using this
technique. The molecular
basis for these secondary
structure differences are
examined further in Fig.
8. a-helices and b-strands
are depicted as barrels
and arrows, respectively

Fig. 6 Multiple sequence alignment of representative
sequences from TonB C-terminal domain clusters. Regions
of high similarity (0.5) are boxed and slightly shaded. The
highly conserved YP motif is boxed and highlighted in

grey. In addition, previously identified secondary structure
elements from the E. coli TonB C-terminal domain are
drawn and numbered above the alignment
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102) and an additional unfolded region from

residues 103–150. The Pro-rich domain has previ-

ously been found not to be essential for the

function of E. coli TonB (Larsen et al. 1993) and

Vibrio cholerae TonB1 (Seliger et al. 2001). Nev-

ertheless, the function of such shortened TonBs is

slightly impaired in media that have an increased

osmolarity, implying that this domain’s main

function is purely to provide a spacer allowing

TonB to span the periplasmic space. It has been

speculated that the Pro-rich region adopts a

relatively rigid conformation, which may help in

the transduction of mechanical energy from the

cytoplasmic membrane to the outer membrane

(Evans et al. 1986). Our analysis has found that

the linker region between the N-terminal domain

and the C-terminal domain is not necessarily Pro-

rich at all, with the Pro contents of this domain

ranging between 1.39% and 43.43%. The length of

this region is also highly variable, ranging from 22

to 283 residues (Fig. 2B).

Previously we have discovered that in a trun-

cated E. coli TonB (103–239), residues 103–150

have essentially no defined structure in solution

(Peacock et al. 2005). To further check whether the

Pro-rich domain has an influence on the structure

of these residues, we titrated a 15N-labeled sample

of 500 lM TonB-CTD with peptides representing

the EP repeat and KP repeats of the proline rich

domain, as well as with both peptides together. In

both cases, identical new amide chemical shifts

were observed in the 6.5–7.5 ppm region. How-

ever, steady state NOE measurements of these

samples showed that these new peaks were not

indicative of any stable structure, as all of the new

amides had negative steady state NOEs (Fig. 8B).

This indicates that the Pro-rich domain in E coli has

no real influence on the flexible structure near the

Fig. 7 Multiple sequence alignment of C-terminal do-
mains from annotated TonBs with long N-terminal
domains (>291 residues). Residues that are boxed and
slightly shaded are highly similar and those highlighted in
grey are perfectly conserved. Secondary structural ele-
ments from the E. coli TonB CTD structure are shown

above the alignment. In addition, a second potential TonB
C-terminal domain can be found in TonB’s from B.
thetaiotamicron (AAO79003) and B. fragilis (BAD50734
and CAH09447). The position of E. coli TonB CTD
structural elements are shown below the alignment for the
sequences with additional C-terminal domains
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C-terminal domain, and that this region is likely

flexible. This is unlike the TolA protein which is

thought to have a helical bundle in its periplasmic

domain joining the N and C-terminal domains

(Witty et al. 2002).

N-terminal domain

The TonB N-terminal domain functions in at least

three different capacities in which it acts as: (1) a

signal sequence to facilitate translocation of TonB

to the periplasm; (2) an anchor to tether TonB to

the cytoplasmic membrane; and (3) a partner to

interact with ExbB /ExbD in an undefined manner

to transduce energy to OMTs (Karlsson et al.

1993). TonB N-terminal domains range in length

from 25–128 residues, but the majority are

between 30 and 50 residues (Fig 2C). All of the

TonB proteins have at least one predicted N-

terminal transmembrane a-helix as determined by

AveHas analysis of the N-terminal domain of

TonB (Fig. 9A). Broadly we have categorized the

N-terminal domains into three clusters where the

majority of TonBs are found in clusters 1 and 2,

and only six TonBs are found in cluster 3. The

overall sequence similarity among the clusters was

poor except in the region of the transmembrane a-

helix where a large number of hydrophobic

residues are found. Previous studies have shown

that a conserved SXXXH motif located in the

transmembrane a-helix is important for coupling

TonB to the cytoplasmic membrane electrochem-

ical gradient (Larsen and Postle 2001). This motif

is conserved in N-terminal domain clusters 2 and 3

(e.g. E. coli K12 TonB), but not cluster 1 (e.g. V.

anguillarum TonB2).

A number of TonB proteins have medium

sized N-terminal extensions between 50 and 100

Fig. 8 (A) Structurally conserved and variable elements
of TonB-CTD. The structure of TonB-CTD is illustrated
with key aspects highlighted. The YP motif is colored in
magenta, the amphipathic helix is colored in red and the
variable length loop region between alpha helix 2 and beta
sheet 3 is in green. The SSG motif loop is shown in cyan.

(B) Steady state NOE spectra of KP and EP peptide in
complex with E. coli TonB-CTD. Black contours are
positive and red contours are negative. Negative contours
are an indicating of flexibility and weak binding. The new
peaks which appear when the peptides are added are
circled in gray
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amino acids, including P. aeruginosa, where the

N-terminal extension has been shown to be

essential for TonB1 stability (Zhao and Poole

2002), although the function of these extensions

are unknown. A number of other previously

undescribed TonB proteins however, have much

longer N-terminal domains (291–348 residues).

