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INTRODUCTION
The last few years have seen a quantum jump
both in the size and accuracy of protein structures
that can be solved by NMR.l These newest advances
in the field are following right on the heels of the
earlier development of NMR techniques for threedimensional structure d e t e r m i n a t i ~ nresulting
~.~
in
a substantial number of solution structures of small
proteins over of the last decade. Currently it is possible to determine the structures of proteins up to
the 15-25 kDa range at a resolution comparable to
2 A resolution crystal structure^.^ This perspective
aims at highlighting where current and future developments are taking place, both in the technological arena and in regard to applications to the biological sciences.
LARGER PROTEINS
The power of NMR for structure determination
over other spectroscopic techniques results from the
fact that every proton gives rise to an individual
resonance in the spectrum which can be resolved
and identified by higher dimensional (i.e., 2D, 3D,
and 4D) techniques. The measurement of nuclear
Overhauser effects (NOES) between any of these
protons yields distance restraints, which in conjunction with experimentally determined torsion angle
restraints permit the calculation of three-dimensional structures using one or more of a number of
algorithm^.^,^,^ The final high resolution solution
structures are usually derived in an iterative fashion, starting with a low resolution structure based
on a subset of the experimental restraints and subsequent incorporation of all data, resolving possible
ambiguities step by step.
The conventional 20 NMR-based sequential assignment meth~dology',~
which has been applied so
successfully to proteins of less than 100 residues
breaks down for larger proteins.' The spectral complexity is such that 2D experiments no longer suffice, and it is essential to increase the spectral resolution by increasing the dimensionality of the
spectra. In some cases it is still possible to apply
basically the same strategy as previously employed
in 2D experiments, but using heteronuclear (15N or
0 1994 WILEY-LISS, INC. *This article is a US Government
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of America.

13C) edited 3D experiments to increase the spectral
resolution. In many cases, however, numerous ambiguities still remain and it is necessary to adopt a
sequential assignment strategy based solely on well
defined heteronuclear scalar c o ~ p l i n g sThese
.~
experiments are now commonly used for spectral assignment of proteins above the 15 kDa range with a
28-kDa protein currently (June 1994) setting the
record.*,' While initially time consuming, it is now
possible t o decrease the time requirement for 3D experiments considerably, using pulse field gradients
to eliminate undesired coherence transfer pathway~.~
While the panoply of 3D heteronuclear experiments is sufficient for the purposes of spectral assignment, yet further increases in resolution are
required for the reliable identification of NOE
through-space interactions. The resolving power of
4D heteronuclear-edited NOE spectroscopy is the essential feature for studying larger proteins, with 4D
13C-15N and 13C-13C edited NOESY spectra becoming more and more indispensable for the determination of high quality structures.
BETTER STRUCTURES
The quality of the final NMR protein structure
increases as the number of restraints increase.llJ2
This progression in coordinate precision can be
clearly appreciated from a comparison of early NMR
structures, calculated with ca. 7 restraints per residue and an average atomic root-mean-square deviation (rmsd) of individual structures about the mean
of 1.5 A for backbone atoms and state of the art
structures calculated with ca. 20 restraints per residue exhibiting rmsd values of 0.4 A for the backbone atoms. Efforts to increase the precision and accuracy of NMR structures have taken different
routes: more accurate interproton distance restraints derived from relaxation matrix analysis of
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NOE intensities have been a d v ~ c a t e d , ’direct
~ , ~ ~refinement against NOE intensities has been proposed,15 but, most importantly, maximizing the
number of structurally useful interproton distance
and torsion angle restraints, even if they are specified as loose ranges, will result in improved structures.12 We therefore have the means to determine
high resolution, high quality solution structures by
N M R , albeit not in an easy and quick fashion. It is
necessary to extract all the small NOES in order to
increase the number of restraints, in particular
those that are at or just above the noise level and
may be easily obscured by artifacts. This is a painstaking task and some people may opt for the more
readily obtainable lower resolution structures. A
good rule of thumb for assessing the quality of an
NMR structure is to examine the number of restraints per residue; if the structure was calculated
on the basis of 16 or more restraints per residue, it is
most likely that a high quality structure will have
been obtained. There is, however, no guarantee and
additional measures, such as an NMR R,,, value in
intensity based refinernentl6 or complete cross validation (free R factor),17should be examined.

JOINT X-RAY AND NMR REFINEMENT
It is clear from the preceding discussion that NMR
stands side by side with X-ray crystallography for
determining high resolution structures of small to
medium sized proteins. Recently a new method has
been developed in which the NMR and X-ray data
are combined and used simultaneously in the structure refinement.” It was shown that a model can
readily be generated from a joint NMWX-ray refinement which is compatible with the data from both
techniques.
The implications of the joint NMR/X-ray refinement method to structural biology are of considerable significance. In particular, the full potential
and future use of the method will be for structure
determinations of multidomain proteins, for which
only low resolution X-ray data for the entire protein
are available but for which detailed structural information may be obtained by NMR on the individual domains. Using the joint X-ray/NMRrefinement
approach in such cases will open the way to the
study of proteins which may otherwise never be
structurally accessible by either of the two methods
alone.
PARTIALLY FOLDED OR
DENATURED PROTEINS
Interest in the structural characterization of denatured or partially folded states of proteins has increased substantially over the last few years. In part
this increased attention stems from the necessity to
describe the folding pathways of proteins as completely as possible, i.e., to determine the number,
the order, and properties of kinetic folding interme-

