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ABSTRACT
The role of NMR in structural genomics is outlined, with particular
emphasis on using protein domains as targets. Strategies for
domain expression, characterization, and labeling are presented.

Introduction
The goal of structural genomics is to accelerate protein
structure determination, thus obtaining structural ex-
amples for all protein folds. In principle, this should allow
a reasonable structural model to be constructed for any
gene sequence, thus giving insight into gene function.

As will be apparent from other articles in this volume,
the majority of currently funded projects and consortia
(http://www.x12c.nsls.bnl.gov/StrGen.htm) concentrate
on developing and refining techniques for high-through-
put structure determination. Although the majority of
these centers contain an NMR component, the main
investment has been in X-ray crystallography. Exist-
ing high-throughput methodologies for seleno-labeling
recombinant proteins, automated crystallization, data
collection, and processing can yield structures very quickly,
provided that protein and suitable crystals can be ob-
tained. NMR is not expected to be able to compete with
this productivity rate, especially for larger proteins. Sur-
prisingly, perhaps, preliminary reports from structural
genomics pilot studies indicate that the success rate of
“gene to structure” is, so far, very similar for both
methods.1,2 With both techniques, the current success rate
is low, with only about 20% of expressed genes producing
structures. This success rate is likely to improve as the
targets, constructs, and their expression conditions are
refined.

In this article we will very briefly review the role of NMR
in structural genomics projects and consider potential new
technologies that should improve the rate of NMR struc-
ture determination. Such new technologies are likely to
have a significant impact on a range of research efforts,

not just on structural genomics. In addition to structure
determination, there will be a growing need to relate
structure to protein function.3 For these studies, NMR will
almost certainly play an increasingly important role,
especially where protein dynamics and interactions be-
tween a variety of macromolecules and ligands are
important.

Targets in Structural Genomics
A key issue in structural genomics is the choice of suitable
target proteins for study. This is likely to develop from
simple approaches that exploit readily expressed proteins
from a particular genome (“low-lying fruit”), to systematic
attempts to obtain examples of all structural families
identified by sequence comparisons, regardless of the
genome source.4 The absolute number of structures
determined will become less important than the “cover-
age” of protein fold space. Combined with homology
modeling, good coverage will give low-resolution struc-
tures of most proteins in the various genomes. This is an
attractive and achievable milestone on the road to a
complete “structural map” but has limited value in the
design of new drugs, where the high-resolution structure
of a specific target, e.g., enzyme or receptor, is required.

Most current projects avoid proteins regarded as having
little chance of success. The most obvious example of this
category is intrinsic membrane proteins that comprise a
large fraction of most genomes. Success rates in mem-
brane protein structure determination have significantly
improved in recent years.5 One of the key problems is
expression of sufficient quantities of these proteins for
structural studies. The Japanese structural genomics
project is addressing this particular problem by in vitro
expression of membrane proteins in the presence of
detergents, but such an approach requires extensive
screening. It is worth noting that NMR can be used
effectively for the structure determination of some trans-
membrane proteins in both detergent6 and the solid
phase.7

Since the first structural genomics projects were es-
tablished, targeting has been refined from simply ac-
cumulating structures for all identified open reading
frames (ORFs) to a more systematic approach. Most pro-
teins are constructed from identifiable domains or mod-
ules (a subset of protein domains that have a contiguous
amino acid sequence). These domains are tabulated in
InterPro (http://www.ebi.ac.uk/interpro/index.html), a
sophisticated domain database, constructed in 2001
from various earlier databases, including PFAM, SMART,
PROSITE, TIGRFAMs, and SWISS-PROT. The current
release of InterPro contains 5312 entries, representing
1177 domains in 4028 families (InterPro release 5.2, Sept
2002). Such a database is a convenient starting point for
a coordinated, cross-genome approach to cover confor-
mational space.4 Of the SWISS-PROT protein sequences,
85% have one or more hits in InterPro, and it is estimated
that domains currently identified account for around 25%

David Staunton received both of his degrees (M.A. in 1985 and D.Phil. in 1988)
from the University of Oxford. He is currently a postdoctoral fellow in Iain
Campbell’s group at Oxford, developing new expression systems.

