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●
The primary biological application of nuclear
magnetic resonance (NMR) is in the structural
study of small macromolecules in solution.

Although NMR can reveal high-resolution structures, 
it provides information complementary to both X-ray
crystallography and electron microscopy (EM). NMR
facilitates rapid generation of a three-dimensional map,
delineating the protein fold in a progressive manner such
that early data can be used to show clear functional
implications. NMR can also be used to look at the dynamic
processes involved in complex formation and folding. The
main limitation of NMR is the size of the molecule under
investigation; the larger it is the slower it tumbles in
solution, which in turn increases the efficiency of the 
NMR relaxation process. This manifests itself as a severe
broadening of the spectral lines that eventually degrades the
resolution and efficiency of many NMR experiments. As a
consequence an upper limit for molecular size has always
been associated with NMR and has therefore precluded its
use in studies of very large complexes.

● Use with macromolecular complexes
Recently, the technique has entered a new period of
accelerated growth, which should ensure that it remains a
leading biophysical technique into the next millennium.
The increased use of deuteration together with novel
labelling strategies for proteins and nucleic acids, and 
the development of transverse relaxation optimized
spectroscopy (TROSY) have all extended the applicability
of NMR to much larger systems; molecular species in 
excess of 100 kDa are now tractable. Furthermore, liquid
crystalline media together with the measurement of 
residual dipolar couplings enable structural information to
be extracted accurately and easily without recourse to
proton nuclear Overhauser effects (NOEs). NOEs allow the
determination of interatomic distances that structures are
traditionally modelled from but these are notoriously
imprecise and often difficult to acquire comprehensively.
NMR can now provide information on the structure of
sizeable molecules and, perhaps more importantly, the
intricate details of large macromolecular complexes are 
now attainable in solution. Although NMR does not 
compete with X-ray crystallography and EM for tackling 
huge structural problems, some major applications have 
become possible. In addition, NMR still retains its ability 
to generate structural data very quickly, which is often
invaluable to the biochemist in the early design of new
mutagenesis experiments or the search for target molecules.

● Studies of enteropathogenic Escherichia coli
This new potential for NMR has recently been illustrated 
by the first structural study into the molecular basis of
bacterium–host-cell interactions in enteropathogenic
Escherichia coli (EPEC) infection. EPEC gives rise to
persistent diarrhoea and is an important cause of mortality
amongst infants in developing countries. These organisms,

together with the enterohaemorrhagic E. coli O157:H7
(EHEC), a cause of acute gastroenteritis, haemorrhagic
colitis and haemolytic uraemic syndrome in humans,
belong to a prevalent family of diarrhoeagenic enteric
bacteria. EPEC and EHEC adhere tenaciously to enterocytes
in the gut and induce the formation of classical sub-cellular
structures known as attaching and effacing lesions. These 
E. coli strains produce a protein, known as TIR, which is
transferred from bacterium to host cell, where it serves as a
receptor for bacterial adhesion via the surface protein
intimin. This unique mechanism was only recently reported
and it implies a prominent role for intimin in disease
progression. What is more, a 30.1 kDa fragment of intimin
(Int280) plays a central role in attachment and lesion
formation. Despite the clarity of the data presented on
intimin–TIR interactions, several reproducible studies have
emerged that suggest a more complex mechanism for
EPEC/host-cell adhesion. These include the finding that
intimin will adhere directly to mammalian cells in the
absence of TIR.

● Intimin structure
It seems remarkable that, in the light of the discovery of
intimin about 10 years ago and the recent acceleration 
of research into EPEC pathogenesis, the wait for a 
detailed structural report has been so long. The very 
latest improvements have made proteins of up to 50 kDa
routinely amenable to structural study by NMR and have
accordingly opened the door for an NMR-based assault 
on the structure of Int280. The new strategy has proved
particularly successful and has produced the first structural
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A guide to NMR terminology
● What is NMR?
Certain nuclei (e.g. 1H, 13C, 15N) interact
with high strength magnetic fields. These
can be probed by irradiation with radio
waves producing a spectrum containing a
series of lines. The frequency of individual
spectral lines is dependent on the
chemical environment of the
corresponding nuclei. Also, the relative
three-dimensional location of nuclei can
be measured using the nuclear Overhauser
effect (NOE), enabling the structure to be
deduced.

