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1. INTRODUCTION

Applications of nuclear magnetic resonance (MMR) in biological
research cover a wide spectrum, including studies of structure and
conformation of bioloygical macromclecules, investigations of bic-—
membranes, studies of intermediary metabolites in intact, live
cells and organs, and imaging of macroscopic ol:oject;s.l'2 In all
these different areas the use of MMR has gained much momentum
from rapid progress in the development of .improved instrumenta-
tion and methodology. For studies of protein conformations in
solution, which is the theme of this presention, the introduction
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of ever higher polarizing fields and of Fourier transform tech-
niques was of particular interest., At present, two-dimensional (2p)
experiments3'4 promise to further increase the potentialities of
NMR for delineating biomacromolecular structures.” In Section 2
this paper starts with a brief survey of fundamental aspects of NMR
spectra of proteins. The main part of the paper, Section 3, des-

cribes some more recently introduced experiments. Section 4, finally,

containg some general comments on the potentialities of modern NMR
experiments for studies of protein confarmation.

2. NMR SPECTRA OF PROTEINS

2.1. NMR nuclei in polypeptide chains

Polypeptide chains contain three nuclei with spin I = 1/2, which

are suitable for high resolution NMR experiments. These are lH,

L3¢ ang 15§, The relative ease of observation of the NMR signals
for the different nuclei at constant field is determined by the NMR
sensitivities and the isotope abundance.® At natural isotope abun-
dance, relative signal intensities are 1 for 14, 1.7 - 107? for

3¢ and 3.8 - 10~% for l5N. Hence, NMR cbservation of 13C and 15y
is much more difficult than observation of lH. As a consequence,

18 NMR has played a dominant role in many biological applications,
However, with the improved sensitivity of modern Fourier transform
{FT) spectrometers, 13¢C and 15N have recently also become attrac-
tive for NMR studies of biopolymers, Besides optimal instrumen-
tation, isotope enrichment can greatly improve the conditions for
13¢ ana 15y mMR experiments, since the natural abundance of these
isotopes is only 1,11% and 0.37s, respectively.6 As an illustration,
1H, 13¢ ana 15y spectra of peptides or proteins are presented in
Figs. 1-3.

Fig. 1 shows two natural abundance 13¢ MR spectra of the basic
pancreatic trypsin inhibitor (BPTI), a small gleobular protein of
molecular weight 6500, which were recorded at two different field
strengths, From comparison with the spectra of the individual amino
acid residues in model peptides 6-8 the resonances between O and
25ppm can be attributed to methyl carbons of the aliphatic amino
acid side chains, between 25 and 70ppm to methylene and methine
carbons of the side chains and to the backbone a-carbons, between
110 and 160ppm to the aromatic carbons and the guanidinium group
of arginine, and between 165 and 185 to the carbonyl and carboxyl
carbons of the polypeptide backbone and the side chains, With the
use of Fourier transform spectrometers and large sample volumes,
observation of proton nocise-decoupled L3¢ nmr spectra of peptides
and proteins is readily achieved even at relatively low magnetic
fields, and many of the pioneering stulies were done at a frequency
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Fig. 1 Natural abundance lH noise~decoupled FT 13¢ nvR spectra at
25.2 MHz and 90.5 MHz of a 0.025 M solution of the basic
pancreatic trypsin inhibitor (BPTI) in Dp0, pb = 8.2,

T = 35° ¢, accumulation time 12 h, At 25.2 MHz, the sample
diameter was 12 mm, 54'000 transients were accumulated with
a recycle time of 0.8 s, the digital resolution is 1.25 Hz/
point. At 90.5 MHz, the sample size was 1Q mm, 86'000 tran-
sients were accumulated with a recycle time of Q.5 s, the
digital resolution is 2.5 Hz/point. At both frequencies, a
digital broadening of 1 s was applied. The chemical shifts
are relative to external TMs.b (Reproduced from ref. 9).

