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Protein Structure Determination in Solution by
Nuclear Magnetic Resonance Spectroscopy

Kurt WUTHRICH

Knowledge of three-dimensional protein structures is one
of the foundatons 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 our detailed structural
studics of proteins in solution and other noncrystalline
states, which may be similar or identical to the physiologi-
cal environment, and promises new insights into the
dynamics of protein molecules and the protein-folding
problem. '

ENETIC ENGINEERS WHO ARE DESIGNING PROTEINS WITH

new or improved functional properties must relv primarily

on knowledge of relations between three-dimensional (3D)
structure and funcrions of natural proteins. This constraine ts readily
appreciated if one considers thar there are 20" different sequences
for a polypepride chain with n amine acid residues, which virtually
rules out systematic screening of polypeptides produced with
recombinant techniques or chemical svathesis as a sirategy 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 arc available, and ar most 10% of these are ar high
resolution. Furthermore, until recently all derailed structural infor-
mation was obrained from protein single crvstals with diffraction
techniques {1, 2). In this article I survev a new method for protein
structure  derermination 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 prorein structures will help o increase the number of known
protein structures. Flowever, it is also of more fundamental interest,
because it provides data thar are in many ways complemenrary to
those obrained from x-rav crystallography. Its use thus promises to
give a berter grasp of the relations berween strucrure and function in
protein molecules, The complementarity of the two methods results
from the facts that the time scales of the twoe ovpes of measurements
arc widely different (1, 3) and that, in contrast 1o the need to grow
single crystals for diffraction studies, the NMR measurements use
protcins in sofution or other noncrystailine states.

The author is professor of biophysics at the Eidgenéssische Technische Hochschule,
Honggerberg, CH-8093 Ziirich, Switzerland.
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Survey of the Method

In present practice, the data for protein structure derermination
are collected by performing 2D NMR experiments (3, ). The @
spectra of prime imporrance for work with proteins contain an array <@
of diagonal peaks in the 2D frequency plane (Fig. 1), with w| = w,, 8
which dispiay the chemical shift positions of the resonance lines and
resemble the conventional 1D spectrum. In addition, there are 2
large number of cross peaks with ¢, # ;. Through simple geomer-
ric parterns, each cross peak establishes a correlation berween two &
diagonal peaks, as indicared in Fig. 1 for the cross peaks labeled 4, j, 8
and k. For example, in 2D nuclear Overhauser enhancement spec- 4
roscopy {INOESY), the cross peaks represent nuclear Overhauser

NC

Fig. 1. Proton NOESY spectrum of the protein basic pancreatic uypsig
inhibitar. The spectrum was recorded at a Larmor frequency of 500 MHz. 4
contour plot is shown, with the two frcqucnc_v axes w, and wa. Thl:tc cl
peaks are marked «, ;, and k and are connected by horizonral and vertical linel
with the diagonal positions of the protons refated by the correspond
NOEs. The straight line on the left of the spectrum represents an exter
polypeptide cham. The chan termini are identified bv N and C, and
protons ar¢ identificd by circles and the letters a ro d. The broken 2
connecr these protons wich their diagonal peaks. Below the spectrum &
circular structures formed by the polypeptide chain, which are manifested !
the NOESY cross peaks, i, J, and k (see text), are schematicaily TCPF‘:S‘"

o

ARTICLES 4




Fig. 2. Survey of a prorein Protein confurmaﬁ.o.n by NMR: .
structure determination bv 1. Sequence-specific resonance assignments
NMR. 2. Collect constraints (NOE - d = 5.0 AY

— Secondary structure by pattern recognition

—+ Tertiary structure by distance geometry

3. Structure refinements

1 10 20 30 40 50
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WO L) 009

Flg. 3. Secondary structure of the DXNA-binding domain 1 10 3] of the
Escherichia coli lac repressor determined by NMR spectroscopy in agueous
solution. The one-letter abbreviations for the amino acid residues are: A,
Ala; C, Cys; D, Asp; E. Glu; F, Phe; G, Gh; H. His: 1. lie; K. Lvs; L, Leu;
M, Met; N, Asn; D, P'ro: Q. Gin: R, Arg; S. Ser; T. Thr, V., Val; W, Trp:
and Y. Tvz. 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 only a short distance,
say, less than 5.0 A. In 2D correiated spectroscopy (COSY) the
cross peaks represent scalar spin-spin couplings. For a protein, a
COSY cross peak thus indicares thar the pratons corresponding to
the wo correlated diagonal peaks are 1n the same amino acid
residue, where thev are separated by ar most three chemical bonds.