Jo Owen received a B.Sc. degree in biology from the University of York in 1995,
and then moved to Oxford to work in the pharmaceutical industry on chemokine
receptors. She is currently studying for a D.Phil. in biochemistry at the University
of Oxford in Iain Campbell’s group.

Iain Campbell received a B.Sc. (1963) and Ph.D. (1967) from the University of St.
Andrews. He is currently Professor of Structural Biology at the University of
Oxford.

Acc. Chem. Res. 2003, 36, 207-214

10.1021/ar010119s CCC: $25.00  2003 American Chemical Society VOL. 36, NO. 3, 2003 / ACCOUNTS OF CHEMICAL RESEARCH 207
Published on Web 12/07/2002



of ORFs. Assuming that 30% sequence homology is
required for a reasonable model to be generated from a
structure, it has been calculated that 90% coverage of all
the sequences in the PFAM database could be accurately
modeled from 50 000 selected structures.4 A simplified
approach would be to generate structures for all of the
domains identified so far, giving a database on which to
build. New databases are being set up that will fa-
cilitate this approach. A recent example is SUPERFAMILY,8

which is based on SCOP (http://scop.mrc-lmb.cam.ac.uk/
scop/), a structural domain-based classification of protein
folds.

Sequence comparisons alone can fail to identify pro-
teins that have the same folding patterns. This is likely to
result in domain families being amalgamated as their
structural characteristics are identified. There are numer-
ous examples of this sort; a typical example is the
ribosome anti-association factor IF6,9 whose structure was
recently generated by a structural genomics group. This
was found to have a fold identical to an existing protein
structure,10 although no identity was found at the se-
quence level.11 While this did not produce a novel fold,
the new structure still provides the basis for homology
modeling for related sequences; in other words, the
databases of sequence and structure will become more
and more powerful as new information is added.

A domain-targeted approach has obvious advantages
for NMR, as the size of the protein targets can be reduced
to individual modules of 100-200 amino acids, well within
the size limitations of the technique.12

The Role of NMR
NMR relies on the property that some atomic nuclei,
including 1H, 15N, and 13C, can be made to resonate in a
static magnetic field by applying radio frequency radiation.
The NMR “resonances” are very sensitive to the electronic
environment around the nuclei (a property known as
chemical shift) and have fine structure or “spin-spin
coupling” which arises from interactions between nuclei.
Chemical shift and spin-spin coupling result in an NMR
spectrum that is characteristic for a particular molecule.
The method has high enough resolution to distinguish
identical groups in a macromolecule; for example, a small
protein with five alanines will give five different methyl
side-chain resonances. By detecting dipolar interactions,
or nuclear Overhauser effects (NOEs) between protons,
distance information between specific atoms in a protein
can be obtained. The main method used to determine
structures of proteins in solution is to calculate families
of structures consistent with a set of NOE restraints13 (see
also the section, “Assignment and Structure Calculation”,
below). NMR studies are limited by protein size, since the
width of the resonances increases (and hence the resolu-
tion decreases) with molecular weight, and assignment
of an observed resonance to a particular chemical group
eventually becomes impossible due to spectral overlap.
The main advantage of NMR over other structural meth-
ods is that the protein is studied in aqueous solution and

avoids the requirement for crystals. For these reasons,
NMR has a number of key roles to play in structural
genomics.