of 15 MHz.m'll Nevertheless, as is illustrated in Fig. 1, greatly

improved resolution can be obtained at higher field strength, in
particular for the spectral regions which contain resonances of
brotonated carbon atoms. The use of high fields is of partioular
interest for assignments of 3¢ NMm lines by 1n - 13¢ heteronuclear
double resonance techniques, which degend critically also on the
resolution of the 1B NMR spectrum.gll
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Fig. 2 H noise-decoupled FT lSN MMR spectrum at 10.1 MHz of the
cyclohexapeptide alumichrome. The spectrum was recorded in
ca. 6 h in a 0.07 M solution of 99.2% 15N enriched peptide
in deuterated dimethylsulfoxide, T = 45°. The isoctope en-
riched peptide was obtained from a culture of Ustila.%o
sphaerogena which was grown onh a medium containing N en-
riched ammonium acetate as the sole nitrogen source., The
structure of alumichrome is also indicated in the figure,
The backbone peptide nitrogen resonances extend from 0 to

approx. -15 ppm and the three metal-coordinated hydroxamate

resonances appear at approx. 80 ppm relative to the lowest
field amide nitrogen line. The negative sign of the re-
sonance lines is a consequence of the nuclear Overhauser
enhancement (NOE)., {Reproduced from ref, 13).

Fig. 2 shows the proton noise-decoupled Lo% mr spectrum of a
99% 15N enriched cyclic hexapeptide.l3 When recording proton de-
coupled 15N spectra, a big gain in sensitivity can be attained
through the large negative Overhauser enhancement (NOE) .6' 14 gven
though natural abundance 15N MMR spectra have been recorded for a
variety of peptides and proteins,15r16 use of 15N labelled mole-
Cules appears to be a more promising approach. Particularly at-
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Fig. 3 l1n e spectrum at 360 MHz of a 0.002 M solution of ferro-
cytochrome c-551 from Pseudcmonas aeruginosa21 in 0.05 M
deuterated phosphate buffer, pD = 6.6, T = 40°C. This hemo-
protein, which has as molecular weight of 8600, consists of
one polypeptide chain with 82 amino acid residues and one
heme ¢ group. The spectral resoclution was improved by multi-
plication of the free induction decay with a shifted sine
bell, sin [n(t + to/tg)], with tg equal to the acquisition
time and ty/tg = /64,

tractive experiments can be devised with selective 15N or 13¢ en-
richment of amino acid residues with key roles for the structural
and/or functional properties of the protein.l-]'l9

A lH R spectrum of a medium size glocbular protein is shown in
Fig. 3. From comparison with the rescnances of the individual amino
acid .1':esid\.ues,61'20 peaks between 0 and 2 ppm can be attributed pri-
marily to methyl groups of aliphatic aminc acid side chains, bet-
ween 2 and 3.5 ppm to methine and methylene protons, between 3.5
and 5 ppm to backbone a-protons, and from & to 10 ppin to protons
of aromatic amino acids and the heme group. The residual solvent
protons of HDO give rise to an intense line near 4.5 p}_:»m.6 The
lines between 0 and -4 ppm will be discussed in the following sec-
tion. Even though high field was used apd the resolution was further
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improved by digital filtering6'22'23, the crowded region from ¢ to
5 pp of the spectrum in Fig. 3 is onty partially resolved. Com-
pared to l3g and 15y, relatively little can be gained from high re=-
solution 1H MR studies of proteins at low magnetic fields and
therefore advances in the use of 1H NMR were closely linked with
the development of high field spectrometers,b