Examples of organisms containing these TonB

proteins include B. fragilis and X. camprestris.

These longer N-terminal domains are predicted

by AveHas to have four transmembrane regions

(Fig. 9B) as well as a highly conserved loop

region that codes for an M56-Zn2+ peptidase.

The predicted secondary structure of these

longer N-terminal domains is homologous to

the N-terminal domains of the highly similar

BlaR1 and MecR1 proteins in Staphylococcus

aureus and S. sciuri, that are involved in

b-lactam antibiotic resistance (Hardt et al.

1997; Berger-Bachi and Rohrer 2002) (Fig. 9B).

The profile alignment of the longer TonB N-

terminal domains with the BlaR1 from S. aureus

also shows perfect conservation of a putative

zinc-binding motif (HEXXH) in the correct

loop region and a number of conserved residues

in an additional loop region (Fig. 10). The loss

of interaction between the latter residues and

the extracellular C-terminal sensor domain is

important for activation of MecR1/BlaR1 (Ha-

nique et al. 2004).
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Fig. 9 (A) TonB N-
terminal domains were
grouped into three major
clusters based on Clustal
X-derived multiple
sequence alignments and
phylogenetic analysis
similar to the C-terminal
domains. Average
hydropathy and similarity
plots of all three clusters
were obtained using the
AveHas program (Zhai
and Saier 2001). The
results from analysis of
the N-terminal domain
cluster 1 are displayed as
a representative plot. (B)
Average hydropathy and
similarity values for
Clustal X-derived
multiple sequence
alignments of TonB N-
terminal domains (>291
residues) with annotated
MecR1 regions. The
location of the four
predicted transmembrane
helices from the BlaR1
transmembrane domain
are shown (dashed lines).
High average hydropathy
and similarity values are
observed for the four
transmembrane helices
and a high degree of
similarity is observed in
the loop 3 region where
the putative zinc-binding
motif, HEXXH, is located
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Discussion

Although the mechanism of TonB-energized

transport is currently not well understood, two

models have been proposed – the propeller model

(Chang et al. 2001) and the shuttle model. How-

ever the discovery that monomeric TonB-CTD

binds to the TonB box region of the OMTs raises

serious questions about the validity of the pro-

peller model as proposed. The shuttle model

Fig. 10 A profile alignment of the B. licheniformis BlaR1
transmembrane domain with the N-terminal domains of
TonBs with annotated MecR1 regions. Areas with high
degrees (0.5) of similarity are boxed and slightly shaded
and perfectly conserved residues are highlighted in gray.

The putative metalloprotease (zinc) binding motif HEX-
XH located in loop 3 of the BlaR1 domain is conserved in
all TonB MecR1 regions and is also highlighted in gray.
The location of predicted BlaR1 transmembrane helices
are shown above the sequence alignment
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involves complete dissociation of TonB from the

inner membrane ExbB/ExbD complex (Larsen

et al. 2003). The existence of the TonB proteins

with multiple transmembrane helices, as seen

here for B. fragilis, would tend to argue against

such a mode of operation, as the energetic cost of

removing this entire protein from the membrane

would undoubtedly be much larger than a single

transmembrane helix from a protein sleeve. No

biological data exists however to show that these

uncommon TonB proteins are active, and all of

the organisms that we have identified with these

proteins have multiple copies of TonB, so

whether these long N-terminal extension TonBs

are active in vivo is as of yet unknown and needs

to be studied. Alternative models would include a

pulling force exerted by the TonB/ExbB/ExbD

proteins on the cork domain of the OMT, but

there is currently little experimental evidence to

support this idea.

Both MecR1/BlaR1 and TonB proteins are

involved in signal transduction and possess similar

structural organizations: a membrane anchored

N-terminal domain, followed by a periplasmic

linker and a highly conserved C-terminal domain.

MecR1/BlaR1 is a receptor that detects and is

activated by b-lactam antibiotics. Interaction with

their sensor domain, initiates signal transduction

through the transmembrane domain and activation

of the M56-Zn2+ peptidase that regulates expres-

sion of genes that encode for b-lactamase and

penicillin-binding protein 2A through cleavage of

the MecI/BlaI repressor (Hanique et al. 2004).

As mentioned previously, the vast majority of

TonBs possess N-terminal domains in the range

of 30–50 residues in length. TonB N-terminal

domains are required for energy transduction and

it has been suggested that the spatial relationship

between the Ser and His residues of the SXXXH

motif, located within the predicted transmem-

brane a-helix, defines the minimum required

transduction element (Larsen and Postle 2001).

However, this applies only to TonBs with cluster

2 and 3 NTDs since a large number of cluster 1

TonB NTDs lack either the conserved Ser (e.g.

