tivity of whole cell bioselective mem-
brane electrodes.

At present, significant research on
bacterial and tissue-based potentiomet-
ric membrane electrodes is being carried
out in just three or four laboratories
around the world. This situation is likely
to change, however, as improved tech-
niques are found to improve the charac-
teristics of such electrodes and to dem-
onstrate their practical utility for bioana-
lytical measurements. In view of the
great number and range of biological
materials that might be used in conjunc-
tion with ion- or gas-sensing membrane
electrodes to make potentiometric sen-
sors, future research is almost certain to
result in some exceptionally attractive
new measurement devices. The advan-
tages of simplicity and low cost that can
be realized with such electrodes are al-
ready fully apparent.

References and Notes

. G. H. Fricke, Anal. Chem. 52, 259R (1980).

. P. Bergveld, N. F. DeRooij, J. N. Zemel, Na-
ture (London) 273, 438 (1978); J. Janata, in Ion-
Selective Electrodes in Analytical Chemistry, H.
Freiser, Ed. (Plenum, New York, 1980), p. 107.

3. G. A. Rechnitz, Chem. Eng. News 53(4), 29
(1975).

4. G. Eisenman, Glass Electrodes for Hydrogen
and Other Cations (Dekker, New York, 1967).

5. M. S. Frant and J. W. Ross, Jr., Science 154,
1553 (1966).

6. J. W. Ross, ibid. 156, 1378 (1967).

5

8

9

B —

. L. A, R. Pioda, V. Stankova, W. Simon, Anal,
Lett. 2, 665 (1969).

. R. P. Scholer and W. Simon, Chimia 24, 372
(1970).

. N. Lakshminarayanaiah, Membrane Electrodes
(Academic Press, New York, 1976).

10. P. L. Balley, Analysis with Ion-Selective Elec-
trodes (Heyden, London, 1976).

11. P. W. Carr and L. D. Bowers, Immobilized
Enzymes in Analytical and Clinical Chemistry
(Wiley-Interscience, New York, 1980).

12. J. W. Ross, J. H. Riseman, J. A, Krueger, Pure
Appl. Chem. 36, 473 (1973).

, Chem. Eng. News 56(41), 16 (1978).

14. G. A. Rechnitz, M. A. Arnold, M. E. Meyer-
hoff, Nature (London) 278, 466 (1979); U.S.
Patent 4,216,065 (5 August 1980).

15. M. A. Arnold and G. A. Rechnitz, Anal. Chem.
52, 1170 (1980).

16. S. Updike and I. Treichel, ibid. 51, 1643 (1979).

Recent Developments in Nuclear
Magnetic Resonance Spectroscopy

George C. Levy and David J. Craik

From modest but promising begin-
nings in the 1940’s and 1950’s, nuclear
magnetic resonance (NMR) spectrosco-
py has developed into an important re-
search tool (/). Early in its history, NMR
spectroscopy was adapted from sole use
by physicists, who had first discovered
it, to the realm of chemists, who saw the
potential of the so-called chemical shift
phenomenon as a structural probe. This
first useful parameter has now been sup-
plemented by many other experimentally
accessible quantities. In this article we
outline some of these new developments
in NMR spectroscopy.

In a review of this scope it is not
possible to cover all developments in an
area, We have attempted to provide a
brief overview of the advances in tech-
nology during the past several years to-
gether with a discussion of some of the
many new applications. We have
stressed applications in chemistry and
biology, as these are the areas in which

SCIENCE, VOL. 214, 16 OCTOBER 1981

most of the new uses of NMR have
occurred. Of course, there are also many
applications in physics, and the future
holds promise for the further expansion
of NMR spectroscopy into other disci-
plines. For example, routine medical di-
agnosis through NMR seems possible in
the foreseeable future. Geological appli-
cations are also under development,
largely as a result of advances in the
technology associated with NMR of sol-
id samples. We hope that this review will
demonstrate some of the strengths of
NMR to scientists not familiar with the
technique and perhaps stimulate some
further new applications.

Instrumentation

In broad terms, most new applications
of NMR in recent years have derived
from parallel improvements in instru-
mentation and methods. The instrumen-
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tal improvements may be categorized as
follows:

1) The development and use of spec-
trometers operating at higher magnetic
fields, in some cases with large and ver-
satile probe (sample) geometries.