2.2, Conformation-dependent lH MMR chemical ghifts

Conformation-dependent chemical shifts arising from interactions
of protons with the local magnetic fields of aromatic rings have
Played an important role in the development of general notions on
protein MMR spectra.6:24 mnege "ring current shifts” are used here
as an illustration for conformation— dependent MMR parameters. Fig.d
shows schematically the ring current field of an aromatic ring.
Protons of other segments of the polypeptide chain which are loca-
ted near the aromatic amino acids in the globular form of the pro-
tein, experience the local ring current field, Hps in addition to
the external polarizing field, H,. The resulting chemical shifts
may be as large as ca. 2 ppm for protons near phenylalanine, tyro-
sine or tryptophan and ca. 5 ppn for protons near perphyrin rings
in hemoproteins.® Since for a given ring size the extent of the
ring current shifts depends only on the relative spatial arrange-~
ment of the ring and the observed protons (Fig. 4), conformational
features can be‘clearly manifested in the ring current shifted
lines. Thus, in ferroecytochrome c-551 (Fig. 3) the resonances at
the high field end of the spectrum are shifted to their extreme
positions by the ring current field of the heme group. The five
lines between O and -4 ppm, where the spectra of diamagnetic organic
molecules do not usually contain any resonances,6 correspomd to the
methyl and methylene protons of the axially bound methionine side
chain (Fig. 5).

On a more general level, "conformation-dependent chemical shifts"
are the chemical shift differences for corresponding protons in the
9lobular protein and the randem coil form of the polypeptide chain,
In a hypothetical "random coil™ NMR spectrum of a polypeptide chain
computed as the sum of the resocnance lines of the constituent amino
acid residues measured in small model peptides,6:20 a1l the re-
sonance lines are in the spectral regions from ca. 0.8 to 4.8 PEm
and 6,8 to 8.2 ppm. They coincide usually closely with the corres-
pording lines in the experimental spectrum of the denatured pro-
tein.® In a globular protein, most Protons are exposed to local
magnetic fields of neighbouring groups in the protein, e.yg. aro-
matic rings (Fig. 4), carbonyl double bonds, etc. Even though most
of the local magnetic fields are small compared to the ring current
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Fig. 4 The local magnetic field of an aromatic ring. H, is the ex-
ternal polarizing field, For a fixed ring size, the field
strength experienced by nearby protons is determined by the
position P(X,y,z} relative to the center of the aromatic
ring. In a protein, the ring current shifts of nuclei loca-
ted near aromatic rings are hence determined by the molecu-
lar conformation in the enviromment of the aromatic regidue,

fields, they nevertheless cause a dispersion of the chemical shifts
about the corresponding random coil values. Since there is gene-
rally no periodicity in protein tertiary structures, the local
enviromment of each proton is in general unique, which is mani-
fested by a unique chemical shift in the MMR spectrum. On the one
hand this provides that each proton can in principle be observed
individually, and hence truly a many-parameter characterization of
the protein conformation can be obtained. On the other hand excee-
dingly complex lH nMR Spectra are obtained even for small and
medium size globular proteins, and sophisticated techniques are
required to resolve andassign individual resonance lines,

2.3. MR parameters and protein conformation

In addition to the fore-menticned manifestations of the spatial
polypeptide structure in the chemical shifts, data on protein con-
formations may be obtained e.9. from spin-spin coupling constants,25
neasurements of spin relaxatjion parameters, observation of labile
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Fig. 5 Heme group (left) and axial ligands of the heme iron {right)
in cytochrome c-551. The protons of the axial ligands are
located in the area where the ring current field of the
porphyrin ring opposes the external field H, (Fig. 4). as a
consequence, in the lH NMR spectrum of Fig, 3 the methyl
groups and four lines of the four methylene protans of the
axial methionine are between 0 and -4 pom.

protons in D50 and H20 solution, and studies of the effects of pH,
temperature or shift reagents on the protein NMR spectra.6 Overall,
a wealth of interesting data on differences between protein con-
formations in different solvent media or between protein crystals
and solution,lr2 on various aspects of protein functionirs2 ard,
pberhaps most important, on internal flexibility of globular pro-
teinsls2,6,26,27 wids thus obtained,

