
Protein Structure Determination in Solution by 
Nuclear Magnetic Resonance Spectroscopy 

Knowledge of three-dimensional protein structures is one 
of the foundations of protein design and protein engi- 
neering. Nuclear magnetic resonance spectroscopy was 
recently introduced as a second method for protein struc- 
ture determination, in addition to the well-established 
diffraction techniques with protein single crystals. This 
new approach enables one to carry out detailed structural 
studies of proteins in solution and other noncrystalline 
states, which may be similar or identical to the physiologi- 
cal environment, and promises new insights into rhe 
dynamics of protein molecules and the protein-folding 
problem. 

G ENETIC ENGINEERS W H O  ARE DESIGNING PROTEINS WITH 

new or improved functional properties must rely primarily 
on knowledge of relations between three-dimensional (3D) 

structure and functions of natural proteins. This constraint is readily 
appreciated if one considers that there are 20" different sequences 
for a polypeptide chain with n amino acid residues, which virtually 
rules out systematic screening of polypeptides produced with 
recombinant techniques or chemical synthesis as a strategy for the 
design of new or improved proteins. However, the scarcity of data 
on protein conformations is a major bottleneck in the progress of 
protein engineering. Although the amino acid sequences are known 
for many thousand different proteins, only -400 3D protein 
structures are available, and at most 10% of these are at high 
resolution. Furthermore, until recently all detailed structural infor- 
mation was obtained from protein single crystals with diffraction 
techniques (1, 2). In this article I survey a new method for protein 
structure determination that uses nuclear magnetic resonance 
(NMR) spectroscopy for data collection in solution and distance 
geometry for the structural analysis of the NMR data (3, 4). 

The introduction of NMR as a second method for the determina- 
tion of protein structures will help to increase the number of known 
protein structures. However, it is also of more fundamental interest, 
because it provides data that are in many ways complementary to 
those obtained from x-ray crystallography. Its use thus promises to 
give a better grasp of the relations between structure and function in 
protein molecules. The complementarity of the two methods results 
from the facts that the time scales of the two types of measurements 
are widely different (1, 3) and that, in contrast to the need to grow 
single crystals for diffraction studies, the NMR measurements use 
proteins in solution or other noncrystalline states. 
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Survey of the Method 
In present practice, the data for protein structure determination 

are collected by performing 2D NMR experiments (3, 5 ) .  The 
spectra of prime importance for work with proteins contain an array 
of diagonal peaks in the 2D frequency plane (Fig. l), with ol = w2, 

which display the chemical shift positions of the resonance lines and 
resemble the conventional 1D spectrum. In addition, there are a 
large number of cross peaks with q2 f cp2. Through simple geomet- 
ric patterns, each cross peak establishes a correlation between two 
diagonal peaks, as indicated in Fig. 1 for the cross peaks labeled i, j, 
and k. For example, in 2D nuclear Overhauser enhancement spec- 
troscopy (NOESY), the cross peaks represent nuclear Overhauser 

Fig. 1. Proton NOESY spectrum of the protein basic pancreatic trypsin 
inhibitor. The spectrum was recorded at a Larmor frequency of 500 MHz. A 
contour plot is shown, with the two frequency axes w, and w,. Three cross 
peaks are marked i, j ,  and k and are connected by horizontal and vertical lines 
with the diagonal positions of the protons related by the corresponding 
NOES. The straight line on the left of the spectrum represents an extended 
polypeptide chain. The chain termini are identified by N and C, and four 
protons are identified by circles and the letters a to d. The broken arrows 
connect these protons with their diagonal peaks. Below the spectrum three 
circular structures formed by the polypeptide chain, which are manifested by 
the NOESY cross peaks, i, j, and k (see test), are schematically represented. 
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identification of the secondary structure (Fig. 3).  For the determina- 
tion of the complete tertiary protein structure (Fig. 4) mathematical 
techniques have been developed, in particular, distance geometry 
algorithms (9-13). These methods consider the observed NOE 
distance constraints (Fig. 1) and supplementary conformational 
constraints from other NiMR experiments in a computer search for 
those protein conformations that are compatible with all of the 
experimental measurements and the steric constraints imposed by 
the covalent polypeptide structure (3, 14). 

