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The solution conformation of a 33-residue peptide segment, derived from the TonB protein which is im-
plicated in bacterial membrane transport processes, has been investigated using high-resolution proton mag-
netic resonance techniques. This proline-rich peptide possesses sequence-imposed sections of elongated
secondary structure that must be retained in the native protein configuration. These structural constraints
provide elements of stiffness that imply a purely structural role for TonB and are relevant to the subcellular
location and biological role of the protein. On the basis of these data we suggest that this protein spans
the periplasmic space, linking the inner and outer membrane components of TonB-dependent transport
systems.

Protein structure Proline 'H-NMR

TonB protein Membrane protein

1. INTRODUCTION

The tonB gene in E. coli encodes an unusually
proline-rich protein of 242 amino acids. Although
the precise function of this protein remains
obscure, it is known to be required for several
specific membrane transport processes, including
the uptake of vitamin B12 and iron-chelator com-
plexes as well as for productive infection by a
number of bacteriophages [1]. Despite its unusual
amino acid composition and hydrophilic
character, the TonB protein is membrane-
associated [1,2]. We have recently determined the
tonB gene sequence of S. typhimurium [2], and the
predicted protein sequence shows a very high
degree of homology with that of E. coli [1].
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The unusually high proline content of the TonB
proteins from these two species (41 of 242 residues,
or 17%) is particularly reflected in a 33-residue se-
quence which is totally conserved between the two
species:

1 9 10 11 12 13 14 15 16
(Glu-Pro),-lle-Pro-Glu-Pro-Pro-Lys-Glu-Ala-
17 18 19 20 21 33

Pro-Val-Val-Ile-Glu-(Lys-Pro)s

This 33-residue segment occurs some 70—~75 amino
acids from the N-terminus of the protein as deter-
mined from the gene and contains repeating -Glu-
Pro- and -Lys-Pro- dipeptide units connected by a
section composed of a very limited range of residue
types: Glu, Lys, Ala, Ile, Val, and Pro. We have
used 'H NMR techniques to study the structural
features associated with this unusual 33-residue
segment of the TonB protein.
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2. EXPERIMENTAL

The 33-residue polypeptide was prepared using a
programmed synthesizer and was purified by a
combination of gel filtration on Sephadex G-25
and ion-exchange chromatography on SP-
Trisacryl. Purity was checked by amino acid
analysis and high-performance liquid chroma-
tography. The N-terminus of the synthesized
molecule has a free amino group and the C-
terminus is amidated.

'"H NMR experiments were conducted using
facilities of the Oxford Enzyme Group, including
Bruker WH-300 and AM-500 spectrometers as well
as a 500-MHz instrument with Nicolet computer
and software; all of the NMR spectrometers have
cryomagnets from Oxford Instruments. Data sets
from two-dimensional homonuclear correlated
spectroscopy (COSY) and nuclear Overhauser ef-
fect spectroscopy (NOESY) were analysed using
contour plots and one-dimensional plots of sub-
spectra.

Proton chemical shift values were determined
relative to sodium 3-(trimethylsilyl)-1-propanesul-
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fonate (TSS) as internal reference and generally
agreed within + 0.02 ppm between spectra re-
corded under similar conditions at 300 or 500
MHz. The solutions studied contained no added
buffers. Solutions in 'H,O contained added *H,O
to provide a spectrometer lock signal. All pH
measurements were direct meter readings.

3. RESULTS

Evidence of local secondary structure for the
backbone of the 33-residue TonB peptide derives
directly from the observation of differential
resonance positions for backbone C*H protons for
each of several residue types (fig.1), as well as from
the spread in chemical shift of exchangeable
backbone NH proton signals (see below). The
various backbone and side chain signals were
assigned to amino acid type using homonuclear
correlated spectroscopy. In contrast to protons at-
tached to the backbone, the majority of protons in
side chains resonate at chemical shift positions that
may be associated with a largely solvent environ-
ment with the marked exception of the prolyl C°H,
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Fig.1. '"H NMR spectrum of TonB peptide in >H,O (pH 7.7, 310 K) showing C*H (4.6—4.0 ppm) and prolyl C°H, (3.8,
3.6 ppm) resonances. Assignments to particular residue types (one-letter abbreviations for amino acids) are based on
analysis of spin coupling patterns observed in decoupling and COSY experiments.
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protons. The latter give rise to two resonance
envelopes, roughly equal in intensity, at 3.82 and
3,65 ppm (fig.1).

