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Abstract

NMR spectroscopy is one of two principal experimental techniques used in structural biology.
It can be used to determine structures at atomic resolution and to investigate the dynamics of
macromolecules and intermolecular interactions. We aim to give an overview of the use of

modern high resolution NMR methodology in microbiology.

1 Introduction

NMR and X-ray crystallography are the two most powerful tools available for
structure determination and have been extensively used to obtain structural information on
biological molecules. The limitations of X-ray crystallography is the necessity to obtain
crystals. NMR is limited by the size of the molecule and the low sensitivity of the method.
Thus, these two techniques are complementary. NMR is particularly powerful for determining
the structure of small molecules, for obtaining information on the dynamics of
macromolecules over a wide time scale range and for studying molecular interactions. Thus, it
is not surprising that it is widely used in microbiology. Indeed, NMR can be combined with
isotope labelling for non-invasive analytical and quantitative analysis of metabolism, in a
range of microorganisms. It has long been a critical tool for the identification of compounds
and for measuring concentrations and fluxes both in vitro and in vivo.

Firstly, we will give a brief summary for scientists with no prior understanding of this

method and then a few applications involving only soluble molecules will be described.

2 NMR Methodology



2-1 What is NMR spectroscopy?

Nuclear Magnetic Resonance spectroscopy quantitatively detects spin reorientation for
nuclei that possess a magnetic moment in an applied magnetic field by measuring the amount
of energy absorbed from a radio-frequency coil surrounding the sample. A radiofrequency
field is applied to the sample and a time dependent signal can be detected and measured from
the nuclear spins. This time dependent signal is then Fourier transformed to give a frequency

dependent amplitude signal, corresponding to the NMR spectrum.

2-2 What are the parameters?

NMR spectra can be defined by five parameters:
(i) chemical shifts (8) which indicate the precise resonance frequency of the nuclei. These
depend on the chemical environment of the nuclei and are expressed in a dimensionless unit,
parts per million (ppm), which is independent of the strength of the magnetic field. Their
ranges vary with the group and the type of nuclei. Thus, in biological molecules, *H chemical
shifts are spread over 14 ppm, 3C shifts are spread over 200 ppm and N shifts are spread
over 40 ppm.
(it) The spin-spin coupling which arises from weak interactions between magnetic nuclei via
the electron of the chemical bond. The size of this interaction is defined by the spin-spin
coupling constant (J) and is expressed in Hertz.
(iii) The area of a signal, which is usually proportional to the number of nuclei contributing to

the signal.
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(iv) The longitudinal or spin-lattice relaxation time, T;, which is the time taken for the

magnetisation longitudinal component to return equilibrium value after a perturbation.

(v) The transverse or spin-spin relaxation time, T, which is the time taken for the transverse
magnetisation to decay. The transverse relaxation rate (1/T,) is related to the linewidth of the
signal for molecules freely tumbling in solution.

There are several different mechanisms for relaxation. However, for spin 1/2 nuclei such as
proton, the major relaxation mechanism arises from dipolar interactions with other protons or

nuclei. For the dipolar relaxation mechanism the relaxation rates, 1/T; and 1/T,, depend on the
Tc the overall correlation time of the molecule and on molecular motions. tc characterises

random molecular motions within a sample and is a function of molecular weight, of solution
viscosity and of temperature. When the size of the molecule increases, both the correlation
time for reorientation and the T, relaxation time decrease and the linewidth increases. The
nuclear Overhauser effect (NOE) or dipolar cross-relaxation is related to spin relaxation. It is
observed for nuclei located at a distance shorter than 5 A and is proportional to the inverse six
power of the distance. A fixed and known reference distance allows one to associate a
distance with each observed NOE. Both the spin-spin relaxation and the nuclear Overhauser
affect are crucial for structure determination.

Moreover, in NMR the fundamental time scale is defined by the precession frequency
of the nuclei, whereas chemical exchange phenomena allow us to define additional time
scales. If a chemical group exists in different environments, the NMR parameters of the
corresponding nuclei will vary according to the exchange rate. Two extremely different
situations can be encountered: the fast exchange regime in which the observed parameters
from all the different environments are averaged, and the slow exchange regime in which sets

of parameters are observed for each environment. Finally, motions are reflected in all NMR
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parameters, chemical shifts, coupling constants and relaxation rates, allowing the qualitative

detection of flexibility and the quantitative analysis of relaxation data in terms of internal
motions. NMR allows us to study a wide range of time scales, monitoring motions for
picoseconds, seconds minutes or hours. This dynamical aspect will not be treated here, as it

deserves a review on its own.