2) The development of multinuclear
spectrometers.

3) Improved spectrometer design for

" Fourier transform techniques and higher

sensitivity for NMR with protons and
other nuclei.

4) Advances in computer capabilities.

Magnetic field strength. One of the
primary instrumental improvements has
been the use of stronger magnetic fields.
In the early 1960’s it was rare for an
NMR spectrometer to be other than a 60-
megahertz instrument, capable of ob-
serving only sensitive nuclei such as
protons. Commercial spectrometers of
the day were based on iron permanent or
electromagnets with fields of about 1.4
tesla (14 kilogauss). In the middle 1960°s
electromagnets with fields of 2.3 tesla
(equivalent to a resonant frequency of
100 MHz for protons) became available,
and they are still in extensive use. This
field represents about the limiting
strength of a conventional NMR magnet.
However, since the early 1970’s there
has been increasing use of superconduct-
ing solenoid-based systems, which are
capable of much higher magnetic fields.

George Levy is a professor in the Department of
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The highest fields in use today (11.7 to
14.4 tesla) correspond to proton NMR
frequencies of 500 to 600 MHz.

The main advantage of high-field spec-
trometers is their greater spectral disper-
sion. For example, two peaks with a
chemical shift difference of 10 Hz on a
100-MHz instrument have a separation
of 50 Hz on a 500-MHz spectrometer.
The proton spectra in Fig. 1 show the

number of nuclei such as 'H, °F, and
BC, but has been applied to many oth-
ers, including 2H, °N, 70, #Na, 34,
and 'Pt. Harris and Mann (2) have
surveyed NMR applications for many of
the elements of the periodic table.
Fourier transform NMR. Before 1966
all NMR spectra were recorded in the
continuous wave (CW) mode, in which
either the magnetic field or the frequency

Summary. Nuclear magnetic resonance spectroscopy is a powerful and versatile
technigue that yields information related to molecular structure, interactions, and
dynamics. Methods are currently being developed for real-time monitoring of metabol-
ic processes in vivo and for noninvasive detection of disease and abnormality in living
animals. Other nuclear magnetic resonance techniques are providing entirely new
approaches for analyses of compiex chemical systems. The increased power and
popularity of nuclear magnetic resonance spectroscopy today are due to many
developments in instrumentation and methods that have occurred over the 35-year
history of the technique. The most important single advance, particularly in recent
years, has been increased sensitivity. Concurrent improvements in effective spectral
resolving power and an array of new methods and applications have also contributed
to elevating nuclear magnetic resonance spectroscopy to its present position as one

of the premier analytical techniques.

effect of field strength on chemical shift
dispersion. High dispersion is often nec-
essary to aid in the resolution and assign-
ment of individual peaks in 'H or “C
studies of complex biomolecules. Fur-
thermore, complicated second-order 'H
spectra of coupled-spin systems are of-
ten greatly simplified at higher fields. As
an additional bonus, higher fields bring
about an inherent increase in sensitivity,
giving the spectra a much improved sig-
nal-to-noise ratio.

The development of wide-bore super-
conducting magnets has also made possi-
ble many new applications. The first
important benefit is an increased sample
volume and thus increased sensitivity
(the more nuclei within the receiver coil
the stronger the signal). Second, a larger
sample volume allows more flexibility;
for example, it is now possible to place
organs or even living animals into the
probe of a high-resolution magnet.