A large number of different 2D NMR experiments vielding
COSY-tvpe through-bond 'H-"H connectivities are availabie, for
example, relaved coherence rransfer spectroscopy., multipie-quantum
filtered COSY. multiple-quantum Spectroscopy, or total correlation
spectroscopy {TOCSY') <3, 51, 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 usial-
iv obtain a compleic or nearly complete delineation of the 'H-'H
connectivities in a prorein. With these experimental data the struc-
ture determination is pursued as outlined in Fig. 2. In practice one
needs the liberty of going back and forth benween the three distinct
steps of Fig. 2 1n several cveles of improvement and compierion of
the structure determination.

At the ousser. sequence-specific resonance assignments masst be
obtained (6); that is. for all the protons in the polvpeptide chain the
corresponding diagonal peaks must be identified, as illustrated in
Fig. 1 for the four protons a, b, ¢, and d. One achieves this result by
combined analvsis of COSY-tvpe and NOESY-tvpe experiments,
using the sequential resonance assignment technique (3, 7). Once
fesonance assignments are available for all or nearly all of the
protons, one starts 1o collect the dara needed as mnput for the
determination of the 3D structure, Each NOESY cross peak then
indicates that rwo protons in known locations along the polvpeptide
chain are separated by a distance of Jess than approximatel 3.0 A in
the prozein. Because the overall length of the exrended polvpeptide
chain of a protein 1s several hundred angstroms, the NOEs mav thus
Impose stringent constraints on the polvpeptide conformarion. Such
constraints are iJlustrated at the bottom of Fig, 1 by the information
contained in the three NOESY cross peaks i, ;. and &: the presence
of cross peak ¢ in the spectrum shows thar the distance between
Protons z and d must be short, and hence the chain must form a
large circular strucrure. Similarlv, cross peaks j and & manifest the
formation of smalier circujar structures. Interprerations of these dara
¢an be based on empirical recogmuon of patterns of such circular
Structures corresponding 1o those expected for the common second-
ANV structure elements in proteins (3, &), which results in the
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identification of the secondary structure (¥ig. 3). For the determina-
ton of the complete rertiary protein structure {Fig. 4) mathematical
techniques have been developed, in particuiar, distance geometrv
algorithms {9-13). These methods consider the observed NOE
distance constraints (Fig. 1) and supplementarv conformational
constraints from other NMR experiments in a compurer search for
those protein conformations that are compatible with al! of the
experimental measurements and the steric constraints imposed by
the covalent polypepride structure (3, 14).

Historical Background

The NMR method for protein structure determination Is of
recent origin, and the first complere strucrure of 2 globular protein
i solution was reporred only in 1985 (15). In general, the
deveiopment of the method was closeiv linked with thar of NMR
instrumentation and NMR methodology, in particular the intro-
duction of superconducting high-field magnets, the development of
1D and 2D Fourier transform NMR spectroscopy (5), and the use
of ever more powerful computers for dara accumulation, storage,
and processing. More specifically, the inroduction of NOE experi-
ments making possible the measurement of 'H_'H distances in
macromolecules (16) and the development of an efficient techmque
for obtaining sequence-specific assignments of the many hundred o
several thousand NMR lines in a protein (6, 7, 17) were the decisive
steps leading to the method for strucnure dererminarion outlined in
the preceding section. The potential power of NMR for elucidating
biopolvmer conformarions had long before been anticipated (18).
but prior to the introduction of the sequential resonance assignment
technique (7, 17) the simation was similar to that of protein
crvstallography before the successful application of the heavv-atom
dervarive technique for solving the phase problem (7).