2-3 What molecule size?

Most NMR parameters are sensitive to molecular conformation. Quantification of
these parameters allows structural analysis. However, this requires the resolution and the
assignment of NMR signals to specific nuclei. This can be achieved easily for molecules of
less than 10 000 Da by two-dimensional NMR, but is more challenging for bigger molecules.
Assignment strategies based on the use of spin-spin interactions between *3C and *°N nuclei in
isotopically enriched molecules have enabled molecules of up to about 30,000 Da to be
studied, because spin-spin interactions are increased ten-fold.

Recent experiments have considerably extended the applications of NMR for structure
determination. Instead of being based on distance information, they are based on orientational
information. Indeed, when molecules are aligned in the magnetic field, anisotropic magnetic
interactions which cannot normally be observed in high-resolution NMR spectra, can be
detected (34). The two parameters measured are residual dipolar couplings and chemical shift
anisotropy (CSA). The interference between dipole-dipole and CSA interactions can also be
used constructively, like in TROSY experiment (33,35) which allows molecules of up to
several hundred kDa to be studied. Finally, measurement of these new parameters in partially
oriented media has provided new tools to increase the size of the molecules that can be

studied and also the accuracy with which these structures can be determined.



2-4 Labelling

Signals from *H, **C, N and *!P nuclei are observable in the spectra of biological
molecules. Spin-spin interactions between protons vary from few Hertz to 16 Hz when
established between two or three bonds. One bond spin-spin interactions between °N or **C
and their attached protons are 95 Hz and 150 Hz, respectively. When the size of the molecule
increases, the linewidth increases and spin-spin interactions between protons are no longer
detectable. Thus, large biomolecules can be studied by NMR by extensive isotopic labelling.
For medium size molecules between 8 and 12 kDa, N labelling is sufficient, whereas higher
molecular weight molecules required double labelling, usually *°N and *3C. For molecules of
over 30 kDa, additional labelling with deuterium further decreases the linewidth and improves
the NMR spectra. Deuteriation is either selective or uniform and is often random fractional
deuteriation (13). Usually, samples that have been uniformly labelled with *°N and **N/**C are
prepared by growing the bacteria in minimum medium enriched with vitamins and with *°N
ammonium chloride and **C¢ glucose or glycerol as the only nitrogen and carbon sources. The
expression has to be sufficient, that is at least 10 mg per litre as the labelled sources are
expensive. Molecules may also be selectively labelled by growing strains auxotroph for given
residues in unlabelled medium supplemented with the labelled residue. For chemically
synthesised small proteins of less than 80 amino acids, specific positions or amino acid types
can be labelled. For other molecules several methods have been developed: RNA is generally
obtained by in vitro transcription using T7 RNA polymerases (28) and *3C and/or **N labelled
ribonucleoside triphosphate is prepared from the RNA of organisms grown with **N and **C
enriched nutrients (29). Methods for the large scale preparation of uniformly isotope-labelled

DNA have also been developed (25).
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After the molecule is labelled, its quality can be checked rapidly in 10 minutes or less

by N or **C proton heteronuclear single quantum coherence experiment (HSQC). This
usually fixes the experimental conditions (temperature, pH and ionic strength). Well dispersed
N and 'H resonances indicate a folded protein domain with segments involved in stable

secondary and tertiary structures (figure 1).

2-5 Sample preparation

The sample has to be very pure and stable over time and at different temperatures
because NMR spectroscopy experiments can last for several days. Proteases or nucleases
would obviously destroy the sample. Impurities generally give signals sharper than
macromolecules, as they are often small molecules.