Fig. 3. Secondary structurc of the DNA-binding domain 1 to 51 of the 
Biherichiu coli lac repressor determined by NMR spectroscopy in aqueous 
solution. The one-letter abbreviations for the amino acid residues are: A, 
Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; I<, Lys; L, Leu; 
M, Met; N, Asn; P, Pro; Q, Gln; R, hrg; S, Ser; T, Thr; V, Val; PIT, Trp; 
and Y, Tyr. The locations of three a-helical segments are indicated below the 
amino acid sequence (37). 

effects (NOE) and indicate that the protons corresponding to the 
two correlated diagonal peaks are separated by 0nl!7 a short distance, 
sav, less than 5.0 A. In 2D correlated spectroscopv (COSY) the 
crbss peaks represent scalar spin-spin couplings. For a protein, a 
COSY cross peak thus indicates that the protons corresponding to 
the two correlated diagonal peaks are in the same amino acid 
residue, where they are separated by at most three chemical bonds. 

A large number of different 2D NhfR experiments yielding 
COSY-type through-bond 'H-'H connectivities are available, for 
example, relayed coherence transfer spectroscopy, multiple-quantum 
filtered COSY, multiple-quanntm spectroscopy, or total correlation 
spectroscopy (TOCSY) (3, 5). Using a suitable selection of three to 
six of these experiments in combination with NOESY or a related 
experiment for-studies of through-space interactions, one can usual- 
ly obtain a complete or nearly complete delineation of the 'H-'H 
connectivities in a protein. With these experimental data the struc- 
ture determinationis pursued as outlined-in Fig. 2. In practice one 
needs the liberty of going back and forth between the three distinct 
steps of Fig. 2 in several c!7cles of improvement and completion of 
the structure determination. 

At the outset, sequence-specific resonance assignments must be 
obtained (6); that is, for all the protons in the polypeptide chain the 
corresponding diagonal peaks must be identified, as illustrated in 
Fig. 1 for the four protons a, b, c, and d. One achieves this result by 
combined analysis of COSY-type and NOESY-type experiments, 
using the sequential resonance assignment technique (3, 7). Once 
resonance assignments are available for all or nearly all of the 
protons, one starts to collect the data needed as input for the 
determination of the 3D structure. Each NOESY cross peak then 
indicates that nvo protons in known locations along the polypeptide 
chain are separated by a distance of less than approximately 5.0 A in 
the protein. Because the overall length of the extended polypeptide 
chain of a protein is several hundred angstroms, the NOES may thus 
impose stringent constraints on the polypeptide conformation. Such 
constraints are illustrated at the bottom of Fig. 1 by the information 
contained in the three NOESY cross peaks i, j ,  and k; the presence 
of cross peak i in the spectrum shows that the distance between 
Drotons a and d must be short. and hence the chain must for111 a 
large circular structure. Similarly, cross peaks j and k manifest the 
formation of smaller circular structures. Interpretations of these data 
can be based on empirical recognition of patterns of such circular 
structures corresponding to those expected for the common second- 
ary structure elements in proteins (3, X), which results m the 

Historical Background 
The NMR method for protein structure determination is of 

recent origin, and the first complete structure of a globular protein 
in solution was reported only in 1985 (15). In general, the 
development of the method was closely linked with that of NMR 
instrumentation and NMR methodology, in particular the intro- 
duction of superconducting high-field magnets, the development of 
1D and 2D Fourier transform NiMR spectroscopy (5), and the use 
of ever more powerhl computers for data accumulation, storage, 
and processing. More specifically, the introduction of NOE experi- 
ments making possible the measurement of 'H-'H distances in 
macromolecules (16) and the development of an efficient technique 
for obtaining sequence-specific assignments of the many hundred to 
several thousand NMR lines in a protein (6, 7, 17) were the decisive 
steps leading to the method for structure determination outlined in 
the preceding section. The potential power of NMR for elucidating 
biopolymer conformations had long before been anticipated (18), 
but prior to the introduction of the sequential resonance assignment 
technique (7, 17) the situation was similar to that of protein 
crpstallography before the successful application of the heavy-atom 
derivative technique for solving the phase problem (1). 