Multinuclear NMR. The earliest nu-
clei studied by NMR were those with the
highest susceptibility to detection. Stud-
ies of less accessible nuclei awaited im-
provements in instrument sensitivity,
and it was not until the 1970’s that multi-
nuclear spectrometers dramatically ex-
panded the range of potential applica-
tions of NMR. The initial trend was to
have a separate radio-frequency (RF)
circuit and probe for each nucleus, but
this is being changed with the develop-
ment of broadband spectrometers and
tunable probes, which allow rapid
changeover between nuclei. NMR is no
longer just associated with a limited
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was swept slowly. In 1966 Ernst and
Anderson (3) introduced the pulsed
NMR Fourier transform (FT) technique,
in which the sample is irradiated with an
intense pulse of RF energy for a short
time (1 to 100 microseconds) and the
resulting electrical signal, termed a free
induction decay (FID), is collected, digi-
tized, and stored in a computer (). Sub-
sequent Fourier transformation pro-
duces a normal spectrum. The technique
was commercialized around 1970 and
brought an immediate 10- to 15-fold in-
crease in sensitivity for '*C NMR (as
well as a smaller increase for 'H NMR).
Since then, improvements in spectrome-
ter design (for instance, optimization of
receiver coil and electronic circuits for
pulsed operation) have produced an ad-
ditional order of magnitude gain in sensi-
tivity, essentially matching the initial ad-
vantage of FT NMR. Table 1 summa-
rizes the dramatic improvements in sen-
sitivity over the last 20 years.
Computer developments. The modern
NMR computer system and software can
control multipulse experiments in which
factors such as delay times, decoupler
levels, pulse widths, or RF phase may be
varied systematically. In fact, virtually
all spectrometer functions are now under
computer control. This not only expands
the range and types of experiments but
also increases throughput, as several ex-
periments can be preprogrammed and
run consecutively without operator in-
tervention. The processing capabilities
of modern computers have also been
greatly expanded, and the ability to effi-

ciently store and manipulate large data
arrays is central to many of the new
methods discussed below. Another sig-
nificant advance has been the use of
improved hardware and software to al-
low foreground/background operation,
in which data acquisition can occur
simultaneously with operator interaction
(to process stored data or set up new
experiments). Some designs even incor-
porate multiple computers within a sin-
gle spectrometer, and it is also possible
to connect spectrometers to general-pur-
pose minicomputers in network configu-
rations, allowing more sophisticated off-
line spectral processing.

Methods

The second factor responsible for
many recent applications is that of con-
ceptually new NMR methods. Some of
these are listed below.

1) Two-dimensional FT NMR.

2) High-resolution NMR in solids.

3) New kinds of pulse sequences.

4) Chemically induced dynamic nucle-
ar polarization.

5) Multiple quantum NMR.

6) NMR imaging.

This breakdown represents a some-
what arbitrary division of subjects and
techniques, as there is a great deal of
overlap among the various categories.
Before discussing them, however, we
summarize the most important parame-
ters obtained from NMR experiments
and briefly indicate their applications: (i)
chemical shifts (8) provide information
about the structural and electronic envi-
ronment of a nucleus; (ii) coupling con-
stants (J) also provide structural infor-
mation, particularly with respect to the
relative orientations of neighboring
bonds; (iii) relaxation parameters [T}, 1>,
and NOE (nuclear Overhauser effect)]
are related to the time response of the
nuclear magnetization and thus yield in-
formation related to molecular motions
as well as structure.

Two-dimensional FT NMR spectros-
copy. Although this technique was first
proposed in 1971, its widespread applica-
tion has occurred only in the last 5 years.
Briefly, the technique involves the col-
lection of data as a function of two
independent time domains, #; and #,,
followed by a double Fourier transfor-
mation. The resulting two-dimensional
spectrum contains one intensity axis and
two frequency axes. A large variety of
experiments are possible (§5) depending
on the perturbations (frequency or phase
of RF irradiation, decoupler level, and so
on) that are applied to the nuclear spins
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during the intervals ¢, and #;. We will not
discuss exactly how these two-dimen-
sional experiments are carried out, but it
is important to recognize that different
types of information can be derived from
different types of two-dimensional spec-
tra. .
The term two-dimensional correlated
spectroscopy refers to one general class
of experiments in which it is possible to
probe the connectivity among coupled
nuclei. For example, in nucleotide stud-
ies, two-dimensional correlated spectra
in which one axis represents >!'P ¢hemi-
cal shifts and the other axis 'H chemical
shifts allow the ready identification of
protons coupled to phosphates. Most
applications of this technique to date
have involved '*C and 'H studies. Often
it is possible to only partially assign *C
and 'H spectra of complex organic mole-
cules. A two-dimensional spectrum in
which one axis represents '*C chemical
shifts and the other 'H chemical shifts
yields cross peaks only for coupled nu-
clei (that is, there is a degree of correla-
tion between the 3C and 'H spectra).
This information often allows additional
assignments to be made in the individual
BC or 'H spectra.