One tackles a considerably more difficult problem when trying
to determine the conformation of a polypeptide chain from the known
amino acid sequence and the MMR data. The arrangement of a poly-
peptide chain in space can be characterized e.g. by a complete set
of atomic coordinates,28 by a complete set of torsion angles about
all the bonds in the molecular structureb:28 or by a complete set
of intramclecular proton-proton distances.”2 Except in few parti-
cularly favorable circumstances, such as the ring current effects
near aromatic rings {(Fig. 4) or pseudocontact shifts near para-—
magnetic centerss'zg, the present urderstanding of NMR chemical
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Fig. & Selective NDE's between protons of Tyr-23 and Ala-25 (Fig. D
in truncated driven NOE (TCE) difference spectra®? of BPTI.
The figure shows 1H MMR spectra at 360 MHz of BPTI in D0,
B = 7.0, T = 35°C. The spectral resolution was improved by
multiglication of the free induction decays with a sine
bell.?3 (A) Normal lH mMr spectrum. (B) TOE difference spec-
trum obtained with presaturation of the doublet resonance
of the e-protons of Tyr-23 at 6,30 ppm (%), The multiplets
Oand [ come from Ala-25. {Reproduced from ref, 36).

shifts is not quite sufficient for this parametur to be used sy-
stematically for measurements of non-ponding interateomic distances,
More direct distance information can be obtained from studies of
the manifestations of dipolar spin-spin interactions in the spin
relaxation times and in miclear Overhauser effects (NOE),6 as will
be discussed in more detail in the following section,

3.NEW MMR EXPERIMENTS FOR BIOPCLYMERS IN SOLUTION

3.1. SBelective lH-lH Overhauser effects

As was indicated at the end of the foregoing section, studies
of miclear Overhauser enhancements (NOE) appear at present to be
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Fig. 7 Computer drawing of the peptide fragment from Tyr-23 to
Ala-25 in the refined crystal structure of BpTT, 37 The side
Chain of Asn-24 was omitted. The size of the individual
atoms corresponds to the van der Waals radii, The following
atoms are identified by numbers: (1) methyl protons of
Ala-25; (2) geproton of Ala~25; (3) e-proton of Tyr-23.
{Reproduced from ref, 36} .

a particularly promising approach for lg-ly distance measurements
in proteins, which might eventually provide a sufficient number of
intramolecular distance constraints to characterize spatial poly-
peptide structures. The NOE is the fractional change in intensity
by cross relaxation of one MMR line when another resonance is per-
turbed. It has long been a valuable tool for measurements of incer-
nuclear distances in small molecules,39 In macromolecules at high
hagnetic fields, however, Sspin diffusion cap become quite effj-
cient3l“33, causing the conventional steady-state NOE' 530 to bhe
less specific and hence less useful. Theory shows that, in con-
trast, the initial build-up rates of NOE's are simply related to
the inverse sixth bower of the distance between the observed and
the presaturated protond0-35 and that adverse effects of spin
diffusion can be eliminated by suitable selection of the exXperi-
mental conditiong,33,34 This is illustrated in Pig. 6 which shows
selective NOE'g between two nearby amino acid side chains (Fig, 7)

NMR OF PROTEINS 44

in the globular structure of the basic pancreatic trypsin inhibitor
(BPTI) . The two multiplets (0,0} in the TOE difference spectrum34
in Fig. 6B indicate close proximity between the side chains of
Tyr-23 and Ala=-25 in the solution conformation of BPTI. For cyto-
chromes ¢ similar TOE experiments resulted in individual assign-
ments of the heme ¢ proton resonances?l,38 and detailed descriptions
of the spatial arrangement of the axial ligands of the heme iron
{Fig. 5),39