NMR has intrinsically poor sensitivity and signals have to be averaged many times
during an experiment because the signal-to-noise ratio increases as the square root of the
number of times the signal is sampled. A few tens of milligrams of compound are necessary
for structural studies depending on its molecular weight. Solutions must have a concentration
of at least 1 mM and a volume of 400 ul to 600 pl is required. If Shigemi tubes (tubes with
filled bottom) are used this volume decreases to between 360 ul and 250 ul. Recently,
different types of small sample volume probes have also become available (i) commercial
microprobes, which use small-diameter vertical sample tubes in conventional geometry
probes, with volumes ranging from 120 pl to 150 ul (ii) commercial nanoprobes which
produce high-resolution spectra with sample volumes of about 40 ul or less (22) (iii) and
finally home-made probes which contain nanoliter to microliter-volume capillaries and consist
of a solenoidal coil of about 1 mm (30). However, small sample volume probes (1 to 100 pl)

are still being developed. Parallel to this technology, the cryoprobe technology has also
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emerged improving the signal-to-noise ratio by a factor of 3 to 4 leading, thus reducing the

amount of sample necessary for analysis and/or data collection times.

2-6 Assignments and structure determination.

Resonance assignment strategies differ significantly for each type of biomolecule,
however, the strategies used are very similar and rely on the identification of connectivities
via spin-spin interactions and dipolar interactions (44).

Usually, for moderately sized non-labelled molecules, two-dimensional experiments
allow all signal to be assigned. For labelled molecules, assignments are obtained by
combining three-dimensional *N-edited experiments and triple resonance experiments (*H,
N, 13C). These experiments are very sensitive due to the efficient transfer of magnetisation
from one bond and/or two bond coupling (8).

Secondary structural elements are identified by analysing several NMR parameters: (i)
induced chemical shift (CSI) (41), (ii) coupling constant values (iii) strong dipolar interactions
typical of each type of secondary structures, and (iv) Apparent exchange rates of exchangeable
protons with deuterium give an indication of hydrogen bond formation and of reduced
accessibility to solvent.

The most important parameter used in structural determination is the nuclear
Overhauser effect (NOE). All the distances derived from the quantification of NOEs are used
as constraints to calculate the structure. As the precision of the calculated structure is directly
related to the number of experimental restraints, it is necessary to assign several hundred NOE

cross-peaks unambiguously.

3 Structural studies
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The aim of this review is not to describe NMR extensively but to use a few examples

to show the applications for NMR in microbiology. We chose to omit in situ experiments and
metabolism pathways together with metabolic fluxes, as this has already been extensively
reviewed recently (3). We place particular emphasis on the interface between structural
biology and microbiology, where the interplay between the two communities is not always

optimal.

3-1  Peptides and proteins

NMR is very effective for the determination of the structure of small proteins and
many studies have been published in this field. However, NMR can be used in its full
potential for the determination of the structure of the peptide domain. Indeed, peptides of less
than 30 residues are often very flexible, and the rapid equilibrium between several conformers
in agueous solution precludes their crystallisation. In structural promoting environments, the
number of conformations sampled can be reduced allowing the structure-function relationship
to be established. In the field of microbiology high resolution NMR has been used for studies
of antimicrobial peptides and of secretion signals peptides.

3-1-1 Antimicrobial peptides

Compounds obtained from natural sources, such as micro-organisms and plants, are a
large number of drugs in current use, either directly or after synthetic modifications. The
availability of bacterial genomic information and the increasing resistance of pathogenic
organisms to conventional antibiotics means that the antimicrobial drugs need to be developed
to control infection. A lot of organisms, such as animals and plants, produce offensive and
defensive substances. In the invertebrates this efficient defence system often compensates for

the lack of circulating immunoglobulins in vertebrates. Antimicrobian peptides are among the
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substances invertebrates produce to protect themselves against invading pathogenic micro-

organisms. These peptides usually lyse cell membranes and each has a broad but different
spectrum of antimicrobial activity (12,20). However, despite extensive studies on their mode
of action, much knowledge is still needed to fully understand the basis of their selectivity. To
improve potency, and specificity of antimicrobial peptides and to design cheaper and more
efficient analogues we need to understand theirs structure-function relationships.

One family of antimicrobial peptides is the cecropin family, which consists of 35 to 37
amino acid peptides(19). Cecropins are most active against gram-negative bacteria, but they
also have activity against some gram-positive bacteria. The three dimensional structure of
several of them have been solved by NMR (38,18,5). They usually adopt a helix-bend-helix
conformation with a highly basic amphipathic N-terminal helix and a hydrophobic C-terminal
helix. The importance of amphiphilic helices has been established in a number of antibacterial
and lytic peptides, and their helicoidal geometry is usually considered to be the key factor for
the formation of transmembrane pores leading to cell lysis.