Since NMR is a solution-state method, it is relatively
easy to explore a range of solution conditions (pH,
temperature, salts) to find optimum conditions for data
collection. Early characterization of the folding and solu-
tion behavior of proteins reduces time and effort spent
on constructs that will not give viable spectra. Circular
dichroism and calorimetry have also been used to char-
acterize the fold of protein constructs from high-through-
put systems, but these results are not always consistent
with their NMR spectra.1 Some groups now routinely label
with 15N to facilitate the collection of 2D 15N-1H spectra.
Such spectra are a powerful diagnostic tool for detecting
a well-behaved, folded protein.2

Sensitive modern NMR spectrometers can allow a 2D
spectrum to be obtained from a 50 µM sample in 10 min,
giving an efficient screen for suitable samples.14 Crystal-
lization trials and initial diffraction data represent a
comparable process, but this can take from hours to
months before successful samples can be identified. Since
one of the fundamental requirements for crystallization
is good solution properties, this type of screen can also
be used to assess suitable solution conditions for crystal-
lization trials.

Another important role is the ability of NMR to screen
for flexible proteins or proteins with flexible regions.
Dunker and co-workers have analyzed several known
genomic sequences. Using a computer algorithm, they
predict that 7-33% of bacterial proteins are unfolded; for
higher organisms, the same analysis yields the astonishing
prediction that 36-63% of eukaryotic proteins are un-
folded.15 Dyson and Wright have pointed out that the
coupling of protein folding with binding may have sig-
nificant biological advantages, especially in multicellular
organisms.16 Significant fractions of expressed proteins in
a structural genomic program may thus be unfolded, and
therefore will not crystallize in the absence of their
biological binding partner. As mentioned above, simple
inspection of NMR spectra can determine if a protein
contains extensive regions that are unfolded. More so-
phisticated analysis can be carried out using relaxation
and heteronuclear NOE measurements to detect flexible
regions.

The ability of NMR to generate coordinates of a family
of protein structures consistent with the experimental data
is now well established.13 About 2500 NMR structures have
been deposited in the Protein Data Bank. In the best cases,
this can lead to protein structures with resolution com-
parable to X-ray structures, but generally the structures
are of lower quality, although there is scope for improve-
ment.17 A recent analysis of protein structures showed that
structures determined by NMR had a higher proportion
of disorder than those determined by X-ray crystal-
lography, suggesting that NMR is more applicable to these
proteins due to their reluctance to crystallize. This is
supported by the lack of corresponding high-resolution
crystal structures for these NMR structures.18
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As already mentioned, the size of macromolecule that
can be studied by NMR is limited by spectral line width
and overlap. Although structures up to 40 kDa can be
determined by NMR,19 relatively rapid de novo structure
determination, which requires well-resolved spectra for
easy assignment, is currently restricted to systems of less
than about 20 kDa. This means that the NMR approach
is restricted to a subset of genes encoding proteins of less
than about 200 amino acids. If the targets were defined
as the products of ORFs, NMR would thus be directly
applicable to less than a quarter of microbial genomes
and a much smaller proportion for higher organisms.

NMR has, however, an obvious role in the structural
analysis of modules from proteins for which structure
determination of the whole protein is unfeasible. Many
of these modules are of suitable size for study, and this
laboratory has used this approach for a number of
years.12,20 A recent example is the dumpy protein from D.
melanogaster. This 2.5 MDa extracellular protein mostly
consists of contiguous repeats of an EGF-DPY-EGF unit.
While the structure of EGF domains is well characterized,
that of the 21 amino acid DPY repeat was unknown.
Structure determination by NMR revealed the module to
have a compact fold consisting of a 310 helix and an
antiparallel â-sheet with two conserved disulfide bridges
forming the module core. Knowledge of this structure
allows a simple model of the EGF-DPY-EGF repeat to be
constructed and the structure of the whole protein to be
inferred as a fibrous molecule at least 0.8 µm in length.21

This example illustrates the fact that, for small domains,
NMR is an efficient route to obtaining coordinates and
structural insight.