Because the information obtained from NMR experiments is 
fundamentally different from x-ray cystal diffraction data, for which 
techniques for protein structure determination and refinement have 
long been available (I) ,  new procedures for the structural interpreta- 
tion of NMR data with proteins had to be developed. These 
techniques are based on relations between intramolecular proton- 
proton distances and the molecular conformation, and include 
empirical model building with molecular models or computer 
graphics (8, 19), distance geometry algorithms (11-13) and, more 

Fig. 4. Stereoview of the 3D structure of the protein Tendamistat deter- 
mined from NMR measurements in aqueous solution (one of the conform- 
ers in Fig. 8A is shown). All bonds connecting hcay  atoms are drawn for 
residues 5 to 73 (32). The complete molecule contains 74 amino acid 
residues and has a molecular weight of 8000. 
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Fig. 5. Example of a constraint from Distance wnstralntr: of sequence-specific resonance assignments and the 3D solution 
'H NOESY measurements used as WESY d.,<4.0 A structure, NMR studies of these dynamic processes can now be 
input for protein structure c d d -  van der Waals d,,+2.0 A 
tions. The upper limit or the distance analyzed in much greater detail (4,  which promises to add new 
between proteins i and j, dU, derived Allowed distance range dimensions to the overall characterization of protein molecules. 
firom 'H-'H NOES may have d&r- UMd input for diStanW geometry: 
ent values, depending on the quality 2.0Ae dy<4.0A 
of the experimental data (see text). 
TIIC lower limit cornponds to the ofthc atomic COX adii (11-13) and NMR Measwements, Distance Geometry, and 
may difer slightly from 2.0 & depending on the atoms to which the Protein Solution Smw- 
hydrogens are bound. 

The conformational constraints used as input for distance geome- 
recently, computational techniques such as molecular dynamics (20) try calculations of a protein structure result primarily from NOE 
and an ellipsoid algorithm (21). Distance geometry, which is a long- experiments, usually NOESY (Fig. 1). To appreciate the fbrmat of 
established branch of mathematical research (9), is at present most the data used (Fig. 5), one must understand that quantitative 
important among these different procedures. Starting around 1975 distance measurements are intrinsically di5cult, because the ob- 
it was already being applied in model studies on the reconstruction served NOES depend not only on the proton-proton distances r but 
of folded protein molecules from intramolecular distances (lo), but also on the e M v e  rotational correlation times T, (3, 5) 
fbr use in structure determinations from NMR data new demands 1 
had to be met with quite formidable requirements fbr data storage NOE - -AT,) (6 (1) 
and computing capacity (1 1-14). 

NMR experiments fbr proton-proton distance measurements in The correlation function AT,) accounts for the influence of motional 
proteins (16), the sequential assignment technique (17, and 3D averaging processes on the NOE. These are governed by the 
polypeptide structure determination by NMR and distance goome- combined effects of the overall rotational molecular motions, which 
try (1 1) had all been developed and applied before 2D NMR or 3D depend on the size and shape of the protein and on intramolecular 
NMR experiments were ready for the relevant measurements with motions. Thus 7, may vary for different locations in a protein 
proteins (22). However, tidl realization of the method was achieved molecule (3), and much care must be exercised in quantitative 
only with the greatly improved resolution and e5aency afforded by assessments of the relative distances between different pairs of 
2D NMR spectroscopy (3, 5). It was of great practical importance protons from the corresponding NOE intensities. In addition, there 
that immediately after the fundamental work on 2D NMR by Ernst are experimental limitations on the accuracy of NOE measurements, 
and co-workers in 1975 (23), work was begun to adapt existing 2D and it is di5cult to d u d e  the possibility that individual NO& 
NMR experiments and to develop special new techniques for use might be quenched by competitive relaxation processes, such as the 
with biomacmmolecules (24). influence of traces of paramagnetic metal ions. Overall, it follows 

that reliable estimates of the lower bounds 'H-'H distances 
corresponding to given, measured NOE intensities are di5cult. In 

Information &om NMR with Proteins contrast, upper bounds on 'H-'H distances can s&ly be established 
from NOE measurements, and for dynamic molecular structures one 

With the use of the NMR method of Figs. 1 and 2, complete 3D 
smctum (Fig. 4) have so far been determined for proteins with 
molecular weights up to 10,000 (3). This size limit will soon reach 
20,000 and with the additional use of isotope labding (3,25) it may 
reach molecular weights in the range of 30,000 to 40,000. A large 
hction of the naturally occurring polypeptides and proteins are 
thus amenable to structure determination by NMR. The remaining 
sections of this article are devoted to discussions on the general 
characteristics and the precision of 3D protein structures determined 
by NMR. 