Cecropins are thought to be selective for prokaryotes due to the lipid composition of
their membrane (14). In Shiva-3, in particular, the in vitro lytic effect on protozoa tested
resulted in decreased growth and multiplication of Plasmodium falciparum and Trypanosoma
Cruzi. These observations suggested the use of Shiva-like peptide genes to engineer malaria
resistant vectors as an alternative treatment for the control of malaria (36). To improve the
efficiency of this molecule its structure was studied in several media and particularly in media
that mimic the membrane environment. It is composed of two helices, one amphiphilic N-
terminal helix of about 20 residues long and a short hydrophobic C-terminal helix. In the
presence of micelles N-terminal helix of the Shiva-3 moves much more slowly than the C-

terminal helix. In particular the movement the side chains of its basic residues is restricted
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suggesting that the N-terminal helix is in contact with micelles whereas the C-terminal is not

).

3-1-2 Signal peptides

Most bacterial virulence factors that interact with host cells need to be secreted across
the bacterial membrane. Thus, the various secretion systems found in gram-negative bacteria
can be used as target for new therapeutics. To understand the secretion pathways we must first
understand how the secretion signal function and therefore we must understand their structure.

In gram-negative bacteria, whose envelope is made of two distinct membranes, most
extracellular proteins are secreted by the signal peptide-dependent general secretory pathway
(GSP) which involves the N-terminal secretion signal. A other group of extracellular proteins
without cleavable N-terminal signal peptide is secreted by a distinct secretion pathway
involving a C-terminal secretion signal (40).

Although studies on isolated signal sequences are controversial, they have been mainly
justified by the fact that signals can be functionally transferred from one protein to an other,
emphasising their ability to act independently. For the N-terminal signal sequences that have
been studied, conformational differences have been observed. These range from rather
unordered or B-sheet structures in aqueous solution to o-helices in non polar solvents,
micellar solution and phospholipid vesicles. This conformational adaptability is thought to be
linked to the function of these signals (15).

Consensus structural information has been gathered on N-terminal signal sequences,
however little structural information is available for C-terminal secretion signals (24,42,43).
Like the N-terminal sequences their primary sequence is not highly conserved. Structural

information on the C-terminal peptides of Erwinia Chrisantemi protease G and Serratia
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marcescens hem acquisition protein (HasA), were obtained by use of circular dichroism and

NMR spectroscopies. C-terminal signal peptides adopt an unstructured and flexible
conformation in aqueous buffer solution, that switch to a helical conformation followed by a
short fragment unstructured upon addition of trifluoroethanol, detergents and lipids. These
studies show that the C-terminal secretion signals are composed of one a-helix followed by an
unstructured C-terminal region that terminates with an essential secretion motif (42,43). This
motif is composed of one negatively charged residue followed by three to five hydrophobic
residues.

Structural informations could be obtained for the C-terminal peptide of HasA from
Serratia marcescens when in its proteinic context. The last 15 residues following the C-
terminal of the HasA protein are highly flexible and unstructured (21). When fragments
experience motions much faster than the overall correlation time for reorientation of the
macromolecule these can be detected by either homonuclear 2D experiments such as TOCSY
or by measuring heteronuclear >N *H dipolar interactions. The high flexibility and the lack of
well ordered structure of the HasA C-terminal extremity might be a prerequisite for the

recognition of the protein by its ABC transporter (21).

3-1-3 Identification of small compounds

NMR is often the method of choice for identifying small unknown compounds.
Microcin C7 was a “text book case” of structure determination.
Many strains of the Enterobacteriaceae family produce substances with low molecular-weights
or secondary metabolites with antibiotic activity (2). Microcin C7 (MccC7) is a stationary-

phase product of E. coli that inhibits protein synthesis both in vivo and in vitro (23). MccC7 is
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secreted from cells by specific dedicated machinery (30). It is a heptapeptide whose N- and C-

terminal residues have been modified. The chemical structure of microcin C7 was obtained
from complete assignments of *H, *C, *N and P at natural abundance using homonuclear and
heteronuclear two-dimensional spectroscopy. It is composed of one heptapeptide chain
modified at the N-terminus by a formyl group and the C-terminus substituent consists of a
phosphodiester of 5’-adenylic acid and n-aminopropanol (AMPap) linked via a phosphorus
atom to an amide group, forming thus a phosphoramide. The substituted phosphoramide group
was identified by pH titration of the phosphorous atom by means of 3'P chemical shift variation

(17).