Even when a protein structure is determined by X-ray
crystallography, there may be regions and domains that
remain undefined. An interesting example of a crystal
structure of a protein complex containing a module of
unknown structure is that of the extracellular segment of
integrin RVâ3.22 The â chain contains a PSI domain (so
called after three of the better-characterized families in
which it exists: plexins, semaphorins, and integrins) at
its amino terminus. Most of the â subunit structure is well
resolved, but the PSI region has no coordinates due to
poorly defined electron density, which is suggestive of a
relatively disordered domain. Therefore, such a module
would be an ideal candidate for an NMR study, although
the integrin PSI domain would probably not be selected,
as it has an uneven number of cysteine residues which
may result in incorrect disulfide bond formation and
aggregation during refolding. However, the PSI domain
homology is well documented,23 and the domain in a
molecule such as C21orf3 (a membrane protein of un-
known function), which contains eight cysteine residues,
would be a much better target for NMR.24

Another key role of NMR is in screening for ligand
interactions. The method is now used widely in the
pharmaceutical industry25,26 to detect the binding of small
molecules to macromolecular receptors. NMR is also good
at detecting protein-protein interactions, and specific
interaction sites can be mapped on the protein structure.

Methods used for this mapping include induced chemical
shift differences, reduction of hydrogen exchange rates,
or, more recently, sophisticated cross-relaxation methods
that allow large complexes to be studied using isotope
labeling strategies including complete deuteration.27,28

NMR is also complementary to other coordinate-
generating tools. It can be used to compare the solution-
state behavior of proteins versus their behavior in the
crystal. While there is no longer any doubt that the
coordinates obtained from crystallography provide a valid
starting point for understanding protein function, there
are cases where crystal contacts can cause local distortions
or restrictions in domain movements. An example is the
9F3-10F3 domain pair from fibronectin that has been
studied both by crystallography29 and by NMR,30,31 where
the integrin-binding RGD sequence is rigid in the crystal
structure but flexible in solution. Another recent elegant
example is a study of calmodulin using residual dipolar
coupling measurements. NMR clearly showed significant
conformational flexibility within each of the two Ca2+

binding domains and deviations of the average structure
from that detected by crystallography.32 NMR thus has a
role to play in complementing the crystallographic view
of protein structure.

These examples also illustrate another advantage of
NMR in its ability to investigate local and global dynamics
in a protein. Relaxation methods can be used to detect
motion over a wide range of time scales. These methods
are largely independent of structural information. It is
becoming increasingly clear that the dynamic properties
of proteins are important for a wide range of functions,
including catalysis, binding, and protein stability.33-35 In
cases where proteins are constructed from a number of
domains, relative changes in domain orientation may play
an essential role in regulation of protein function and
mechanism. NMR is again likely to play a key role in
detecting and characterizing domain movements relative
to one another.18,36

What Needs To Be Made Better?
The prospects are that structural genomics initiatives will
lead to significantly improved methodology. Some areas
where improvements are expected are outlined below.

(a) NMR Methodology. The technical limitations of
NMR arise mainly from lack of resolution and poor signal-
to-noise ratio. Since NMR spectra contain many thou-
sands of peaks, there is also a problem assigning these
peaks to individual chemical groups in the protein. The
first commercial instruments in the 1950s operated at a
1H frequency of around 40 MHz. Since then, there has
been a steady increase in the strength of the static field
(Bo) in which the sample is placed, and 900 MHz instru-
ments have recently been introduced. Higher fields lead
directly to better resolution: the line width stays the same
to first order, but the chemical shift increases; the signal-
to-noise ratio also increases with Bo, roughly following a
(Bo)7/4 law.37 Other interesting effects arise at high fields,
including an increase in chemical shift anisotropy. Line
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width contributions (relaxation) generally arise from both
dipolar (D) and chemical shift anisotropy (CSA) effects.
In a doublet, e.g., arising from 15N-1H spin-spin coupling,
the line width of one of the two components is dominated
by the sum of D and CSA, while in the other it is
dominated by the difference in D and CSA. This results
in one of the doublet components being relatively narrow
at high fields, because of cancellation; the optimum effect
on resolution is predicted to occur around 1000 MHz.
Powerful tools, such as TROSY, have been developed to
exploit this effect;38 these can be very useful, especially in
large complexes where one component (e.g., a protein
module) is selectively labeled with isotopes. Other meth-
ods being explored to enhance resolution include the
encapsulation of proteins in inverted micelles in low-
viscosity solvents.39 This leads to relatively rapid tumbling
in solution and narrower lines.