3.2, One-dimensional and two-dimensional MMR

Recent experience has shown that some limitations of conventional,
one-dimengional NMR experiments can be overcome with the use of two-~
dimensional (2D) MMR techniques.3'5 The exXperiment of Fig. 6 may
serve to illustrate two salient points. Pirstly, this particular
experiment was successful because the preirradjation was on the well
separated line at 6.30 ppm {*), which could selectively be saturated,
If instead the preirradiation had been somewhere between 1 and 4 ppm,
several resonance lines would have been perturbed simul tanecusly
(Figs 6), and even without adverse effects of spin diffusion an am-
biguous result would have been obtained. Secondly, practical appli-
cations of one-dimensional NOE exXperiments are often discouraged
by the low sensitivity, which requires accumulation times of several
hours for each individual experiment. Both these difficulties are
largely eliminated by 2D NOE Spectroscopy {NOESY), which dees not
require selective preirradiation of individual lines and which
yields with a single instrument setting a complete set of selec-
tive lH-lH NOE's in a protein.4 Furthermore, since the resonance
peaks are spread out in two dimensions, the spectral resolution at
a given field strength Hy is considerably improved in 2D MR spec-
tra, 375 ang it is an important advantage for biclogical studies
that many 20 MR experiments can be performed nearly as easily in
Hy0 as in deuterated solvents,41

The general principles of 2p spectroscopy3 grovide room for a
large number of different 2 MR experiments.%? The experiments
which are described in the following have so far been particularly
useful for work with proteins,

3.3. Two—dimensional correlated spectroscopy

Correlated spectroscopy (COSY)3, spin echo correlated spectros-
copy (SEcsy) 43,44 and foldover-corrected correlated spectroscopy
(Focsy 44 are three 2D MMR experiments for delineating connectivi-
ties between J-coupled nuclei. Compared to conventional, one-
dimensional spin decoupling experiments, these techniques have the
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Fig. 8 (A) Experimental scheme for correlated spectroscopy {COSY).
The experiment uses two non-selective 90° pulses, which are
separated by the "evolution peried", t,. The "detection
pericd", t,, follows immediately after the second pulse. As
in all 2D experiments, the measurement is repeated for a set
of equidistant tl—values.3 (B} Schematic COSY spectrum for
an AX spin system. w, and w, represent the chemical shift
on the horizontal and vertical axes. Peaks corresponding to
the resonances in the normal, one-dimensiocnal lH NMMR spec-
trum are on the diagonal. J-connectivities are manifested
by cross peaks between the diagonal peaks.

advantage that they do not require selective jrradiation of indi=-
vidual multiplets and that a complete set of J-coupling connec-
tivities in a macromolecule can be obtained with a single instru-
ment setting.3'43f44 The experimental scheme for COSY and a schema-—

tic COSY spectrum for an AX spin system are shown in Fig. 8.
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Fig. 9 Contour plot of a 2D correlated (COSY) 1p nr spectrum at

360 MHz recorded in a 0.024 solution of BPTI in D40, D =

"4.6, T = 24°C. An absclute value plot is shown. The residual

water protons are chserved at 4.8 ppm and cause the appea-
rence of a strong vertical and a weaker horizontal noise
band at this position. The peaks on the diagonal correspond
to the normal, one-dimensional 15 R 5pectrum.45 Cross
peaks manifesting proton-proton J-connectivities appear in
symmetrical locations with respect to the diagonal, The
J-connectivities for Tyr-21 and Asn-44 are indicated as
follows: Connectivities between amide proten and
¢%-proton in tge lower triangle, - - - Connectivities bet-
ween CaH and C'Hy, The two B-protons of Tyr-21 have iden-
tical chemical shifts, whereas two separate peaks prevail
for C'Hy; of Asn—44. -+-++ Symmetrical connectivities in
the upper triangle. {Reproduced from ref, 46).
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Pig. 9 shows a COSY spectrum recorded in a solution of BPTI and
illustrates how the J—connectivities between protons of the poly-
peptide backbone and the amino acid side chaing can be delineated
{(for details see figure captions B and 9)., Note that in addition
to the types of protons discussed in Fig. 3, ca. 30 slowly ex-
changing amide protons with chemical shifts between &6 and 11 ppm
are observed in a freshly prepared DjyQ-solution of BPr1. 45

In SECSY and FOCSY spectra the J—connectivity information is
presented in different formats.43:44 SECSY has been used exten-
sively for the identification of the spin systems of amino acid
side chains in proteins.43r44'47