Because the information obtained from NMR experiments is
fundamentally different from x-ray crvstal diffraction dara. for which
techniques for protein structure determination and refinement have
long been available (1), new procedures for the structural Interpreta-
ton of NMR data with proteins had to be developed. These
techniques are based on relations berween intramolecular proton-
proton distances and the molecular conformarion, and include
empirical model building with molecular models or computer
graphics (&, 19, distance geometry algorithms (171-13) and, more

Fig. 4. Stereoview of the 3D structure of the protein Tendamistar deter-
muned from NMR measurements in aqueous solution {one of the conform-
ers in Fig. 8A 15 shown). All bonds connecting heavy atoms are drawn for
residues 3 1o 73 (32). The complere motecule conzams 74 amino acid
residues and has a molecular weight of 8000,
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NOESY dy<d.0 A
van der Waals dy>2.0 A

'H NOESY measurements used as
input for protein structure caloyla-
tions. The upper limut or the distance
berween protetns J and f, 4y, dertved
from 'H-"H NOEs may have differ-
ent values, depending on the quality
of the cxperimental dara (see rexe).
The lower limit corresponds to the sum of the atortic core radi {11-13) and
may differ slighdy from 2.0 A, depending on the atoms to which the
hydrogens are bound.

Allowed distance range
used as input for distance geometry;

20A<d,<2.04A

recently, computational techniques such as molecular dvnamics {20)
and an ellipsoid algorithm (21). Distance geometry, which is a long-
established branch of mathematical research (9), is ar present most
important among these different procedures. Starting around 1975
it was already being apptlicd in model studies on the reconstruction
of folded proeein molecuies from intramolecular distances (10, but
for use in structure determinations from NMR data new demands
had to be met with quite formidable requirements for daca storage
and computing capacity (11-14).

NMR experiments for proton-proton distance measurements in
proteins (16), the sequential assignment technique (17), and 3D
polypeptide structure determination by NMR and distance geome-
try (11) had all been developed and applied before 2D NMR or 3D
NMR experiments were ready for the relevane measurements wich
proteins (22). However, full realization of the method was achieved
only with the greatly improved resolution and efficiency afforded by
2D NMR spectroscopy (3, 7). It was of great practicai impaortance
that immediately after the fundamental work on 2D NMR by Ernst
and co-workers in 1975 (23), work was begun to adapt existing 2D
NMR experiments and to develop special new techniques for use
with biomacromolecules (24),

Information from NMR. with Proteins

With the usc of the NMR method of Figs. 1 and 2, complete 3D
structures (Fig. 4) have so far been determmed for proteins with
molecular weights up to 10,000 (3). This size limic will soon reach
20,000 and with the additionai use of isotope labeling (3, 25) it may
reach molecular weights in the range of 30,000 to 40,000, A large
traction of the naturallv occurring polvpeptides and proteins are
thus amenable to structure determination by NMR. The rematning
secttons of this article are devoted to discussions on the gencral
characteristics and the precision of 3D protein structures determined
by NMR.

In additon to the determination of the 3D strucrure by NMR,
further information 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 affords a check on the amino acid composition and the
amino acid sequence determined by chemical methods (3, 7), and
for several proteins the published sequences had to be modified in
light of the NMR data (27). With licle additional work the
sequential 'H NMR assignments lead to a description of the
polvpeprtide secondary structure (3, 8}, which is more derailed and
precise than secondary structure determinations obrained by predic-
tion algorithms or by optical spectroscopic techniques (Fig. 3).
Because all of these dara can be obrained efficiently, they might
conceivably serve also for product control in the production of
proteins by recombinant techniques or chemicai svnthesis.

It had long been recognized that conformarional transitions,
denaturation, and internal mobility in proteins are manifested in the
NMR spectra and the NMR is also a powerful ool for studies of
intermelecular interactions with proteins (18). With the availabiligy
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Ot sequence-speciic resonance assignments and the 3D solution
structure, NMR. studies of these dynamic processes can now be
analyzed in much greater detail (3), which promises to add new
dimensions to the overall characterization of protein moiecules.