One of the major problems with NMR is low sensitivity
(signal-to-noise ratio). This means that data collection can
take several days. Spectrometer sensitivity has improved
greatly over the years, with increasing the field strength
and improved electronics and resonators. A relatively new
development is to cool the resonator in the sample probes
to very low temperatures (∼10 K) (the sample is still
studied at ambient temperature, unlike cryogenic crystal-
lography studies). This approach was first applied in the
1980s,40 but cryoprobes are now commercially available,
and their use can lead to a significant reduction in data
collection time.41

(b) Assignment and Structure Calculation. Spectral
assignment is usually the rate-limiting step in NMR
structure determination. Sophisticated pulse sequences
tailored to study isotopically labeled samples (15N, 13C, and
2H) have greatly enhanced the resolving power and the
ability to assign backbone and side chain resonances,
since scalar coupling pathways can be traced through
bonds.42 Many groups have sought to automate the
assignment process.43,44 While there are still some prob-
lems with difficult spectra, these automation procedures
are expected to become increasingly effective, especially
under the pressure of global structural genomics efforts,
where the number of spectra that require assignment will
overwhelm traditional “hands-on” methodology.

NMR structure determination methods that were de-
veloped in the 1980s depend on short-range distance
information.13 The “traditional” method mainly involves
assigning a large number of 1H-1H NOEs and calculating
families of structures consistent with restraints that
include NOEs, torsion angles, and inferred H-bonds.
Additional restraints have been added in recent years,
including those derived from chemical shifts and confor-
mational database analysis, automated iterative assign-
ment of NOEs, and long-range H-bonds. Particularly
important recent additions are experiments that provide
information about relatively long-range order in a macro-
molecule.45 This information can be derived from analysis,
either of residual dipolar couplings (RDCs), introduced by
partial alignment of the protein studied,46 or by measure-
ment of T1/T2 ratios of isotopically labeled resonances.47

Long-range information is particularly valuable when
dealing with modular proteins36 because the short-range
information between domains is often minimal and
interdomain flexibility is common.

In addition to experimental restraints, there is scope
for improving procedures for calculating structures from
these restraints. One of the most powerful methods is
simulated annealing, which finds a global minimum of a
target function. Energy barriers are overcome by raising
the temperature of the system, followed by slow cooling
while exploring conformational space using molecular
dynamics (MD). The MD simulations can be carried out
in Cartesian coordinates space or torsion angle space.
These procedures will continue to be improved.48

Since traditional NMR structure determination meth-
ods remain relatively slow and tedious, alternative ap-
proaches are being sought to obtain information rapidly.
Part of the rationale is that a relatively low-resolution view
of a protein fold would still be valuable for some aspects
of structural genomics (see, e.g., ref 18). One recent
example involved collection of a single set of triple-
resonance data from 15N,13C-labeled samples in isotropic
and liquid crystalline media. This yielded not only assign-
ments but also structural information that included 13C-
1H dipolar couplings and deviations from random coil
shifts.49 This allowed good representations of the sub-
structures of ubiquitin and calmoldulin to be obtained.
There seems to be little doubt that this kind of approach
can be extended significantly.

(c) Protein Expression. The requirement for stable
proteins with good solution behavior is common to both
X-ray crystallography and NMR techniques. NMR has the
additional requirements for growth in minimal media to
allow efficient and economical isotope labeling throughout
the protein molecule. In practical terms, this limits the
protein expression systems to Escherichia coli and yeast.
For high throughput, the homologous recombination
required for the yeast expression (e.g., Pichia pastoris)
makes it relatively slow, although its success with disulfide
bond-containing proteins makes it an attractive fall-back
system for targets that fail during the first round of
expression. Through the use of these systems, sample
production and purification is no longer the rate-limiting
step in NMR experiments, but we still rely on finding a
few suitably behaved samples from a large number of
initial targets. The low success rate going from constructs
to well-formed crystals and NMR samples in some of the
preliminary structural genomics projects suggests that this
is common, even when the targets have been selected for
stability (thermophiles), with difficult ones excluded. While
acceptable in a research environment where projects
require only a few well-behaved samples, this is un-
acceptable when such selection could result in unrepre-
sentative families of proteins becoming the majority of
structures determined. This may only become apparent
as the structures from such projects become available.