3.4. Two~-dimensional nmuclear Overhauser spectroscopy

The experimental scheme for 2D NOE spectroscopy (NOESY)40’48 is

shown in Fig. 10A., It includes three non-selective 90° pulses. After

frequency labelling of the various magnetization components during
t), cross relaxation leads to exchange of magnetization between
nearby protons during the mixing time, 1,. The interval 1ty is kept
fixed and the signal recorded immediately after the third pulse as
a function of t,, In the frequency domain spectrum cbtained after
2D Fourier transformation of the data set s{ty, tos Ty), the dia-
gonal peaks correspond to the resonance positions in the normal,
one-dimensional spectrum and NOE's are manifested by pairs of cross
peaks in symmetrical locations with respect to the diagonal

(Figs. 10B). Since the build-up rates of the NOE's are related to
the inverse sixth power of the proton-proton distances30'33'35,
different data sets are generally obtained with different mixing
times Tm.40 With short mixing times of up to ca. l00msee, only the
shortest proton-proten distances likely to occur in a protein will
be seen. In NOESY spectra recorded with longer mixing times, say
300msec, additional correlation peaks manifesting longer distances,
possibly also via spin diffusion,are likely to occur.

In the NOESY spectrum of BPTI in Fig. 1l a large number of cross
peaks can be seen which indicate selective NOE's. The extent of the
structural information contained in such a spectrum is indicated by
the few cross peaks which are identified in the figure. Firstly,
there are NCE's between covalently linked protons of the same amino
acid residue, exemplified by the NOE connectivities between CaH,
cPy ama CYH; of Thr-32. Secondly, there are NOE's between the back-
bone protons of neighbouring residues in the amino acid seguence,
illustrated by the cross peaks between C®H and amide protons of
residues 30 and 31, and 32 and 33, respectively. Finally there are
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Fig. 10 (A) Experimental scheme for 2D NOE spectroscopy (NOESY) 40, 48
The three 90° pulses are separated by the evolution period,
t1, and the mixing period, t1,. (B) Contour plot of a schema-
tic NOESY spectrum. w] and wj represent the chemical shift (ppm)
on the horizontal and vertical axes, Diagonal peaks corres-
pond to the rescnance positions in the normal, one-dimen-
sional spectrum. Pairs of symmetrical cross peaks with
respect to the diagonal indicate selective NOE's between
individual resonance lines, i.e, there are NOE's between
Aand C, B and D, and B and E. (Reproduced from ref. 40}.

the connectivities between protons which are well separated in the
covalent structure but closely spaced in the three-dimensional
structure. These are illustrated by the cross peaks between the
aromatic protons of Tyr-23 and Ala-25, which correspond to the
multiplets seen in the TOE difference spectrum of Fig, 6B.
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Fig. 11 Centour plot of a 360 MHz lg NoEsY spectrum cof BPTI. The

protein concentration was 0.02 M, solvent D,0, pD = 3.8,

T = 18°C, the interior amide protons45 had not been ex-
changed with deuterium. The mixing time 1, was 100msec.
The absolute value spectrum is shown, NOE connectivities
between selected amince acid residues are indicated by the
broken lines (see text). These peaks are identified by the
one-letter symbol for aminoc acids (A = alanine, T =
threcnine, C = cysteine, Q = glutamine, F = phenylalanine,
Y = tyrosine), the position in the amino acid sequence and
the type of protons observed. The strong vertical spike and
the somewhat less intense horizontal spike at 4.8 ppm are
due to the resonance of the residual solvent protons.
(Repreoduced from ref. 40}.
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3.5. Two-dimensional J-resolved spectroscopy