diates. The development of pulsed hydrogen exchange NMR1’,’’ has led t o the detection and characterization of folding intermediates and partially
folded states for a variety of proteins,21 and important contributions with regard to time constants,
structure, and stability, as well as to the question of
sequential versus parallel pathways have been
made by NMR. In addition, attempts at describing
the structural features of unfolded proteins are becoming successful. Pockets of residual structure
have been identified in denatured protein^^^,^^ (as
defined by other spectroscopic techniques, such as
circular dichroism or fluorescence spectroscopy),
suggesting that the “denatured’ state may not be a
truly random state. More progress in this area will
most certainly be forthcoming, given the fact that
resonance assignments for “denatured’ proteins23
can be achieved using labeled proteins and the
above mentioned heteronuclear, multidimensional
techniques which have proven so successful in
studying larger proteins.

PROTEIN DYNAMICS
It is a long recognized fact that NMR spectroscopy
is ideally suited to study dynamic processes. Given
the notion that protein function is intrinsically
linked to protein mobility, any data related t o the
rates and amplitudes of internal motions in proteins
enhances our understanding of proteins, both at the
fundamental physical level with regard to the analysis of atomic motions, as well as in assessing
whether certain motions interfere or enhance particular biological functions. The measurement of
heteronuclear spin relaxation rates has yielded information about backbone dynamics for a number of
proteins, exploiting the availability of 15N-labeled
protein^.^^,^^ In order to extract similar information
about side chain motions, 13C relaxation measurements are necessary. In principle, such measurements can be carried out for uniformly 13C-labeled
proteins, if care is taken to avoid complications from
carbon-+arbon couplings or cross-correlation. A final challenge will be to interpret all the extracted
relaxation parameters in terms of a physical model
for the underlying motions, eventually leading to a
match between the experimentally observed motions and those predicted by molecular dynamics
simulations. It seems reasonable to expect that
progress in that area will be forthcoming in the next
few years.
TECHNOLOGICAL ADVANCES
At present most NMR laboratories engaged in
structural and dynamic studies of proteins utilize
spectrometers with operating frequencies of 500 and
600 MHz for protons. Higher field spectrometers are
just becoming available, with 750 MHz instruments
offered and under installation by commercial manufacturers. Quests for Gigaherz spectrometers are

275

FUTURE DIRECTIONS

ongoing in the United States at the National High
Magnetic Field Laboratory and a t Battelle, Pacific
North West Laboratories. These higher field instruments will increase the resolution and sensitivity of
NMR spectroscopy, so that submillimolar samples
will become amenable to structural investigations.
Likewise, the number of observable NOEs (and
therefore structural restraints) for a given protein
sample will no doubt increase with increased sensitivity, allowing even better structures t o be determined by NMR. In addition, pulsed field gradient
technology shows considerable impact in solvent signal and artifact supression" as well as coherence
order selection,27rendering heteronuclear 3D experiments less time consuming and more sensitive.
Advances in hardware are being paralleled by
progress in data acquisition, as well as processing
and interpretation software. Software development
is fuelled by the demands created by the plethora of
different multidimensional experiments, enormously increased data sizes, and more complicated
processing schemes. Alternatives to fast Fourier
transforms such as Bayesian analysis, maximum
entropy reconstruction, and linear prediction have
been proposed. Likewise schemes for automated resonance and NOE assignments are becoming available. This latter, however, is presently still an area
where user expertise is the most valuable commodity and some user intervention will probably always
be necessary.

CONCLUDING REMARKS
The recent development of a whole range of highly
sensitive multidimensional heteronuclear edited
and filtered NMR experiments has revolutionized
the field of protein structure determination by
NMR. Proteins and protein complexes in the 20 kDa
range are now amenable to detailed structure analysis in solution, and current methods can probably
be extended to systems even up to 40 kDa providing
that they are well behaved from an NMR perspective. Nevertheless, despite these advances, it should
always be borne in mind that there are a number of
key requirements that have to be satisfied to permit
a successful structure determination of larger proteins and protein complexes by NMR. The protein in
hand must be soluble and should not aggregate up to
concentrations of about 1 mM, it must be stable at
room temperature or slightly higher for considerable time periods, it should not exhibit significant
conformational heterogeneity that could result in
extensive line broadening, and finally it must be
amenable to uniform 15N and 13C labeling. At the
present time there are only a few examples in the
literature of proteins in the 15-25 kDa range that
have been solved by multidimensional heteronuclear NMR spectroscopy. One can anticipate, however, that over the next few years, by widespread
use of multidimensional heteronuclear experiments

coupled with semiautomated assignment procedures, many more NMR structures of proteins and
protein-ligand complexes will become available.
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