Optimization of Constructs. Once a sample has been
generated, it often requires fine-tuning, involving changes
in protein sequence and length before an optimum can
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be reached. This requires a repetition of the subcloning,
expression, and purification, which is tedious and time-
consuming but often essential for success. It is possible
to use proteolytic degradation and mass spectrometry to
identify the appropriate domain termini of NMR samples,
but this is still a reiteration process that does not translate
easily to a high-throughput format.

Our experience with domains suggests that inter-
domain interactions can make significant contributions
to module stability and hence expression.50 Since it is very
important to choose the correct domain boundary for a
given target module, multiple overlapping constructs
should be made as a matter of course to provide a library
from which proteins can be selected, using various
screens, such as NMR. An example of this approach is the
analysis of EGF domains of fibulin-1, an extracellular
matrix protein, where binding sites for fibronectin and
other ligands are localized to the C-terminal array of EGF
modules.51 EGF domains 4-7 were expressed as a range
of domain combinations in order to select the best
fragments for study. This proved fruitful, as fragments EGF
4/5 and 5/6 produced 1D NMR indicative of folded protein
with â-strand components as expected, but EGF 4/5/6
exhibited a poorly dispersed 1D spectrum suggesting an
unfolded structure (Figure 1). An additional benefit is that
the bank of overlapping fragments can be analyzed for
functional properties, such as ligand binding, allowing
binding sites to be mapped to particular domains.

Development of in Vitro Expression. Another major
problem with high-throughput protein expression is the
jump from the microliter volumes of the DNA/construct
level to the liters required for expression fermentations.
This produces a physical bottleneck, where the 96-well
plate format has to be sacrificed to cope with the 1000-
fold increase in volume early in the procedure. In vitro or
cell-free expression systems have been used for over 40
years to identify the protein products of mRNA and DNA.
However, their usefulness was limited by the depletion
of essential components, leading to a halt in protein
production after 1-2 h. In 1988, Spirin and co-workers
described a bioreactor in which a supply of amino acids
and high-energy substrates increased reaction times and
yields,52 but it was not until recently that these yields were
developed to levels (mg/mL) suitable for structural stud-
ies.53

The main attraction of in vitro expression for high-
throughput screening is that constructs and conditions
can be explored in batch reactions of less than 100 µL,
allowing a 96-well format to be used. The yields of both
soluble and insoluble protein are followed by [35S]me-
thionine or [14C]leucine incorporation, until optimized.
The successful batch reactions can then be scaled up to
the milliliter level in a semicontinuous batch reaction, in
which the expression system is supplied with reagents
from a reservoir through a dialysis membrane.54 This
extends the life of the reaction to more than 12 h and the
protein yield to the milligrams required for NMR sample
preparation or crystallization trials. Another advantage of
this open system is that the amino acids are chosen by

the researcher; isotopic labeling can thus be specific to
particular amino acids. Examples where this approach has
distinct advantages are the incorporation of Leu and Val
with protonated methyl groups into an otherwise com-
pletely deuterated protein 55 or incorporation of amino
acids synthesized with specific isotope labels.56 Artificially
charged suppressor tRNAs can also be used to label
specific positions in the protein sequence.54,57 This ap-
proach will become increasingly valuable as targets ex-
pand to include proteins with post-translational modifi-
cations (e.g., γ-carboxyglutamic acid), since these can be
introduced during translation. The system does not readily
allow the formation of disulfide bonds, but there is the
potential to make rapid progress in this area.