In addition to the determination of the 3D structure by NMR, 
further infbrmation may be gained from the data, in that high- 
resolution NMR spectra are a highly sensitive test of the purity of a 
protein preparation (26). The sequential resonance assignment 
procedure attbrds a check on the amino acid composition and the 
amino acid sequence determined by chemical methods (3, 7), and 
fbr several proteins the published sequences had to be modified in 
light of the NMR data (27). With little additional work the 
sequential 'H NMR assignments lead to a description of the 
polypeptide secondary structure (3,8), which is more detailed and 
precise than secondary structure determinations obtained by predic- 
tion algorithms or by optical spectroscopic techniques (Fig. 3). 
Because all of these data can be obtained &ciently, they might 
conceivably serve also for product control in the prpduction of 
proteins by recombinant techniques or chemical synthesis. 

It had long been recognized that conformational transitions, 
denaturation, and internal mobility in proteins are manifested in the 
NMR spectra and the NMR is also a powerhl tool fbr studies of 
intermolecular interactions with proteins (18). With the availability 

can also take into account that the apparent distances manifested in 
the NO& correspond to a time average (Eq. 1) (1 1). On the basis of 
these considerations, only upper limits on the 'H-'H distances are 

Fig. 6. (A and 6) Snapshots from two distance geometry calculations of the 
ptein Tendamistat with the togram DISMAN (13). Both calculations 
used the same NMR input kt a r e n t  randomly generated starting 
structurrs. Ydlow-green: stardng suuctutes; blue: intermediate state of the 
structure calculations [target size 20; see (13)l; red: final results of the 
calculations; only the bonds hkmg the backbone atoms N, C", and C' have 
bccn drawn (32). 
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derived from the NMR experiments, and the input for the structure 
calculations consist of an allowed distance range bounded by this 
upper limit and a lower limit equal to the sum of the van der Waals 
radii of the two protons (Fig. 5). 

For short-range conndvities between protons separated by not 
more than three single bonds in the chemical structure, that is, 
intraresidual and sequential distances (3), the NOE intensities are 
translated into corresponding upper bounds, typically in steps of 
2.5, 3.0, and 4.0 A. For longer range conndvities, a predeter- 
mined upper limit, usually 4.0 or 5.0 A depending on the protein 
and the urperimenml conditions used, is applied. Unless stereospe- 
&c assignments were obtained, in particular fbr the p methylene 
groups in amino add side chains and the isopropyl groups of valine 
and leucine, correction factors fbr the use of pseudoatoms must be 
added to the upper limits on distances to prochid groups of 
protons (28). The resulting allowed distance ranges may then be as 
large as from 2.0 to 9.8 A. Supplementary confbrmational con- 
straints, for example, from spin-spin coupling constants, are repre- 
sented in the input by similar allowed ranges, which account fbr the 
limited accuracy of the measurements (3). 

Distance geometry algorithms can be used to obtain the Cartesian 
coordinates of spatial molecular structures that are consistent with a 
predetermined set of intramolecular, interatomic distances (9, 10). 
To this end such algorithms iden* the confbrmations 

which are consistent with the inequality 

where LU and Uu are lower and upper bounds, respectively, on the 
Euclidian distance Iri - 91 between the points ri and ri, and N is the 
number of points (or atoms) in the system studied. The problem 
described by inequality 3 may alternatively be expressed in the fbrm 
of an error function, which can then be minimized. In the process of 
this conversion of distance information into Cartesian coordinates, 
one inevitably encounters the problem of local minima (29). Metric 
matrix methods (10-12) and a variable target function method in 
dihedral angle space (13, 14) have been implemented in the search 
for protein confbrmations obeying inequality 3, and the energy 
functions in molecular dynamics programs have been supplemented 
with terms representing the constraints expressed by inequality 3 
(20). These three methods have been independentl tested and the Y results compared (12, 13,20). For this comparison, H-'H distances 
were measured in protein crystal stnunws and translated into 
NMR-type distance constraints (Fig. 5). The protein structures 
computed with the different algorithms from these simulated input 
data were then compared with the aystal structure from which the 
input had been derived and to each other. The result was, overall, 
that a aystal structure could be faithtdy reproduced with the use of 
any of these methods, demonstrating that protein structures can be 
uniquely solved by NMR data (Fig. 5). Furthermore, it fbllowed 
that the struaures obtained are largely independent of the mathe- 
mtical techniques used for the structural interpretation of the 
NMR data. Similar tests were subsequently repeated with experi- 
m t a l  NMR data used as the input (30, 31). Two facets of the 
d t s  obtained are particularly noteworthy. First, the overall 
dimensions of the protein structures are well defined, although the 
NMR measurements arc limited to short distances compared with 
the diameter of a protein. Second, as a result of the concerted 
influence of a large number of constraints, the determination of the 
atom coordinates in the computed protein struaures is much more 

than the individual constraints (Fig. 5). As an illustration, 
Figs. 6 to 8 [which were prepared with the program CONFOR 
(19)] exemplify some salient points of a protein structure computa- 

tion from NMR data. [The distance geometry program DISMAN 
(13) was used with an experimental input of almost 1000 conforma- 
tional constraints for Tendamistat (Fig. 4) (4, 32).] 

