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Initial observations of the physical
phenomenon of nuclear magnetic reso
nance (NMR) date back to the late
1940's, but the use of this technique for
investigations of complex biological
systems has become attractive only
during the last decade. Such applica
tions include studies of biomacromolecular structure and function, work on
biological membranes, in vivo studies of
biochemical processes, and imaging of
macroscopic objects. Because of immi
nent practical applications in medical
diagnosis and thanks to extensive cove
rage by the popular news media, interest
in some of these developments has
spread far beyond the scientific com
munity, making biological NMR a widely
popular field.
This article presents a survey of re
cent progress in NMR investigations of
proteins and nucleic acids. Somewhat
shielded from publicity by the excite
ment over applications in medicine,
NMRspectroscopy of these macromole
cules has recently also experienced de
cisive progress. With the use of twodimensional (2D) experiments, NMRhas
become the first technique applicable to
the determination of three-dimensional
biopolymer structures in solution and
other non-crystalline states.
NMR and the Structure and Function of
Biopolymers
Present NMR studies of macromolecular structures are based primarily on
three recent developments. First, the
use of two-dimensional spectroscopy
allows us to improve the resolution of
highly complex NMR spectra, and to
delineate efficiently networks of scalar
couplings and dipole-dipole couplings
which may extend over the entire mole
cule. Second, new strategies for studies
of proteins and nucleic acids have enabl
ed us to assign individual NMR lines to
distinct nuclear spins in the macromole
cules. Third, new concepts have been
developed and implemented for the
determination of the spatial structure of
polymer chains from data on scalar
and dipolar couplings between nuclear
spins.
Overall, the success of an NMR pro
ject depends critically on obtaining

numerous resonance assignments for
distinct, individual spins. These repre
sent the basis for spatial structure deter
mination, as well as for studies of the
molecular dynamics and of intermolecular interactions. The latter may relate to
topical problems such as nucleic aciddrug interactions in cancer chemothe
rapy, or the regulation of protein and
nucleic acid functions by specific in
teractions with low molecular weight ef
fectors or with other macromolecules.
2D NMR Spectra of Proteins
Fig. 1 shows a 2D correlated (COSY)
spectrum of the protons in a small pro
tein. The lines on the diagonal from the
upper right to the lower left correspond
to the resonances of the approximately
500 individual hydrogen atoms in this
molecule. Off-diagonal "cross peaks"
manifest interactions between different
nuclear spins. This is indicated in the
contour plot of a 2D nuclear Overhauser
enhancement (NOESY) spectrum in Fig.
2A by lines connecting two diagonal
peaks via a cross peak. In COSY spectra
the cross peaks are caused by scalar,
"through-bond" interactions (spin-spin
couplings) between protons located in
the same chemical structure and sepa

rated by three or less covalent bonds.
COSY connectivities therefore allow us
to divide the resonance lines into groups
arising from chemical entities, for exam
ple the individual amino acids in a pro
tein orthe individual building elements in
nucleic acids. In NOESY spectra which
are in appearance similar to COSY, the
cross peaks are a consequence of di
pole-dipole, "through-space" couplings
between protons which are located near
each other in the folded molecule, at a
distance of less than ca. 5.0 A. They
thus allow us to observe parameters
which are directly related to the threedimensional molecular structure. The
origin of the NOESY cross peaks lies in
the dipole interaction effect on the popu
lations of the spin states. In conventio
nal, one-dimensional experiments, the
NOE's are observed as variations in the
intensity of one NMRline when the reso
nance of another, nearby spin is selecti
vely irradiated with an RF field.
For high resolution NMR studies the
samples are placed in a highly homoge
neous polarizing magnetic field of typi
cally 11 T, which is produced by a super
conducting coil. A 2D NMR experiment
is recorded in a two-dimensional time
space. In the simplest case, COSY, the
following experimental scheme is used:
90°-t1, 90°-t2, where 90° indicates a
non-selective RF pulse, t1is the "evolu
tion period" and t2 is the "observation
period". In COSY, the polarized nuclear
spins are thus perturbed by a succession
of two RF pulses. After the second
pulse, the return of the magnetization to
equilibrium is recorded versus time ("t2axis"), and a second time dimension is

Fig. 1 — 1HCOSY spectrum of the basic pancreatic trypsin inhibitor (BPTI), a small protein
with molecular weight 6500, in H20 solution. Larmor frequency 500 MHz. The two fre
quency axes, ω1, and ω2, indicate difference frequencies in ppm from the Larmor frequency.
Differences between the resonance frequencies of different spins of the same type are com
monly referred to as "chemical shifts".
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obtained by repetition of the same expe
riment with different time separation of
the two RF pulses ("t1-axis"; typically
200 to 2000 increments of t1 are re
corded). For biomacromolecules, the
data matrix s(t1,t2) consists typically of
between 4 and 64 million data points. A
two-dimensional Fourier transformation
produces the desired frequency spec
trum S(ω1,ω2) (Figs. 1 and 2A). The
NOESY experimental scheme compri
ses three RF pulses: 90°-t1, 90°-τm,
90°-t2. The "mixing time", t m,is kept
constant throughout the measurements
needed to record the data matrix
s(tyt2). Employing 2D NMR in work
with macromolecules brings the advan
tages that scalar or dipolar interactions
between distinct, individual spins are
observed with the use of non-selective
RF pulses, and a complete set of all spinspin interactions of a given kind in the
entire molecule is manifested in a single
experiment.