NMR Measurements, Distance Geometry, and
Protein Solution Structures

The conformatonal constraints used as input for distance geome-
try calculations of a protein structure result primarily from NOE
experiments, usually NOESY (Fig. 1). To appreciate the format of
the data used (Fig. 5), one must understand that quancitative
distance measurements are inerinsically difficult, because the ob-
served NOEs depend not only on the proton-proton distarices r but
also on the effective rorational correlation times e {3 9

1
NOE x@-f(m (1)

The correlation function f7.) accounts for the influence of motional
averaging processes on the NOE. These are governed by the
combined effects of the overall rotational molecular motions, which
depend on the size and shape of the protein and on intramolecular
motions. Thus 7. may vary for differenc locations in a protein
molecule (3), and much care must be cxercised in quantitative
assessments of the relative distances between different pairs of
protons from the corresponding NOE intensities. In addition, there
are experimental limitations on the accuracy of NOE measurements,
and ic is difficult to exclude the possibility tha individual NOEs
might be quenched by competitive relaxation processes, such as the
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 difficule, In
contrast, upper bounds on 'H-"H distances can safely be established
from NOE measurements, and for dynamic molecular scructures one
can also take into account that the apparent distances manifested in
the NOEs correspond to a time average (Eg. 1) {11). On the basis of
these considerations, only upper limits on the "H—'H distances are

Fig. 6. (A and B) Snapshots from two distance geometry caleulations of the
protein Tendamiscar with the ptogram DISMAN (13), Both calcu]atl?m
used che same NMR inpur but different randomly gencrated starung
structures. Yellow.green: starting structures; blue: intermediate state of the

Structure caiculations [targer size 20; see (I3, red: final results of

calculations; only the bonds linking the backbone atoms N, C*, and C' have
been drawn (32). S




——
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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 limir and a lower fumit equal to the sum of the van der Waals
radii of the two protons (Fig. 5).

For short-range connectvitics between protons separated by not
more than three single bonds in the chemical strucrure, that is,
inmaresidual and sequendal distances (3}, the NOE intensities are
mranslated into corresponding upper bounds, typically in steps of
2.5, 3.0, and 4.0 A. For longer range connectivities, a predeter-
mined upper limit, usually 4.0 or 5.0 A, depending on the protein
and the experimental conditions used. is applied. Unless stereospe-
cific assignments were obtained, in particular for the § methviene
groups in amino acid side chains and the isopropyl groups of valine
and leucine, correction factors for the use of pseudoaroms must be
added to the upper limits on distances ro prochirai groups of
protons (28}, The resulting allowed distance ranges may then be as
large as from 2.0 o 9.8 A. Supplementary conformational con-
straints, for example, from spin-spin coupling constants, are repre-
sented in the inpurt by similar aliowed ranges, which account for 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 intramoiecular, interatomic distances (9, 10V
To this end such algorithms identify the conformations

fri= (3 y2s 1= 1,2, .. N} {2)
which are consistent with the inequality
-LU = |rf - UE = ("!U (3)