P. aeruginosa TonB1) or His (e.g. Vibrio

vulnificus TonB) residues individually or the

motif in its entirety (e.g. P. syringae phaseolicola

TonB3). His98 from TonB1 (cluster 1) of

P. aeruginosa aligns with the His20 from the

SXXXH motif of the E. coli TonB (cluster 2) but

has been shown by site-directed mutagenesis to

be non-essential to TonB1 function (Zhao and

Poole 2002).

There is also some evidence to suggest that

TonBs have host-organism specific requirements

that are related to their ability to interact with a

variety of OMTs and/or ExbB/ExbD. The specific

elements that define these requirements have not

yet been identified and could be reflected in the N-

terminal and C-terminal domain clustering we

observed in this study. Some evidence that sup-

ports these claims can be found in TonB-swapping

experiments. For example, TonB1 from P. aeru-

ginosa is functional in E. coli but the TonB from

E. coli is non-functional in P. aeruginosa and only

partial functionality is restored when a chimeric

TonB containing the TonB1 N-terminal extension

of P. aeruginosa and the C-terminal domain of

E. coli is expressed (Zhao and Poole 2002). TonB

proteins can serve many different OMTs within a

single organism, but in organisms with multiple

TonB genes, each protein often only functions with

a subset of the OMTs. For example, Caulobacter

crecentus has 65 OMTs and only one TonB

(Nierman et al. 2001), but Vibrio anguillarum,

which has far fewer OMTs, has two TonBs, only

one of which will import the native siderophore

anguibactin (Stork et al. 2004). Discovering how

and why the TonB protein can be so promiscuous

and yet sometimes selective about which OMTs

they can energize will be a large step in our

understanding of the TonB mechamism.

The TonB proteins containing two indepen-

dent TonB C-terminal domains are also of inter-

est. A number of publications have suggested that

TonB dimerization may be involved in the

mechanism of transport so this could be a way

in which a single TonB could dimerize (Chang

et al. 2001; Ghosh and Postle 2004; Khursigara

et al. 2005; Sauter et al. 2003). No biological data

exists on these TonB proteins either though, so

the effect of having a tandem TonB C-terminal

domain is also unknown. It is tempting to spec-

ulate that the two TonB-CTD domains could

confer specificity to different subsets of receptors

using only one protein. An argument against this

is that in all cases the individual CTDs for
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sequences with tandem CTDs cluster to the same

family. It should be emphasized that we have no

evidence that the cluster the TonB-CTD belongs

to in any way confers receptor specificity.

Overall though, the C-terminal domain of

TonB is well conserved, both in terms of sequence

and in terms of predicted secondary structure

elements. It appears as though the portion of

TonB that is the least well conserved is the loop

between a-helix 2 and b-strand 3. This area of

TonB is distal from the interaction site between

the outer membrane receptors as reported in the

recent crystal structure of the complexes of TonB

with the BtuB and FhuA OMTs (Shultis et al.

2006; Pawelek et al. 2006).

The function of the periplasmic linker region

of E. coli TonB-CTD is uncertain. A recent

report indicated that the Pro-rich domain was

essential in forming a 2:1 TonB:FhuA complex

(Khursigara et al. 2005). This is supported by

early NMR studies on a peptide derived from the

Pro-rich region which found an interaction

between this region and FhuA (Brewer et al.

1990). It is also supported by phage display

results that indicate that TonB has more than one

interaction site with outer membrane receptors

(Carter et al. 2006a), possibly due to an interac-

tion with the Pro-rich domain. However it should

be noted that with essentially the same con-

structs, the crystal structure of this complex

revealed a 1:1 TonB:FhuA ratio (Pawelek et al.

2006) with no density observed for the Pro-rich

region. A more recent study has raised the

possibility of interactions between the periplas-

mic linker domain of TonB and the periplasmic

siderophore binding protein, FhuD (Carter et al.

2006b). Phage display results map the possible

interaction surfaces to residues 28–48, 119–140

and 142–168 in the E. coli TonB. The authors

suggest that TonB, FhuA and FhuD form a 1:1:1

stoichiometric ternary complex. The mapping of

the TonB-FhuD interactions to the amino- (res-

idues 28–48) and carboxy (residues 119–140)-

termini of the linker domain of E. coli TonB is

surprising as there is very little amino acid

sequence conservation with other TonBs in these

regions to support a general function for these

regions. It will be interesting to see if TonBs from

other organisms also have this property.

This bioinformatics study represents an impor-

tant step in demystifying the TonB protein. The

overall sequence similarity of TonB proteins is

very low, however, by dividing the protein into

structural domains we have shown that TonB

N-terminal and C-terminal domains can be

grouped into clusters with particular character-

istics. In addition, we have identified sequence

specific features that can potentially be used as a

starting point for future TonB studies involving

its interactions with OMTs and ExbB/ExbD. To

this end an important second bioinformatics step

would be to examine OMT sequences in hopes

of identifying and classifying structural elements

that participate in TonB-OMT interactions using

the TonB-BtuB and TonB-FhuA relationship as

a template. This study highlights the need for

careful scrutiny of bioinformatics studies and the

synergy between experimental and in silico

findings.
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