3-2 Oligosaccharides

Bacterial cell walls ensure cell integrity, resist mechanical constraints and have key
roles in the regulation of exchanges between the cell and its surrounding environment and in
the host immune response. Mycobacterial pathogenecity is often linked to the nature of the
glycolipids, a constituent of bacteria cell walls. In gram negative bacteria the cell wall
contains ubiquitous glycolipid molecule, the lypopolysaccharide (LPS), which is the major
factor distinguishing gram-negative from gram-positive bacteria. LPS is often involved in
disease and is a major surface antigen via its O-specific polysaccharide. Consequently, LPS
specific antibodies are potential tools for the diagnosis and therapy of some of the bacterial
infections such as tuberculosis, shigellosis and leprosy and it is, therefore, important to
determine the structure of immunoreactive epitopes.

Although NMR data on the structure of high molecular weight oligassacharides is
more difficult to handle than structure determination of proteins of comparable weights, NMR

has been particularly useful and successful in the identification of O-specific antigenic
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polysaccharide chains. The main reason for this is that oligosaccharide protons have a much

smaller chemical shift range (3 to 5 ppm) than proteins (about 12 ppm). The use of higher
magnetic fields while increasing the signal to noise decreases the spectral overlap and can
improve structural studies of these molecules. In studies on primary structure it is necessary to
identify (i) the number of sugar residues in the repeating unit, (ii) the monomeric constituents
and their anomeric configuration, (iii) the sequential arrangement of monomers as well as
glycosidic linkage, and (iv) the presence or absence of non-glycosidic substituents. Finally, it
is necessary to establish the tertiary structure and its dynamics. Usually a combination of 2D
homonuclear, 1D selective excitation and 2D heteronuclear methods, allow the complete
determination of quite complex polysaccharides (7).

Recently studies used NMR and molecular modelling to determine the conformational
properties of a synthetic polysaccharide of Shigella dysenteria type I, composed of
rhamnopyranosyl, galactopyranosyl, acetamido-2deoxy o D glucopyranosyl. The
conformation resembles a short, irregular spiral, with the methyl substituents on the exterior.
The fact that rhamnose and galactose residues are major components of the antigenic
determinant suggested that the oligosaccharide binds to the antibody via hydrophobic

interactions involving three methyl groups (11).

4 Molecular interactions

NMR is a sensitive method for detecting the binding of small molecules to
macromolecules, and has proven particularly valuable for the rapid identification of ligand
binding sites. Indeed, the chemical shift perturbation observed for the amide proton by means
of ®N-'H heteronuclear single- and multiple-quantum correlations (HSQC or HMQC

respectively) rapidly indicates where the ligand binds. A rapid and sensitive method, the



15
saturation transfer difference (STD) or “bioaffinity NMR spectroscopy”, has been used to

identify sites at which ligands bind to macromolecules with dissociation constants of between
10 and 10®M. This method was successfully used to identify the sugar residues of the Lewis-
hexasaccharide that are in contact with the fucose—binding lectin AAA protein (27). Although
the method is quite powerful and easy to implement it does yield information on the receptor
site of the macromolecule or on the conformation of the bound ligand. This information can
only be obtained by transferred NOE techniques if the ligand binds relatively weakly (kD >10
’ M) and providing that several conditions are met (9,10). Although small molecules can
adopt a large variety of conformations in rapid exchange, one of these conformations is
usually preferred in the bound state. Moreover, when a small molecule binds to a large
molecule, even transiently, the numerical sign and magnitude of the NOEs change. Thus, it is
possible to obtain an “image” of the bound ligand conformation providing great care is taken
to get rid of all possible artefacts especially indirect NOE due to spin-diffusion (6, 39). This
approach was successfully used to monitor the conformation of a disaccharide bound to a Fab’
fragment (1).

For tightly bound ligands ‘editing‘ experiments are required to identify specifically
NOEs between a **C and/or °N labelled protein and unlabelled ligand (16). If sufficient
intermolecular NOEs are collected it will then be possible to dock the ligand to the

macromolecule.

5 Enzyme mechanisms

NMR provides both structural and kinetic information and thus can contribute to

mechanistic studies, such as substrate equilibrium, stereochemical aspect of enzyme action by
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use of isotopically labelled substrates, proton transfer and stereochemical aspects of

phosphoryl transfer reactions.