While two-dimensional correlated
spectroscopy provides information that
is not directly obtainable from a one-
dimensional experiment, another class of
experiments, collectively called two-di-
mensional resolved spectroscopy, sim-
plify complex spectra by spreading the
lines in a one-dimensional spectrum into
a second dimension. Typical spreading
parameters include scalar couplings, di-
polar couplings, or chemical shifts.
When scalar coupling constants are used
as the spreading parameter the technique
is called J-resolved two-dimensional
spectroscopy, and chemical shift and
coupling information can be effectively
separated. This is a very powerful fea-
ture of two-dimensional FT NMR spec-
troscopy, as it is often very difficult to
obtain coupling constants from normal
(one-dimensional) spectra of complex
molecular systems because of the over-
lap of many multiplets. In this type of
spectroscopy it is possible, for example,
to obtain spectra in which one axis repre-
sents 'C chemical shifts and another
axis scalar C-H coupling constants (the
third axis represents peak intensity).
Also, in 'H studies of large biological
molecules (6), spreading the overlapping
peaks in a complex 'H spectrum into a
second dimension often greatly simpli-
fies the spectrum and allows complete
peak assignments to be made. By using
appropriate projections in this type of J-
resolved two-dimensional proton spec-
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Table 1. Nuclear magnetic resonance sensitiv-
ity increases, based on the approximate sig-
nal-to-noise ratio (S/N) obtained for a particu-
lar peak in the 'H spectrum of a 1 percent
sample of ethylbenzene. [Courtesy of E. D.
Becker]

Year Spectrometer SIN
1961 Varian A-60 6
1965 Varian HA-100 30
1969 Varian HR-220 80
1978 Varian XL-200 300
1978 Bruker WH-360 800
1980 Bruker WM-500 2000

trum it is, in fact, possible to produce a
simulated broadband homonuclear de-
coupled proton spectrum: Such a spec-
trum cannot be achieved by other
means.

The value of two-dimensional spec-
troscopy in studies of biological systéms
is evident from Fig. 2, which shows a
spectrum of the basic pancreatic trypsin
inhibitor. The two-dimensional tech-
nique used to obtain this spectrum,
called SECSY (for spin-echo correlated
spectroscopy) (7), is an extremely useful

method for determining the connectivity
of the various proton resonances; the
positions of the cross peaks provide in-
formation on which protons are spin-
coupled.

NMR spectroscopy of solid samples.
At least as much NMR information can
be obtained from a solid sample as from
a liquid, but it is much more difficult to
extract. Hence the development of meth-
ods for obtaining high-resolution spectra
of solids (§) has greatly enhanced the
range of potential NMR applications.
Here we discuss '>C applications, but
the techniques may be readily extended
to a number of other nuclei.

Under the conditions normally used to
obtain NMR spectra of liquids, a solid
sample would yield an extremely broad,
featureless spectrum, with line widths up
to 20 kHz. Much of the broadening arises
from static dipolar interactions, which
average to zero in a liquid because of the
fast random molecular motion. Interac-
tions between magnetic nuclei (for exam-
ple, 3C and nearby protons) produce a
characteristic dipolar splitting, which de-
pends on the angle between the internu-
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clear C-H vector and the external mag-
netic field. In an amorphous solid sample
there are a large number of possible
orientations of a given internuclear vec-
tor and hence a large number of dipolar
splittings. The observed broad spectrum
is a summation of the many sharper lines
arising from individual dipolar interac-
tions. It is possible to remove these
dipolar splittings by observing the '3C
signal in the presence of broadband irra-
diation at proton frequencies. This is
similar to the method used to remove C-
H scalar couplings in *C spectra of
liquids, but a much higher power level is
required for the 'H irradiation.

Spectra of solids obtained by high-
power proton irradiation (often termed
dipolar decoupling) can have much of the
initial broadening removed but still have
line widths of 5 to 10 kHz or more. This
broadening is due to chemical shift an-
isotropy. The observed broad envelope
is produced by the many individual
chemical shifts of nuclei in molecules
oriented differently within the sample.

ppm 4

An examination of the appropriate equa-
tions reveals that the anisotropy can be
removed if the sample is spun rapidly at
an angle of 54.7° with respect to the
external magnetic field—a technique
called magic angle spinning (MAS). In
effect, the solid sample is made to act
like a liquid by physically spinning it at
the magic angle.