where L;; and Lj; are lower and upper bounds. respectively. on the
Euclidian distance r; — r; berween the points r, and r,, and N s the
number of points {or atoms} in the system srudied. The problem
described by inequality 3 mav alternatively be expressed in the form
of an error function, which can then be minimized. In the process of
this conversion of distance information nto Cartesian coordinates.
one inevitably encounters the problem of Jocal minima (29). Metric
matrix methods (1012} and a variable target funcuon method in
dihedral angle space (13, 14) have been implemented in the search
for protein conformations obeving incquality 3, and the energy
functions in molecular dynamics programs have been supplemented
with terms representing the constraints expressed by mequalicy 3
(20. These three methods have been independentiy tested and the
results compared {12, 13, 20). For this comparison. 'H-'H distances
were measured in protein crvstal strucrures and transiated into
NMR-tvpe distance constraines (Fig. 5). The protein structures
computed with the different aigorithms from these simuiated input
dara were then compared with the crvstal strucrure from which the
input had been derived and to cach other. The resuit was, overall,
that a crvstal structure couid be faithfully reproduced with the use of
anv of these methods. demonstrating that protesn structures can be
uniquely solved bv NMR dara (Fig. 5). Furthermore, it followed
that the structures obrained are largely independent of the mathe-
matical techniques used for the structural interpretation of the
NMR data. Similar tests were subsequently repeated with experi-
mental NMR dara used as the inpur (30, 31). Two facets of the
resuits obtained are particularly noteworthv. First, the overali
dimensions of the protein structures are well defined, although the
NMR measurements are limited to short distances compared with
the diameter of 2z protemn. Second, as a result of the concerted
influence of a large number of constraints, the determination of the
atom coordinates in the computed progein structures 1s much more
precise than the individual constrants (Fig. 5). As an illustration.
Figs. 6 to 8 |which were prepared with the program CONFOR
(19)] exemplifv some salient poines of a protein structure computa-
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ton from NMR dara. [The distance geometry program 1M\ AN
(13) was used with an experimental inpuz of almost 1000 (s sy,
vonal constraints for Tendamistat (Fig. 4) (4, 32).]

A protein structure determination _fmm NMR data uses randory Wiazed
starting conditions. In a DISMAN calculanon, for CAMIYy, mh.
starting polypepuide conformation (yellow-green stiwctiney w \: ‘
6) is obtained by randomizing the dihedral angles about thy \:‘
bonds. Under the influence of the experimental constrama ‘ﬁ\\.
variable rarget funcuon method used in DISMAN then .ndum.\. :h‘
conformation through variation of the dihedral angies, swhewela ::
first satisfies the local constraints and gradually consnden Alxey
constraints acting on longer segments of the polvpeptude \l\t;‘\
Snapshots of three stages in this optimization procedine g :{“7
plaved in Fig. 6A. In Fig. 6B a second calculation is show i thae n“\i
the same NMR input but a different, randomiv generased
structure.

Convergence of a structure caleulation is judged from the resichin v inyiory
violations. At any target size of a DISMAN calculation, thw tiy (o ‘m .
calculared structure to the experimental constraints is evaluagy| [,:.
an error function representing the residual constrami vialugy .
When the target size reaches the entire polvpepride cluw, 140
structure calculation is stopped ar a prederermined valuce ot iy, :,1 " ‘:
functon. In Fig. 7 are shown the residual violations w Ny
distance constraints (Fig. 5} in the final Tendamistar stiwein, i
Fig. 6A. The red iines are i the direction of the constiamts, iy
their lengths represent the extent of the violations. All of thye !\‘\‘\dn :l
violations in Fig. 7 are short compared to a C—C bond leuypthy |-|“‘“
Fig. 6A represents a successful structure calculation, and i ed
drawing represents a good solution to the geometric by, ..;
finding a 3D arrangement of the linear polvpepride vl i
satisfies all of the experimental constraints. '

The precision of the structure determination is evaivated from omg
a group of conformers thar ave caleulated from the same experitnen.y)
that use different staning conditions. The resuit of a sinple iy, ..
geomeuy calculavon (Fig. 6A) represents one struvture '1‘\
compaiible with the NMR experiments, but it cannot 1oty ety
this solunon 1s unique. Thus the caleulation 15 repeated
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different starting conditions {Fig. 6B). For each calcuiation, conver-
gence 15 judged by the residual constraint violations (Fig. 7), and all
saustactory solutions are included in a group of conformers repre-
senting the scructure of the protein. The final result of a structure
dererminiation is commonly presented as a superpositon of the
individual distance geometry solutions for pairwise minimum root
mean square deviatons (RMSDs) relative o a predetermined
contormer. In Fig. 8 a superposition is shown of aine DISMAN
solutions for Tendamustat. The entire polvpeptide backbone is
shown (Fig. 8A), as well as two short polvpeptide segments
complete with all amino acid side chains (Fig. 8, B and C). All nine
structures are simtlar, have nearly the same overall dimensions, and
coneain the same secondary seructure. The preciston of the scructure
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 tvpe of structure
presentadon is obtained if in place of DISMAN a metric matrix
distance geometry algorithm, such as DISGEQ {4), s used (3, 11, 12,
15).