Perhaps one of the most successful application was the study of ionisable groups.
Indeed, although X-Ray crystallography does not provide direct information on the charged
state of ionisable groups NMR is the only method that can give pK values. Chemical shifts are
very sensitive to the charged state of ionisable groups providing a wealth of information on
protein structure in solution and on enzyme mechanisms when these residues are involved in
the active site. Histidine was the first ionisable group to be studied in detail in proteins and is
still the most widely studied (26).

It is possible to use NMR to obtain information on the predominant tautomeric state of
histidine residues in N labelled proteins because the chemical shifts of the N resonances
are strongly correlated with the protonation state of the imidazole nitrogen atom. Protonated
nitrogen resonates approximately 170 ppm whereas deprotonated nitrogen resonates at about
250 ppm. The *H-">N heteronuclear multibond correlation experiment (HMBC) connected
nitrogen with non-exchangeable protons from the histidine imidazole ring (figure 2).
Furthermore, HMBC can also differentiate between the two neutral tautomers because the

cross-peak intensities will depend on the coupling constant values (32, 4).

Concluding remarks

Although X-Ray cristallography was used to elucidate 81% of the structures in the data
bank and NMR only elucidated 15 % of entries (June 2000) some of the unique features of
NMR make it a valuable tool for obtaining structural information on molecules that do not
crystallise due to their high flexibility and also for specific experiments that connect structural

data with biochemical function and mechanism. Furthermore, recent technological advances
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in the development of rapid mixing systems with highly sensitive “flow” probes for small

sample volumes together with automated sample transport open the way for on—flow analysis
that should aid mechanistic studies similar to those carried out on protein folding.
Furthermore, the use of Shigemi microcells with cryogenic NMR probes enables the study of
Kinetic processes and data acquisition for transient species together with characterisation of
metabolites (37). NMR spectroscopy can now follow the structural and dynamic changes

taking place during intermolecular interactions and mechanistic studies in real time.
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Figure 1: TROSY-HSQC *N-'H experiment on a 189 amino acid protein. The spectrum

was recorded over 4 min with 1 scan with a 7000 Hz spectral width and 1K data point in the

F, dimension and 64 T4 increments with 1800 Hz in the F; dimension.

Figure 2: Histidine titration. A) HMBC experiment carried out on a 189 amino acid protein
containing six histidines. At pH 5.6 five histidines were positively charged form whereas one
is in the neutral tautomeric form suggesting a lower pK value. B) chemical shift variation of

the H proton and N nitrogen for one of these histidines.



19
References:

1 - Arepalli S.E., Glaudemans C.P.J., Daves G.D., Kovac P., Bax A., Identification of protein-
mediated indirect NOE effects in a disccharide-Fab’ complex by transferred ROESY, J. Magn.

Reson. B106 (1995) 195-198.

2 — Asensio C., Perez-Diaz J.C., A new family of low molecular weight antibiotics from

enterobacteria, Biochem. Biophys. Res. Comm. 69 (1976) 7-14.

3 - Barbotin J-N, Portais J-C., NMR in Microbiology: Theory and Applications. Horizon

Scientific Press (2000).

4 - Blomberg F., Maurer W., Riiterjans H., Nuclear magnetic resonance investigation of *°N-

labeled histidine in aqueous solution, J. Am. Chem. Soc. 99 (1977) 8149-8159.

5 - Boisbouvier J., Prochnicka-Chalufour A., Nieto A., Torres J.A. Nanard N., Rodriguez
M.H., Possani L.D, Delepierre M., Solution structure of a cecropin-like synthetic peptide,
Shiva active on the sporogenic development of Plasmodium berghei, Eur. J. Biochem. 257

(1998) 263-273.

6 - Bothner-By A.A., Stephens R.L., Lee J., Warren C.D., Jeanloz W.D., Structure
determination of a tetrasaccharide: Transient nuclear Overhauser effects in the rotating frame,

J. Am. Chem. Soc 106 (1984) 811-813.



20
7 — Bush C.A., Martin-Pastor M., Imberty A., Structure and conformation of complex

carbohydrates of glycoproteins, glycolipids and bacterial polysaccharides, Annu. Rev.

Biophys. Biomol. Struct. 28 (1999) 269-293.