In a 2D J-resolved spectrum the J-couplings are manifested on
a separate frequency axis perpendicular to the chemical shift
axis.”* As a consequence, overlap between the individial multi-
plets is minimized and a considerable improvement of the spectral
resolution can be obtained, From 2DJ spectra accurate measurements
of spin-spin coupling constants can be obtained even in the most
crowded regions of protein lH NMR spectra.5,49,50 wWith the use of
2D J-resolved spectroscopy vicinal spin-spin coupling constants,
which have so far mainly been exploited for conformational studies

of small peptides,6'25 thus become accessible also for studies of
proteins.50

4. CONCIUDING REMARKS ON THF POTENTIALITIES OF NMR TO DETERMINE
PROTEIN CONFORMATIONS

Section 2,3. presented briefly some notions on various possible
avenues for deriving conformational information from NMR parameters.
As irdicated there, the NOE experiments described in sections 3.1.
and 3.4. provide a particularly straight-forward and generally
applicable method, since they allow, without perturbation by ex-
trinsic spectroscopic probes, direct measurementg of intramole-
cular, through-space proton-proton distances.30_35 Obvicusly,
to represent valid contributions for the determination of the
protein conformation, the proton-proton distances must be assigned
to specific locaticns in the amino acid sequence or on prosthetic
groups, such as heme ¢ (Fig, 5) in cytochromes c. For an illu-
stration we return to the experiment of Fig. 6. The resonance at
6.3 ppm was assigned to Tyr-23 by chemical modification studies®l
an the A3X spin system of Ala-25 was identified by sequential re-
sonance assigmments using two-dimensional NMR46. Since the re-
sonance assignments were thus obtained without reference to the
crystal structure, the data of Fig. 6 provide a stringent test
that the local conformation in crystalline BPTI shown in Fig. 7
is preserved in solution. If ¢on the other hamd the resonances had
not been assigned to unique locations in the polypeptide chain, a
comparison between crystal and sclution would have been highly
ambiguous, since BPFTI contains 4 tyresines and 6 alanines.

Generally, when approximate distances between numerocus aminc
acid residues in specified sequence positions can be determined
from NOE measurements, quite stringent bounds may result for the
conformation space available to the polypeptide chain,52 whereas
in the absence of individual resonance assignments detailed struc-
tural interpretation of the NOE data would hardly be warranted.
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It is further of crucial importance that, unlike most of the work
on protein MMR studies published so far,1¢2:6,29 ypdjvidual re-
senance assigrnments are obtained without reference to single cry-
stal X-ray data. Conceptually it has long been ¢uite obvious that
sequential, individual assignments of the MMR lines would be a
key tc the determination of protein conformations by NMR. Very
recently, sequential assignments were to a limited extent obtained
by studies of BPTI with one-dimensional 1 mr techniques, >3 and
for the peptide apamin with the use of heteronuclear spin decoup-
ling.54 However, from the presently available experience46'47

it is quite clear that the use of the 2D NMR experiments des-
cribed in sections 3.3. - 3.5. provides a much more powerful and
efficient way for obtaining individual resonance assignments for
polypeptide chains with known amino acid sequence.

Overall we can conclude that high resolution MMR techniques are
presently at a stage where sizeable portions of the three-dimen-
sional structures of small and medium size proteins in solutjion
can be elucidated, This opens the possibility to determine protein
conformaticns when no suitable crystals for X-ray analysis are
available. When both crystallography and MMR can be applied,
meaningful comparisons of the molecular structures in single cry-
stals and in solution may be obtained. In view of further in-
sights into structure-function correlations, studies of surface
residues in globular proteins promise to be particularly fruitful,
since surface residues appear to have a tendency to undergo changes
in both static and dynamic aspects of conformation between crystal
and solution30¢33:56 apg are often among the groups involved in the
specific functions of globular proteins. 8 X-ray crystallography
and MMR can further provide complementarg informaticn on dynamic
agpects of protein conformations. 6,57-5 MMR studies of internal
%?bééigg gg proteins have recently been extensively discussea,bs 26,

rotr BV With the combined use of the fundamental correlations
between NMR parameters and internal molecular flexibilitysand tiie
many-parameter 2D NMR data sets on protein conformations it should
eventually be possible to delineate and localize concerted internal
fluctuations, which might be unique for proteins and correlated
with specific functional properties.
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