A protein structure determinationjom NMR data uses randomly selected 
starting conditions. In a DISMAN calculation, fbr example, the 
starting polypeptide conformation (yellow-green structures in Fig. 
6) is obtained by randomiz,ing the dihedral angles about the single 
bonds. Under the influence of the experimental constraints, the 
variable target function method used in DISMAN then adjusts this 
conformation through variation of the dihedral angles, whereby it 
first satisfies the local constraints and gradually considers also 
constraints acting on longer segments of the polypeptide chain. 
Snapshots of three stages in this optimization procedure are dis- 
played in Fig. 6A. In Fig. 6B a second calculation is shown that used 
the same NMR input but a dXerent, randomly generated starting 
structure. 

Convergence of a structure calculation is judgedjom the residual constraint 
violations. At any target size of a DISMAN calculation, the fit of the 
calculated structure to the experimental constraints is evaluated by 
an error function representing the residual constraint violations. 
When the target size reaches the entire polypeptide chain, the 
structure calculation is stopped at a p&ermined value of the error 
function. In Fig. 7 are shown the residual violations of NOE 
distance constraints (Fig. 5) in the final Tendamistat structure of 
Fig. 6A. The red lines are in the direction of the constraints, and 
their lengths represent the extent of the violations. All of the residual 
violations in Fig. 7 are short compared to a C-C bond length. Thus 
Fig. 6A represents a successful structure calculation, and the red 
drawing represents a good solution to the geometric problem of 
hding a 3D arrangement of the linear polypeptide chain that 
satisfies all of the experimental constraints. 

Theprecision of the structure detetmination is evaluatedjom comparison of 
a group of con>men that are calculatedjom the same experimental data but 
that use dt&ent starting conditions. The result of a single distance 
geometry calculation (Fig. 6A) represents one structure that is 
compatible with the NMR experiments, but it cannot tdl whether 
this solution is unique. Thus the calculation is repeated with 

Fig. 7. The Tendamistat 
smrnve obtained as the 
solution of the distance 
gcomcay calculation in 
Fig. 6A is shown with 
bluc lines, where only 
the polypeptide back- 
bone and the C1=0 and 
C-0 bonds are drawn. 
The red lines indicate the 
direction of NOE dis- 
tance constraints, and 
their lengths represent 
the residual violations of 
the eqmimental con- 
straints at the time when 
the calculation was 
stopped. Some red lines 
appear to lie outside of 
the structure because the 
side chains are not 
shown. 
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different starting conditions (Fig. 6B). For each calculation, conver- 
gence is judged by the residual constraint violations (Fig. 7), and all 
satisfictory solutions are included in a group of conformers repre- 
senting the structure of the protein. The final result of a structure 
determiniation is commonly presented as a superposition of the 
individual distance geometry solutions for pairwise minimum root 
mean square deviations (RMSDs) relative to a predetermined 
conformer. In Fig. 8 a superposition is shown of nine DISMAN 
solutions for Tendamistat. The entire polypeptide backbone is 
shown (Fig. 8A), as well as two short polypeptide segments 
complete with all amino acid side chains (Fig. 8, B and C). All nine 
structures are similar, have nearly the same overall dimensions, and 
contain the same secondary structure. The precision of the structure 
determination, as reflected by the dispersion among the nine 
structures, varies along the polypeptide chain, both for the backbone 
and for the amino acid side chains. The same type of structure 
presentation is obtained if in place of DISMAN a metric matrix 
distance geometry algorithm, such as DISGEO (4), is used (3, 11, 12, 
15). 

The individual conformers obtained as the solutions of the 
distance geometry calculations generally contain some dose inter- 
atomic Contacts and correspondingly high conformational energies. 
Evidence obtained so far indicates that by subsequent application of 
a suitable energy minhkation routine low-energy structures are 
obtained that have nearly the same molecular geometry as the 
distance geometry solutions (3, 15, 20, 33). 