8 - Cavanagh J., Fairbrother W.J., Palmer 11l A.G., Skelton N.J., Protein NMR Spectroscopy:

principles and practice, Academic Press (1996).

9 - Clore G.M., Gronenborn A.M., Theory and applications of the transferred nuclear
Overhauser effect to the study of the conformations of small ligands bound to proteins, J.

Magn. Reson. 48 (1982) 402-417.

10 - Clore G.M., Gronenborn A.M., Theory of the time dependent transferred nuclear
Overhauser effect: applications to structural analysis of ligand-protein complexes in solution,

J. Magn. Reson. 53 (1983) 423-442.

11 - Coxon B., Sari N., Batta G., Pozsgay V., NMR spectroscopy, molecular dynamics, and
conformation of a synthetic octasaccharide fragment of the O-specific polysaccharide of

Shigella dysenteria type 1, Carbohydrate Res. 324 (2000) 53-65.

12 - Epand R.M., Vogel H.J., Diversity of antimicrobial peptides and their mechanisms of

action, Biochimica et Biophysica Acta 1462 (1999) 11-28.

13 - Gardner K.H., Kay L.E., The use of 2H, *3C, N multidimensional NMR to study the

structure and dynamics of proteins, Annu. Rev. Biophys. Biomol. Struct. 27 (1998) 357-406.



21

14 - Gazit E., Miller I.R., Biggin P.C., Sansom M.S.P., Shai, Y., Structure and orientation of
the mammalian antibacterial peptide cecropin P1 within phospholipid membranes, J. Mol.

Biol. 258 (1996) 860-870.

15 - Gierasch L.M., Signal sequences, Biochemistry 28 (1989) 923-930.

16 - Griffey R.H., Redfield A.G., Proton-detected heteronuclear edited and correlated nuclear
magnetic resonance and nuclear Overhauser effect in solution, Quaterly reviews of Biophysics

19 (1987) 51-82.

17 - Guijarro ., Gonzales-Pastor E., Baleux F., San Millan J L., Castilla M.A., Rico M.,
Moreno F., Delepierre M., Microcine C7 : Chemical structure via Two-dimensional NMR, J.

Biol. Chem. 270 (1995) 23520-23532.

18 - Holak T.A., Engstrom A., Kraulis P.J., Lindeberg G., Bennich H., Jones T.A,,
Gronenborn A.M. & Clore G.M., The solution conformation of the antibacterial peptide
cecropin A: a nuclear magnetic resonance and dynamical simulated annealing study,

Biochemistry 27(1988) 7620-7629.

19 - Hultmark, D., Engstrém, A., Andersson, K., Steiner, H., Bennich, H. & Boman, H.G.,
Insect immunity: Attacins a family of antibactericidal proteins from Hyalophora Cecropia,

EMBO J. 2 (1983) 571-576.



22
20 - Hwang P.M., Vogel H.J., Structure-function relationships of antimicrobial peptides,

Biochem. Cell Biol. 76 (1998) 235-246.

21 - lzadi-Pruneyre N., Wolff N., Redeker C., Wandersman C., Delepierre M., Lecroisey, A.,
NMR studies of the C-terminal secretion signal of the heme-binding protein HasA, Eur. J.

Biochem. 261 (1999) 562-568.

22 - Keifer P.A., Baltusis L., Rice D.M., Tymiak A.A., Shoolery J.N., A comparison of NMR
spectra obtained for solid-phase-synthesis resins using conventional high-resolution, magic-
angle-spinning, and high-resolution magic-angle-spinning probes, J. Magn. Reson. series A

119 (1996) 65-75.

23 — Kaolter R., Moreno F., Genetics of ribosomally synthesized peptides antibiotics, Annu.

Rev. Microbiol. 46 (1992) 141-163.

24 —Yin Y., Zhang F., Ling V., Arrowsmith C.H., Structural analysis and comparison of the
C-terminal transport signal domains of hemolysin A and leucotoxin A, FEBS Letters 366

(1995) 1-5.

25 - Louis J.M., Martin R.G., Clore G.M., Gronenborn A.M., Preparation of uniformly
isotope-labelled DNA oligonucleotides for NMR spectrocopy, Journal of Biogical Chemistry

273 (1987) 2374-2378.



23
26 — Markley J.L., Observation of histidine residues in proteins by means of NMR

spectroscopy, Acc. Chem. Res. 8 (1975) 70-80.