The two prolyl C°Hy signals are strongly coupled
to one another (fig.2A), showing that each signal
must be ascribed to superposition of resonances
from one of the inequivalent protons at the c’
position within most if not all of the proline
residues, rather than to either cis-frans isomerism
or some hypothetical dichotomy of proline
residues in the sequence. Previous spectral studies
of similar proline-containing segments derived
from the pyruvate dehydrogenase complex of E.
coli [3] and the N-terminal region of the LC1 alkali
light chain of skeletal myosin [4] have led to the
correlation of such spectral inequivalence with all-
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trans X-Pro linkages. The latter study of the -Ala-
Pro- repeats of the alkali light chain identified the
corresponding alanyl C°H signal at 4.56 ppm,
downfield of the other alanyl resonances, while
strong nuclear Overhauser effects (NOE) among
the tightly packed alanyl C*H and prolyl C°H,
protons indicated inter-proton distances of
approx. 0.2 nm.

Similarly, two-dimensional NOESY experiments
with the TonB peptide show a strong NOE between
the prolyl C’H, protons and the C*H protons
which resonate at 4.57 ppm (fig.2B). Therefore we
can distinguish the X-Pro and X-Y C°H signals for
glutamyl and lysyl residues (fig.1) as being those at
4.6 ppm (X-Pro) and 4.3 ppm (X-Y), respectively,
in agreement with the coupling patterns obtained
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Fig.2. 'H NMR properties of the C°H, protons of the proline residues. (A) Contour representation of 500-MHz phase-
sensitive COSY spectrum of TonB peptide in H,O (pH 7.7, 310 K) in the region showing spin coupling between
inequivalent C°H, protons of the proline residues. (B) Sub-spectrum from 500-MHz two-dimensional NOESY data set
showing NOE from the resonance position of one C°H; proton (3.8 ppm) to the resonance positions of the other C°H,
proton (3.65 ppm), the prolyl C"H, protons (2.05 ppm), and C*H protons of preceding residues (4.57 ppm).
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from analysis of the homonuclear COSY data.
This observation of the strong NOE between each
of the prolyl C°H, protons and the backbone C*H
protons of the preceding residues also
demonstrates the presence of a predominantly
trans configuration for X-Pro linkages in the
repeating -Glu-Pro- and -Lys-Pro- dipeptide units
in the sequence as well as for the linkages involving
lle-9, Pro-12, and Ala-16. One-dimensional NOE
experiments carried out at 300 MHz have shown
these various C*H-C°H, NOE to be of negative
sign at the lower frequency as at 500 MHz and
thereby confirm the closely packed, elongated
(trans) backbone configuration that extends over a
large part of the proline-rich primary structure.
Further evidence of sequence-induced con-
straints on the configuration of this segment of the
TonB protein is provided by the backbone NH
resonances observed in 'H,O in COSY, NOESY,
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and one-dimensional experiments. Patterns of spin
coupling to side-chain protons and one-
dimensional decoupling experiments have
established assignments of C“H and NH
resonances. We concentrate here on the data for
alanyl, valyl, and isoleucyl residues (fig.3A). The
corresponding NOESY contour plot (fig.3B), in-
dicative of inter-proton proximity, shows a con-
spicuous column of strong inter-residue
cross-peaks at 4.4 ppm between prolyl C*H pro-
tons and NH protons of succeeding residues, i.e.
Pro-Y. One such inter-residue cross-peak connects
C“H of a proline to NH of a valine and thus iden-
tifies Val-18, whose much less intense intra-residue
NOE can also be discerned. In turn, a cross-peak
connects the C*H resonance of Val-18 to the NH
resonance of Val-19, another from Val-19 to
Ile-20, and so forth for several successive linkages;
this succession of close inter-residue proton-proton
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Fig.3. Contour representation of 500-MHz two-dimensional 'H NMR spectra of TonB peptide in 'H,O (pH 7.7, 290 K).

(A) COSY spectrum, in which cross-peaks are expected for the spin-coupled C*H and NH signals from all residue types

except proline; (B) NOESY spectrum (mixing time 120 ms with randomization of 10 ms), in which a strong cross-peak

signifies that certain C*H and NH protons (either intra- or inter-residue) are closer than ~0.25 nm. Horizontal lines

correlate certain NH resonance positions from the COSY spectrum at the C*H resonance positions of the respective

preceding residues in the primary sequence, as identified by vertical lines. The COSY cross-peaks for some other residues
are labelled.
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Fig.4. Diagram of peptide backbone geometry which is

consistent with the observation of much stronger inter-

residue NOE from C“H;-; to NH; than intra-residue
NOE from C*H; to NH,.

contacts appears to continue as far as C°H of
Glu-21 to NH of Lys-22.