● Nuclear Overhauser effect
An indirect way of measuring the
interaction that occurs through space as
the result of coupling between nuclear
dipoles.

● Liquid crystal NMR
A solution of disk-shaped micelles that
induces molecular alignment of a
macromolecule within the magnetic field
and therefore creates directly measurable
dipolar couplings.

● Deuteration
The fractional or complete (perdeuteration)
labelling of macromolecules with
deuterons. Substitution of deuterons in
place of protons facilitates simplification
and improvement of NMR spectra.

● TROSY
Transverse Relaxation Optimized
Spectroscopy (TROSY) produces NMR
spectra with significantly narrower line-
widths than traditional experiments by the
mutual cancellation of two relaxation
mechanisms.
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glimpses within 6 months of expressing the protein. 
This has allowed the microbiologists concerned to 
redirect their research efforts and make an impact from 
a biochemical perspective. Perdeuterated samples were
produced, in which all the aliphatic protons were replaced
by a deuteron and the amides were re-exchanged with
protons. The standard NMR isotopes of nitrogen (15N) and
carbon (13C) were also incorporated. The removal of the
strong dipolar interaction involving protons drastically
increases the short relaxation times normally associated
with a molecule of this size. This improves both the spectral
resolution and the sensitivity of many of the complex
multidimensional, multiresonance NMR experiments 
that are necessary to complete a structural assignment.
Uniformly deuterated 15N/13C-labelled material is readily
prepared by growing bacteria containing the recombinant
gene of choice in a defined medium that utilizes 15NH4Cl,
[13C]glucose and D2O as isotope sources. If protonated
glucose is used deuteration levels of up to 86% can be
achieved, but to accomplish full deuteration, a deuterated
carbon source is required. Fig. 1 shows the effect of
deuteration on the one-dimensional 1H NMR spectrum 
of Int280; the narrowing of the line widths and associated
spectral improvement are clearly visible. Further perdeut-
erated samples, in which residues containing methyl groups
are specifically protonated, afforded sufficient NOE distance
restraints to facilitate the calculation of a global fold.

Fig. 2 shows a schematic representation of the tertiary 
and quaternary structure of intimin. Int280 is highly
asymmetric, approximately 90 Å in length and built from
three globular domains. The first two domains each
comprise two β-sheet sandwiches that resemble the classic
immunoglobulin superfamily (IgSF). Tandem repeats of
IgSF domains are ubiquitous within cell-surface adhesion
molecules and are responsible for a variety of molecular
recognition processes. Sequence alignment indicates the
presence of a third IgSF domain N-terminal to Int280

within full-length intimin and possibly a fourth. The IgSF
domains in intimin form an extended, articulated linker
that protrudes away from the bacterium surface and confers
a highly accessible third domain for adhesion.

The topology of the third domain is reminiscent of the C-
type lectins, a family of proteins responsible for cell-surface
carbohydrate recognition that includes animal cell receptors
and bacterial toxins. Although Int280 lacks calcium 
co-ordination, the similarity raises the possibility of
carbohydrate recognition in the function of intimin and
implies three models for intimin-mediated cell adhesion.
Fig. 3 shows the three plausible models. In model A intimin
binds a carbohydrate moiety that is attached to TIR.
However, the rarity of bacterial glycosylation is inconsistent
with this paradigm. Model B invokes a bipartite
interaction, in which intimin interacts with TIR and a host-
cell carbohydrate. Although studies showing that Int280
and fragments of Int280 will bind cultured epithelial cells
in the absence of TIR add confusion to the intimin–TIR
story, the data do provide circumstantial evidence to
support this model. Despite this, we cannot rule out a final
scenario, model C. Here the C-type lectin similarity is
incidental and intimin interacts with TIR directly.

The structural similarities of Int280 with animal
intercellular adhesion molecules are intriguing and provide
remarkable insight into EPEC adhesion. This work is
probably the first demonstration of the usefulness of
combined perdeuteration/site-specific protonation and
NMR spectroscopy strategy. A good molecular under-
standing of bacteria–cell interactions is crucial for targeted
development of rational drugs and will have implications
for the design of novel drug delivery systems.
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Fig. 1. The preparation of the
deuterated proteins and its effect on the
1H NMR spectrum of Int280.
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Fig. 2. Tertiary structure of Int280 and
proposed quaternary structure of
intimin.
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Fig. 3. The three structurally derived
models for intimin–host cell adhesion.
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