27 - Mayer M., Meyer B., Characterization of ligand binding by saturation transfer difference

NMR spectroscopy, Angew. Chem. Int. 38 (1999) 1784-1788.

28 - Milligan J.F., Groebe D.R., Witherell G.W., Uhlenbeck O.C., Oligoribonucleotide
synthesis using T7 RNA polymerase and synthetic DNA templates, Nucleic Acids Research

15 (1987) 8783-8798.

29 - Nikonowicz E.P., Pardi A., Three-dimensional heteronuclear NMR studies of RNA,

Nature 355 (1992) 184-186.

30 - Novoa M.A., Diaz-Guerra L., Moreno F., San Millan J.L., Cloning and mapping of the
genetic determinants for microcin C7 production and immunity, J. Bacteriol. 171 (1989)

2906-2908.

31 - Olson D.L., Peck T.L., Webb A.G., Magin R.L., Sweedler, J.V., High resolution
microcoil *H-NMR for mass-limited, nanoliter-volume samples, Sciences 270 (1995) 1967-

1970.

32 - Pelton J.G., Torchia D.A., Meadow N.D., Roseman S., Tautomeric states of the active-

site histidines of phosphorylated and unphosphorylated IHIGLC, a signal-transducing protein



24
from Escherichia coli, using two-dimensional heteronuclear NMR techniques, Protein Science

2 (1993) 543-558.

33 - Pervushin K., Riek R., Wider G., Wiithrich K., Attenuated T, relaxation by mutual
cancellation of dipole-dipole coupling and chemical shift anisotropy indicates an avenue to
NMR structures of very large biological macromolecules in solution, Proc. Natl. Acad. Sci.

USA 94 (1997) 12366-12371.

34 - Prestegard J.H., New techniques in structural NMR — anisotropic interactions, Nature

Struct. Biol. 5 (1998) 517-522.

35 - Riek R., Wider G., Pervushin K., Withrich K., Polarization transfer by cross-correlated
relaxation in solution NMR with very large proteins, Proc. Natl. Acad. Sci. USA 96 (1999)

4918-4923.

36 — Rodriguez M.C., Zamudio F., Torres J.A., Gonzalez-Ceron L., Possani L.D., Rodriguez
M.H., Effect of a cecropin-like synthetic peptide (Shiva-3) on the sporogenic development of

plasmodium berghei, Exp. Parasitol. 80 (1995) 596-604.

37 — Russell D.J., Hadden C.E., Martin G.E., Gibson A.A., Zens A.P., Carolan J.L., A
comparison of inverse-detection heteronuclear NMR performance: conventional vs cryogenic

microprobe performance, J. Nat. Prod. 63 (2000) 1047-1049.



25
38 - Steiner H., Secondary structure of the cecropins: antibacterial peptides from the moth

Hyalophora cecropia, FEBS Letters 137 (1982) 283-287.

39 — Vincent S.J., Zwahlen C., Post C.B., Burgner J.W., Bodenhausen G., The conformation
of NAD+ bound to lactate dehydrogenase determined by nuclear magnetic resonance with

suppression of spin diffusion, Proc. Natl. Acad. Sci. USA 94 (1997) 4383-4388.

40 - Wandersman C., Protein and peptide secretion by ABC exporters, Res. Microbiol. 149

(1998) 163-170.

41 - Wishart D.S., Sykes B.D. & Richards, F.M., The Chemical Shift Index: a fast and simple
method for assignment of protein secondary structure through NMR spectroscopy,

Biochemistry 31 (1992) 1647-1651.

42 - Wolff N., Ghigo J-M., Delepelaire P., Wandersman C., Delepierre, M., C-terminal
Secretion Signal of an Erwinia chrysanthemi Protease Secreted by a Signal Peptide-
Independent Pathway: Proton NMR and CD Conformational Studies in Menbrane-Mimetic

Environments, Biochemistry 33 (1994) 6792-6801.

43 - Wolff N., Delepelaire P., Ghigo J-M, Delepierre M., Spectroscopic studies of the C-

terminal secretion signal of the Serratia marcesens haem acquisition protein HasA in various

membrane mimetic environments, Eur. J. Biochem. 243 (1997) 400-407.

44 - Withrich K., NMR of proteins and nucleic acids, (1986) Wiley-Interscience.



26