The individual conformers obrained as the solutions of the
distance geomerrv calculacons generally contain some close incer-
atomic contacts and correspondingly high conformational cnergies.
Evidence obrained so far indicates that by subsequent application of
a suitable energy minimization rouctine low-energy structures are
obtained that have nearly the same molecular geomertry as the
distance geomerry solutions (3, 15, 20, 33).

Protein Dynamics and Precision of Structure
Determinations by NMR

A measure for the precision of a structure derermination bv NMR
is the average of the pairwise RMSDs among a group ot distance
geometry soiutions. For Tendamistac (Fig. 8}, these numbers are
0.85, 1.04, and 1.53 A for the polvpeptide backbone, the backbone
and the interior amino acid side chains, and all heavy atoms,
respectively. These numbers, and the results in Fig. 8, indicate that
different molecutar regions have significantly  ditferent local
RMSDs. In particular, the incerior side chains are nearly as well
determined as the backbone, whereas increased disorder is indicared
tor 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)
Ulustrates 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 inpur consists of allowed distance ranges (Fig. 5) rather than
exact distances, and because there may be only a few constraines for
some areas of the molecule. [Test calculations showed thar groups of
nearly identical solutions would result from similar caleulations with
complete 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
result, one should consider that the lower limit given in Fig. 5 is
largely hypotherical, because the steric constraints imposed by the
heavy atoms to which the prorons are bound generally prevent 3
very close approach of the two protons.

Knowledge abourt internal mobility of proteins ar ambient rem-
perature is one of the reasons for the conservative incerpretation 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 straightforward relations berween the
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variations of the local RMSDs across the protein molecule {Fig. 8}
and intramolecular mortions. For example, on the protein surface the
aumber of NOE constraints per residue is on average smaller than in
the interior ot the molecule, which aiso affects the results of the
calcuiations. The refations between the local RMSDs, static structur-
al disorder. and dynamic disorder are an interesting cheme for
continued research.

Conclusions and Qutlook

Tendamistat is presently the most precisely determined solution
structure of a protein {J2), and its crvseal structure was independent-
lv determined (34). For the polypeptide backbone and the interior
side chains, the Tendamistat structures in solution and in the crystals
are nearly the same; for these parts of the molecule the precision of
the NMR structure in solution is comparable to the refined crvstai
structure ac 2.0 A resolution {35). The structural disorder reflected
by the local RMSDs along the polvpeptide backbone (Fig. BA)
mimics faichfully the corresponding intormation from the tempera-
ture factors in the crystal structure. Significant structural differences
occur near the protetn surface, and generaily the increase of scrucrur-
al disorder near the surface relative to the core of the molecule is
more pronounced in solution than in the crystal seructure. Similar
observations were made with other globular proteins, but there are
also potypeptide chains where the structures in solution and in the
crystals were found to be different, for example, the polypepride
hormone glucagon and the metal-rich protein metallothionein (35).
The NMR methoed for protein structure determination is a valuable
complement o crvstal structure determination. The efficiency of the
method should be considerably improved by at least partial automa-
tion. Practical use seems ensured not only in academic insticutions

Flg. 8. Steveecriewsof nine DIS-
MAN solutions for the structure
of Tendamistat, The nine con-
formers were superimposed for
rrurmmal RMSD relative to a pre-
determined conformer (32). (A)
Entire polypepride chain with
residues 1 10 74, Only the back-
bone atoms N, C%, and C' are
shown. (B and C) Peptide seg-
ments 9 to 12 and 58 to 67, The
complete structures are shown
with all heavy atoms. Hydropho-
bic residues are shown in whire,
polar residues in yellow, basic
residues in blue, and acidic resi-
dues in red.
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but also by NMR groups established in conjunction with the
protetn engineening 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 biopolvmers. Artractive topics
are more derailed characterization of protein surfaces in solution and
the internal dvnamics 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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