Protein Dynamics and Precision of Structure 
Determbtions by NMR 

A measure for the precision of a structure determination by NMR 
is the average of thi pairwise RMSDs among a group of distance 
geometry solutions. For Tendamistat (Fig. 8), these numbers are 
0.85,1.04, and 1.53 A for the polypeptide backbone, the backbone 
and the interior amino acid side chains. and all heaw atoms. 
respectively. These numbers, and the resulk in Fig. 8, inkcate thi 
&rent molecular regions have sigtllficantly different local 
RMSDs. In particular, the interior side chains are nearly as well 
determined as the backbone, whereas increased disorder is indicated 
for the surface side chains. For the polypeptide backbone, increased 
disorder is seen at the amino terminus on the extreme left, and at the 
top of the structure in Fig. 8A. Comparison of Fig. 8B (an interior 
loop) and Fig. 8C (the loop at the top of the molecule in Fig. 8A) 
illustrates different degrees of precision in side chain structure - 
determination. 

Technically speaking, the spread among the different individual 
distance geometry solutions (Fig. 8) occurs because the experimen- 
tal input consists of allowed distance ranges (Fig. 5) rather than 
exact distances, and because there may be only a few constraints for 
some areas of the molecule. [Test calculations showed that groups of - - 
nearlv identical solutions would result from similar calculations with 
corndlete sets of more accurate distance constraints (12, 13).] 
Nonetheless, the structure determinations are more precise than the 
individual input constraints (Fig. 5). To better rationalize this 
dt, one should consider that the lower limit given in Fig. 5 is 
largely hypothetical, because the steric constraints imposed by the 
heavy atoms to which the protons are bound generally prevent a - . - 
very-dose approach of the 6vo protons. 

Knowledge about internal mobility of proteins at ~ b i e n t  tem- 
perature is one of the reasons for the conservative interpretation of 
NOES in terms of upper bounds on distances (Fig. 5) (3, 11). 
Although possible effects of internal dynamics have thus been 
allowed for, there are no straightfbrward relations between the 

variations of the local RMSDs across the protein molecule (Fig. 8) 
and intramolecular motions. For example, on the protein surface the 
number of NOE constraints per residue is on average smaller than in 
the interior of the molecule, which also atfects the results of the 
calculations. The relations between the local RMSDs, static structur- 
al disorder, and dynamic disorder are an interesting theme for 
continued research. 

Conclusions and Outlook 
Tendamistat is presently the most precisely determined solution 

structure of a (32); and its crysd stru& was independent- 
ly determined (34). For the polypeptide backbone and the interior 
side chains, the Tendamistat structures in solution and in the crystals 
are nearlv the same: for these   arts of the molecule the  recision of 
the NMR structure' in soluti4 is comparable to the reked crystal 
structure at 2.0 A resolution (35). The structural disorder reflected 
by the local RMSDs along the polypeptide backbone (Fig. 8A) 
mimics faithfidly the corresponding information from the tempera- 
ture factors in the crystal structure. Significant structural differences 
occur near the protein surfice, and generally the increase of structur- 
al disorder ne& the surface relative to the core of the molecule is 
more pronounced in solution than in the crystal structure. Similar 
observations were made with other globular proteins, but there ate 
also polypeptide chains where the structures in solution and in the 
crystals were found to be different, for example, the polypeptide 
hormone glucagon and the metal-rich protein metallothionein (36). 
The NMR method for  rotei in structure determination is a valuable 
complement to crystal &ucture determination. The efficiency of the 
method should be considerably improved by at least partial automa- 
tion. Practical use seems ensured not only in academic institutions 

Fig. a s- OfnincDIS- 
MANJolutioasfwthc- 
OfT~'Ihcnincam- 
folnmswac . fw 
- R M s D m p r -  - conforma (32)- (A) 
Entire polypepddc cham wlth 
~ I m 7 4 . O n t y t h c b e d r -  
b o n c ~ N , @ , d C ' u c  
shown. (6 and C) Peptide seg- 
mplts9m12and58to67.Thc 
complete wruauRs uc shown 

polar residues in ycllaw, basic 
midm in bhug and acidic mi- 

in red. 
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but also by NMR groups established in conjunction with the 
protein engineering projects of a number of industrial enterprises. 

Besides the practical applications for protein structure determina- 
tion, the NMR methodology outlined in this article promises to 
provide new insights into different fundamental aspects of the 
physical and structural chemistry of biopolymers. Attractive topics 
are more detailed characterization of protein surfaces in solution and 
the internal dynamics of proteins, investigations relating to the 
protein-folding problem, and studies of intermolecular interactions 
with proteins, in particular in protein-DNA complexes. 
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