Intein Technology. Although modern NMR methods can
be used to study protein complexes of 50 kDa or more,
the interpretation of these data is still limited by the
complexity of the spectra. One way of reducing complexity
would be to limit the isotopic labeling to a fragment of
the protein under study. The utilization of inteins for
protein ligation now allows isotopically labeled peptides

FIGURE 1. Example of protein construct screening to identify
samples suitable for NMR. (A) Schematic of fibulin-1A, the shortest
of four alternatively spliced isoforms comprising of an N-terminal
signal sequence (dark blue), three complement repeat domains (light
blue), and an EGF-adjoining segment (red) followed by nine
consecutive EGF-like domains (green). (B) The complementary range
of eight EGF domain constructs that were designed. (C-E) 1D NMR
of EGF 4/5 fragment (C), EGF 5/6 (D), and EGF 4/5/6 (E) at pH 6.8, 30
°C. EGF 4/5 and 5/6 were selected as suitable for structural studies
on the basis of dispersion, upfield shifts, and aliphatic region peaks
indicative of â-sheets.
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and proteins to be joined through peptide bonds to
unlabeled proteins. Inteins are naturally occurring motifs
that are excised from precursor proteins, and the two
remaining fragments or exteins are then ligated through
a normal peptide bond. In this way, a protein can be
rebuilt to have an isotopically labeled fragment at either
end of the sequence.58 Two approaches have been taken
for this methodology. In the first, a fragmented or split
intein is used to trans-splice peptides or proteins ex-
pressed as fusions with N- or C-terminal portions of the
intein.59 In the second, an intein fusion protein is used in
conjunction with a suitable thiol to generate a stable
thioester of the recombinant protein. This thioester can
then react with a suitable peptide or protein. A limitation
of both techniques is that the proteins must be able to
withstand prolonged exposure to extreme conditions,
denaturing in the first and reducing in the second.

Despite these limitations, both techniques have been
used to generate contiguous proteins from three poly-
peptide segments.60,61 Otomo and co-workers used two
inteins, PI-pfuI and PI-pfuII from Pyrococcus furiosus, to
create maltose-binding protein (370 residues) from three
segments (residues 1-100, 101-238, and 239-370). The
ligation junctions were selected for flexibility and exposure
and were therefore located in exposed loops. By using
individually 15N-labeled segments, 15N-1H HSQC spectra
were obtained for each of the segments in the whole MBP.
Comparison of uniformly labeled MBP with the signals
from the segmental labeled proteins indicated very little
perturbation of the spectra, except for those due to extra
residues inserted at the joints (Figure 2). By combining
intein ligation and the “library” approach described
earlier, it may be possible to analyze proteins in 100

overlapping labeled amino acid segments in a relatively
routine way. This would greatly simplify the resulting
spectra and their automated assignment.

Conclusion
The quality of NMR spectrometers, like X-ray crystal-
lography technology, has improved significantly in the
past two decades. To meet the challenges of post-genomic
research, this trend will continue; improvements in as-
sociated technologies, such as automated spectral assign-
ment and structure calculation procedures, are also
expected. Structural genomics is encouraging the NMR
community to reassess techniques and procedures in
order to speed up structure determination and functional
analysis. It is likely that new protocols for engineering and
producing samples, for example, in vitro and intein
technology specifically tailored to the requirements of
NMR experiments, will have a major impact.

While the main emphasis of projects around the world
is on structure determination by X-ray crystallography, the
complementary properties of NMR will make a contribu-
tion in a variety of ways. The established role of NMR in
the structure determination of small proteins and modules
and those that are unsuitable for crystallography will
continue, especially since the proportion of proteins in
the genomes that do not crystallize, due to flexibility, may
be quite high. Sample screening by NMR has significant
advantages for the early selection of constructs suitable
for structure determination. Information obtained about
protein dynamics and ligand-binding partners from NMR
will also be increasingly important as the research em-
phasis moves from structure determination to function.
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