By use of dipolar decoupling and MAS
it is possible to produce spectra of solids
with nearly as much resolution as spec-
tra of liquids. However, there is one
further complication. Since an experi-
ment conducted with *C in natural
abundance has an inherently low sensi-
tivity, it is usually necessary to accumu-
late many scans so that coherent signals
will be increased and random noise aver-
aged out. This can be very time-consum-
ing if many scans are required, soina FT
experiment it is necessary to pulse as
quickly as possible. The factor that de-
termines how fast this can be done is the
time taken for the '3C magnetization to
recover to its equilibrium position, or the

spin-lattice relaxation time (7;), which is
generally much longer in solids than in
liquids. This restriction severely limits
the signal-to-noise ratio that can be ob-
tained in a given time for a solid sample.

The sensitivity problem in '*C studies
of solid samples is overcome by the
technique of cross polarization (CP) (9).
This method not only brings about an
increase in sensitivity by allowing the
magnetization from the abundant 'H nu-
clear spins to be transferred (cross polar-
ized) to the dilute '*C nuclei, but also
allows signal accumulation to be repeat-
ed at intervals related to the shorter 'H
relaxation times. The method by which
this cross polarization is carried out (8-
10) involves a pulse technique requiring
high-power amplifiers and irradiation
coils. Because of the way the CP experi-
ment is done, dipolar decoupling is also
usually achieved simultaneously, allow-
ing both sensitivity and line widths to be
improved. In fact, it is also usual to
perform the unrelated MAS experiment
in conjunction with cross polarization

AT
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Fig. 2. Section of a 360-MHz two-dimensional spin-echo correlated 'H NMR spectrum of a 0.01M solution of the globular protein BPTI (basic
pancreatic trypsin inhibitor). The chemical shift 3 corresponds to that in a conventional one-dimensional spectrum; A3 represents difference
frequencies for correlated nuclei. Cross peaks between spin-coupled nuclei are at +1/2 A3. [Spectrum courtesy of R. R. Ernst]
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Fig. 3 (left). Carbon-13 solid-state CPMAS spectrum of reserpine at 75.46 MHz obtained with a Bruker CXP-300 NMR spectrometer. [Spectrum

courtesy of D. Muller, Bruker Analytische Messtechnik GmbH]

Fig. 4 (right). Natural abundance '*C spectrum at 50 MHz of 200 wg of

cholesterol obtained in a Tiltmicro probe on a JEOL FX-200 spectrometer. The spectrum was obtained from 50,000 scans (14 hours); the
saturated aliphatic region is shown. [Spectrum courtesy of M. J. Albright, JEOL USA]

(these are called CPMAS experiments).
Figure 3 (I11) shows the remarkable reso-
lution obtained in a CPMAS spectrum of
solid reserpine.

The discussion of NMR in solids has
so far concerned amorphous or pow-
dered samples. Another class of experi-
ments involves the examination of ori-
ented or partially oriented solid or semi-
solid gel samples and adsorbed species.
Experiments of this type include studies
of oriented single crystals, or molecules
aligned in liquid crystalline phases (12)
or adsorbed on catalyst surfaces.

Multipulse techniques. The simple re-
petitive single-pulse FT NMR experi-
ment has been augmented by pulse
schemes designed to probe different pa-
rameters or phenomena or to improve
sensitivity. One example is the two-pulse
“‘inversion recovery’’ sequence used to
determine T, values, which in turn yield
information about structure and fast mo-
lecular dynamics in solution. A newer
pulse sequence, designed to increase
sensitivity for nuclei in low natural abun-
dance, is used in the CP experiment
discussed above. Other pulse sequences
(13) can be used to reduce line broaden-
ing associated with homonuclear dipolar
interactions in solids.