between distinct spins along the poly
mer chain. In the example of Fig. 2C, a
NOESY cross peak indicates close ap
proach between two spins located near
the chain ends.
Obtaining sequence-specific reso
nance assignments is not straightfor
ward because the polymerchains of pro
teins and nucleic acids contain multiple
copies of the individual building blocks
(amino acids or mono-nucleotides).
Therefore, identification of the groups of
scalar-coupled spins belonging to indivi
dual building blocks is in general not suf
ficient for the determination of a unique
sequence location. The problem can be
solved either by isotope labelling of
specified positions in the molecular
structures, or by employing NMRtechni
ques capable of identifying the NMR
lines of sequentially neighbouring amino
acids or nucleotides. Prior to the recent
introduction of this latter approach, lack
of resonance assignments was a major
stumbling block opposing detailed ana
Sequence-Specific Resonance Assign lysis of the NMRspectra of biopolymers.
ments
Fig. 2 illustrates NMR assignments in Spatial Structure Determination
a polymer chain, which provide the basis
The major source of information on
for structure determination and studies the spatial molecular structures are the
of functional properties by NMR. First, ’H NOESY spectra. Typically, a large
the resonance lines on the diagonal number of NOESY cross peaks are ob
must be attributed to spins in distinct served in globular proteins (Fig. 2A) or in
locations of the chain (Fig. 2B). Once double-helical nucleic acids, indicating
these "sequence-specific" assignments that these molecular structures contain
are available, the individual cross peaks numerous pairs of closely spaced hydro
can then be correlated with interactions gen atoms. Combined with sequence-

Fig. 2 — A: 1H NOESY
spectrum of BPTI in D20
solution; Larmor fre
quency 500 MHz.
B: The straight line re
presents a polypeptide
chain. The circles are pro
tons along the chain.
C: Same as B, with for
mation of a loop mani
fested by a NOESY cross
peak between the two
protons.
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Fig. 3 — Superposition of five conformers
of a segment of micelle-bound glucagon.

specific resonance assignments these
"distance constraints" define the forma
tion of loops by chain segments of
variable lengths, as is illustrated for a
single NOESY cross peak in Fig. 2C.
With model building or the use of sui
table mathematical procedures, notably
distance geometry, the conformation
space can then be searched for spatial
arrangements of the polymer chain
which are compatible with the experi
mental distance constraints.
In practice so far, the NOESY cross
peaks in proteins were interpreted in
terms of upper bounds on the distances
between hydrogen atoms, rather than as
exact distances (e.g. observation of a
"strong" NOE between two protons
would correspond to an upper distance
limit of ≤ 2.5 A, or a "weak" NOEwould
be interpreted as a distance-bound of ≤
4.0 A). Since in the linear polypeptide
chain the protons in question may be
separated by as much as 100 A, or more,
such distance constraints constitute
nonetheless a drastic confinement of
the accessible conformation space.
However, the result of a structure deter
mination based on qualitative distance
constraints is not a unique structure, but
a group of related conformers which all
are compatible with the experiments. In
Fig. 3 this is illustrated with a segment of
micelle-bound glucagon. Five confor
mers have been superimposed for mini
mal root mean square distances, which
were obtained in five independent dis
tance geometry calculations using the
same experimental distance constraints
as the input.
Structure determinations by NMR are
of interest because the biological macro
molecules can be studied in environ
ments which may closely resemble
the physiological milieu. Examples are
aqueous solutions, or the lipid-water in
terphase of lipid micelles, which was
used in the case of glucagon (Fig. 3) to
mimic the environment of the polypep
tide hormone on the surface of a biologi
cal membrane. The NMR approach is
limited to relatively small macromole-

cules (M ≤ 20000), but the conforma
tional data can usually also include intri
cate details of the molecular dynamics.

the amino acid side chains on the sur
face may either represent loose ends
sticking out into the solvent, or they may
be locked into distinct spatial ar
Molecular Dynamics
rangements by mutual interactions. The
The use of NMRfor studies of molecu intriguing implication is that characteri
lar dynamics relies on the observation of zation of a protein in solution must in
spectral properties in distinct NMR lines, clude both a precise description of the
which can be correlated with intramole molecular core, and a statistical account
cular motional processes. Once the of the more pronouncedly flexible sur
NMR lines used for this purpose have in face areas.
dependently been assigned, the intra
The NMRapproach to studies of biolo
molecular motions can be attributed to gical macromolecules outlined inthis ar
specified locations in the molecular ticle is of very recent origin. It has
structure, thus providing a map of the in already opened avenues to new insights
ternal motility across the molecule. For into structure-function correlations with
both, proteins and double-helical nucleic biopolymers. In addition to the use in
acids, thermal fluctuations of distinct basic research, technical applications
groups of atoms can thus be outlined in can also be foreseen, for example for the
the interior, "structured" core regions of evaluation of the action of drugs, or for
the molecules. Furthermore, in proteins product control in the production of pro

teins by genetic engineering or by che
mical methods.
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