4. DISCUSSION

The 33-residue peptide from the TonB protein
contains three distinguishable structural elements,
two rod-like sections of different charge whose
shape is determined by multiple trans Glu-Pro or
Lys-Pro repeats, separated by a six-residue section
resembling a #-strand. This middle section of the
TonB peptide, Pro'’-Val-Val-Ile-Glu-Lys®2, which
contains successive residues with bulky, branched,
or charged side chains, shows strong inter-residue
backbone C*H-NH NOE, indicating that it must
adopt an extended backbone structure that is well-
defined in conformational space. Each NH proton
in this section of the peptide is disposed much
closer to the C“H proton of the preceding residue
than to that of its own residue, thereby placing
limits to the excursions possible for the backbone
torsion angles. The idealised local geometry which
meets this requirement (fig.4), bringing the inter-
residue distance between C“H and NH protons
near the minimum (0.22 nm) and the intra-residue
distance near the maximum (0.28 nm), resembles
the rather elongated backbone in #-strands in pro-
teins [5]. The branched side chains of valine and
isoleucine tend to constrict the potential range of
torsion angles [6] and are indeed frequently
observed to occur in B-sheet rather than helical
regions in proteins. In this respect it is of interest
that the proline-rich TonB protein of E. coli con-
tains another similar cluster of bulky and branched
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side chains, namely the residue sequence lle-Val-
Val-Asn-lle-Leu near its C-terminus [1].

The configuration resembling a A-strand
adopted by residues 17-22 of the TonB peptide is
flanked by similarly extended proline-rich
backbone sections. These flanking sections, com-
posed of repeated trans X-Pro dipeptide units,
adopt relatively stiff elongated conformations
because of packing constraints imposed upon
backbone torsion angles. Closure of the pyr-
rolidine ring determines ¢ for proline, and steric
repulsions between its C°H, group and the C*
substituents of X restrict ¥ for the preceding X
residues {7}, as demonstrated here and in [4].
Moreover, although each of the values ¥y = —50°
and ¢ = +130° is feasible for an isolated trans
proline residue in a peptide chain [7], the former
value is excluded on the basis of the data presented
here because of the close proximity between the
C*H of each X and the C°H, of the succeeding
proline in frans X-Pro units, whose backbone fluc-
tuations (+ 30°) are highly correlated. Further, the
observation of NOE between the backbone NH of
X and the C*H of the preceding proline (inter-
proton distance <0.25 nm) imposes limits on ex-
cursions of the ¢ torsion angle for the X residue
(e.g. Glu or Lys) of each Pro-X pair in the repeated
sections. Thus for each X-Pro residue pair within
those sections, instead of the usual situation of
some considerable freedom of motion involving
two ¢ and two ¥ torsion angles per residue pair,
only the angle ¢ for X remains free from sequence-
imposed constraints on its potential range. Based
on a C*—C? distance of 0.38 nm, each of these
flanking sections of X-Pro repeats is some 4—5 nm
in length, which is sufficient to span the
periplasmic space {8].

The stereochemical basis for the observed struc-
tural preference is intrinsic to the amino acid se-
quence, and these structural features must
therefore be retained in the native TonB protein
molecule. Indeed, the elongated overall conforma-
tion shown by NMR for the 33-residue peptide
derived from the N-terminal third of the TonB
protein is entirely consistent with the anomalous
migration of the molecule on SDS-polyacrylamide
denaturing gels {1,9]. The remarkable residue com-
position (~30% proline) and sequence of the N-
terminal half are observed to impose well-defined
structural constraints and confer a shape and
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overall dimension (up to 10 nm, see above) which
suggest that the primary role of the TonB protein
is structural, spanning the periplasm and linking
the inner and outer membranes. Except for the
putative signal peptide sequence at the N-terminus,
only one short region of the primary structure is
notably hydrophobic in character. This latter
region, at the C-terminal end of the molecule, is
presumably involved in anchoring the protein to
the inner membrane. The otherwise hydrophilic
protein is therefore likely to be exposed on one side
or other of the membrane and, using antibodies
raised against the 33-residue peptide, we have
shown that at least this part of the protein is
periplasmic [2].

The importance of the intrinsic chain stiffness
imposed by the frans X-Pro linkages is here to
restrict the segmental flexibility of the backbone to
enable specific, large-scale changes in spatial orien-
tations. The section connecting the two elongated
X-Pro structures contains specific linkages with
much greater segmental freedom, Lys-Glu-Ala,
where swivelling motions may occur. Together
with the conformational adaptability of a /G-
strand, these various structural features suggest
that the involvement of the TonB protein in
transport processes is related to its conforma-
tionally endowed ability to link distinct receptors
whose functions are localised in space. This view is
entirely consistent with the biological roles of
TonB [1,2]. Most substrates are sufficiently small
to pass through the outer membrane porins and
hence do not require a specific outer membrane
receptor. Transport systems for such substrates are
tonB-independent. TonB is only required for those
few transport processes (B12, iron chelates, phage
DNA) which involve both outer and inner mem-
brane receptors. The elongated shape of the TonB
protein has presumably evolved to facilitate the
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coordination of spatially distinct sites and thereby
maximise free energy coupling. Similar correlation
of such sequence-imposed elongated structures and
the resulting efficiency in lateral diffusion has been
described for the pyruvate dehydrogenase complex
[10] and the alkali light chain of myosin [4].
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