Along with specialized pulse se-
quences developed for solids, there has
been interest in alternative sequences for
liquid samples. One new sequence,
which is gaining widespread application,
has been given the acronym INEPT (in-
sensitive nuclei enhanced by polariza-
tion transfer) (/4). It provides significant
signal enhancements, particularly for nu-
clei such as '*N or 2°Si, but also provides
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a means of determining signal multiplic-
ity in proton-decoupled *C spectra. The
pulse sequences discussed so far, and
indeed most other sequences used in FT
NMR, may be regarded as nonselective
in that they excite all spins in a given
bandwidth simultaneously. In recent
years, a number of new selective pulsed
excitation (I5) methods have emerged
which use tailored pulse sequences to
excite chosen frequency regions within
the spectral bandwidth. Applications in-
clude studies of slow chemical exchange,
suppression of solvent resonances, and
selective inversion of particular reso-
nances in complex multiplets.
Chemically induced dynamic nuclear
polarization (CIDNP). This term has
been used to describe the enhancement
of nuclear polarization observed during
certain chemical reactions. The effect is
manifest (in NMR spectra of compounds
undergoing radical reactions) by the ob-
servation of dramatically enhanced ab-
sorption or emission (inverted) lines.
The CIDNP effect was first noted in 1967
and its applications, particularly in re-
cent years, have increased the utility of
NMR as a probe of radical reaction
mechanisms and kinetics. The effect al-
lows information to be obtained about
chemical events that occur on the time
scale of 107 to 10~* second, and it there-
fore complements stopped-flow meth-
ods, which follow reactions in the milli-
second range. Although many CIDNP
studies have been performed with 'H
NMR, studies with other nuclei such as
BF, 3P, and particularly '*C have
proved of great value in recent years.
The CIDNP effect can be induced chemi-

cally, thermally, or photochemically, al-
though in the latter case modified probes
are required to enable the sample to be
irradiated. An application in which a
laser was used to initiate CIDNP in pro-
tein solutions is described later in this
article.

Multiple quantum NMR. The signals
observed in normal NMR spectra arise
from transitions that obey the selection
rule Am = = 1, where m is the total
magnetic quantum number of the spin
system. By using special pulse tech-
niques it is possible to excite multiple
quantum ‘‘coherences’ between states
where Am = = 2, 3, and so on. Although
not directly observable, these coher-
ences can be converted by pulse tech-
niques into signals that can be detected.
In the last few years, studies of multiple
quantum transitions (/6) have been car-
ried out for liquids, liquid crystals, and
solids. The method promises to provide
information on molecular structures,
conformations, and correlated motions.
Specifically, the relative simplicity of
multiple quantum spectra is useful in
determining the structure of molecules
aligned in liquid crystals, and relaxation
measurements obtained from these spec-
tra are valuable in determining complex
anisotropic or correlated molecular mo-
tions.

NMR imaging. We use this term to
describe a class of experiments in which
NMR signals provide information having
spatial significance. Most imaging ex-
periments involve the detection of pro-
ton signals, although some experiments
have been done with other highly sensi-
tive nuclei such as '°F. The instruments
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used may be quite different from stan-
dard high-resolution NMR spectrom-
eters, but they operate on the same prin-
ciple: nuclei with a magnetic moment
absorb RF energy at a frequency directly
proportional to the local external mag-
netic field. In the imaging technique of
zeugmatography, developed by Lauter-
bur (17), a field gradient is superimposed
on the main field so that different parts of
the sample experience different magnetic
fields and hence resonate at different
frequencies. The resultant NMR signals
provide a linear profile of the distribution
of magnetic nuclei across the sample,
and by making further scans with gradi-
ents in different directions it is possible
to reconstruct a two- or three-dimension-
al image of the sample. Recent develop-
ments in field gradient imaging methods
are discussed in more detail by Hoult
(18). Methods that do not involve a static
linear field gradient, such as the field
focusing technique of Damadian er al.
(19), are also in current use. It is possible
to shape the magnetic field to focus on
specific volumes within the sample. This
technique has been referred to as topical
magnetic resonance (20), and it enables
high-resolution signals to be selectively

obtained from small, well-defined sam-
ple regions. Many imaging techniques
are currently being applied to biological
samples including organs and tissues.

Applications in Chemistry

Increased sensitivity has enhanced the
utility of NMR as a tool for chemical
analysis. It is now possible to obtain
natural abundance '*C spectra of moder-
ate-sized organic molecules in large vol-
umes (~10 to 20 milliliters) at submilli-
molar concentrations, or with several
hundred micrograms of material when
sample availability is a limiting factor. In
the latter case, specially designed probes
can be used for optimal results, as shown
in the *C spectrum of 200 pg of choles-
terol in Fig. 4. Thus the chemist can use
small samples directly from chromato-
graphic separations. Furthermore, NMR
is nondestructive and valuable samples
can be entirely recovered.

Improvements in sensitivity have been
paralleled by advances in the processing
and interpretation of NMR spectra. Doz-
ens of new techniques have been devel-
oped to aid in the extraction of usable

6
CH20H E
o A 1CH OH
H
5 2 2 OH
1 0
HO S S 3 5
H 2 4 CHQOH
G HO 8
GS\GS G2
F2 G1 FJs T. T i/ G4 F][me
kH2
- e e [N
. .@:4_-_-'9.0
-0.5 L I T
- ' =g e
w 0 — : e — f‘
b o o e e e e e e e
0.6, T T T s
+1
4 o am et o o e i e m e eew vme re em e e 4
T T T T Y
+1 +0.5 o -0.56 -1 kHz
Fa

Fig. 5. Two-dimensional double-quantum Fourier transform >C spectrum of sucrose (27). The
double-quantum frequencies appear in the F; dimension. The F, dimension shows AX- or AB-
type satellite spectra from molecules containing two coupled '>C nuclei (these four-line patterns
are joined by broken lines). The conventional '*C spectrum at the top of the diagram was
assigned by noting which resonances have a direct carbon-carbon spin coupling,
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information from complex NMR spectra.
Much effort was originally directed to-
ward achieving clear distinctions be-
tween closely spaced peaks, and many
digital ‘‘resolution enhancement’’ tech-
niques were developed. Two-dimension-
al FT NMR is a more sophisticated
method for separating peaks, and it pro-
vides information that helps in assigning
peaks to particular atoms in the mole-
cule,

Further assignment aids include pulse
sequences that allow the selective inver-
sion of CH, CH,, or CH; resonances in
proton-decoupled '*C spectra (I14), as
well as the more routine off-resonance
and selective decoupling methods. Mul-
tiple quantum methods also promise to
be extremely useful for assignment. For
example, a combination of two-dimen-
sional spectroscopy and double-quantum
NMR allows 3C-'3C coupling constants
to be readily measured and assigned in
natural abundance samples (2/). With
this coupling information it is possible to
build up a picture of the connectivity of
carbon atoms in a molecule and readily
determine the entire structure of the car-
bon skeleton.

Figure 5 shows the structural informa-
tion content of a two-dimensional dou-
ble-quantum spectrum of sucrose (21).
The spectrum is represented as an inten-
sity contour plot, where the F; dimen-
sion represents the double-quantum
transition frequencies and the F, dimen-
sion represents the proton-decoupled
BC satellite spectrum arising from the
small fraction of molecules containing
two *C nuclei. The strong signals from
the larger number of molecules contain-
ing only one *C nucleus have been sup-
pressed. The pairs of coupled '*C nuclei
produce four-line intensity patterns
(called AB or AX), of which ten are
visible in Fig. 5. The F; dimension sepa-
rates these spectra according to their
individual double-quantum frequencies
(equal to the sum of the chemical shifts
of the two carbons with respect to the
transmitter frequency), thus identifying
them unequivocally.

Polymer chemistry has also benefited
from advances in NMR spectroscopy
(22). The increased dispersion and sensi-
tivity of modern spectrometers allows
peaks from individual carbon atoms in
complex polymers to be resolved. It is
usually possible to accurately determine
the local tacticity of polymers through
chemical shift differences between car-
bons attached to different sets of asym-
metric centers. NMR has also been used
to study side chain and backbone
dynamics in polymer systems.
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Similar advances have been made in
the use of '*C NMR for the characteriza-
tion of fuels. In particular, the tech-
niques discussed above for solid samples
have been applied to studies of coal and
oil shales. Rapid characterization can be
achieved from '*C spectra on the basis of
ratios of signal intensities from aromatic
and aliphatic spectral regions (10).

Other applications in chemistry have
arisen from the multinuclear capabilities
of modern spectrometers. While "N
studies at natural abundance can be de-
manding, they provide a unique insight
into molecular structure and dynamics
(23). By virtue of its lone pair of elec-
trons, nitrogen is important in many in-
termolecular interactions, hence "N
NMR provides an excellent probe for the
study of such phenomena as solvent ef-
fects, hydrogen bonding, reactivity, and
reaction mechanisms.

Metal ions are particularly useful
probes in the fields of organometallic and
coordination chemistry (2, 24). The met-
al ion is centrally involved in the bonding
in organometallic and coordination com-
pounds, and many metals are inherently
sensitive monitors of electronic and
structural changes. For instance, *Co
chemical shifts cover a range of many
thousand parts per million and for this
reason have been used to examine struc-
ture and bonding in inorganic systems.
Examples include the use of *Co shifts
to monitor structural changes in Co(III)-
amino acid complexes and to study the
solution properties of Co(NO,)s™ ions
and their decomposition products. Other
examples of the value of NMR in inor-
ganic chemistry include '®Rh studies
of industrially important [Rh;»(CO)s0]”
cluster ions and '**Pt studies of the ki-
netics and hydrolysis of compounds re-
lated to the antitumor agent cis-dichloro-
diamine platinum(II).

In laboratories concerned with the
separation and analysis of mixtures it has
long been recognized that the direct in-
terconnection of the separation device
(for example, liquid chromatography)
and the analytical instrument has tre-
mendous advantages in terms of time,
labor, and reduction of sample degrada-
tion. Gas chromatography-mass spec-
trometry is already an established ana-
lytical technique. Very recently, it has
become possible to directly connect lig-
uid chromatography instruments with
NMR spectrometers (25), largely be-
cause of increases in NMR sensitivity. In
these instruments 'H NMR signals are
normally detected in flow tubes connect-
ed to a high-performance liquid chroma-
tography instrument.
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Applications in Biology

The application of NMR spectroscopy
to biological or biochemical problems is
one of the fastest growing scientific ac-
tivities. Improved instrumentation has
been the main factor responsible for ex-
pansion in this area. It is also fair to say
that the requirements of biological stud-
ies have not just followed instrumental
developments, but have in fact dictated
ways in which NMR spectrometers have
evolved. Probably more than any other
physical technique, NMR spectroscopy
allows the determination of structure
(primary, secondary, and tertiary), inter-
actions, and motion in biological samples
(26).

Biopolymers. In the past, studies of
biopolymers have been somewhat limit-
ed by sensitivity. The slow overall mo-
lecular motion of biopolymers compared
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Fig. 6. Phosphorus-31 NMR spectra (31) at
109.3 MHz of sonicated alternating purine-
pyrimidine deoxynucleotide duplexes: (a) po-
ly(dA-dT)-poly(dA-dT) at 24°C; (b) poly(dA-
dbr*U)-poly(dA-dbr’U) at 30°C; (c) poly(dA-
dU)-poly(dA-dU) at 31°C; (d) poly(dI-dC)-po-
ly(dI-dC) at 39°C; and (e) poly(dG-dC)-
poly(dG-dC) at 23°C. All samples in 0.1M
NaCl and 0.05 mM EDTA, pH 6 to 7, except
for (b), which was in 5 mM tris and 0.1 mM
EDTA. The peak at 0 ppm is due to a refer-
ence compound.

with typical organic molecules produces
unfavorable changes in NMR relaxation
parameters, effectively decreasing sensi-
tivity and reducing spectral resolution.
The instrumentation improvements of
the late 1970’s made studies of many
biopolymers feasible, and both 'H and
3C NMR methods were applied. One
protein that has been extensively studied
by '3C NMR is hen egg-white lysozyme,
and in several regions of the spectrum of
this relatively small enzyme (molecular
weight, ~14,000) peaks from individual
amino acid residues may be assigned
(27). In addition to the static or structural
nature of biopolymers, NMR allows in-
formation on solution dynamics to be
obtained; many of the developments in
this area were recently reviewed by Lon-
don (28).

A number of other small proteins have
been examined by NMR, including the
basic pancreatic trypsin inhibitor
(BPTI). For studies of this protein, high-
field spectrometers and special tech-
niques such as 'H two-dimensional FT
NMR spectroscopy have proved particu-
larly advantageous (Fig. 2). More esoter-
ic NMR experiments on proteins include
high-pressure, high-resolution studies of
heme proteins and photo-CIDNP investi-
gations. In the latter case, the irradiation
of a protein solution (containing a dye)
with a laser beam generates nuclear spin
polarization in specific surface residues
of the protein. This effect can be used to
discriminate between surface and inter-
nal residues and to probe protein-sub-
strate interactions (29).

Except for small RNA molecules,
studies of nucleic acids are more diffi-
cult, largely because of their high molec-
ular weights. Proton NMR studies indi-
cated that most transfer RNA molecules
in solution have almost identical tertiary
structures (30). Interactions between ter-
tiary base pairs can be monitored by
using resolved N-H resonances in the
downfield (deshielded) spectral region of
these systems. Proton NMR has also
been used to examine the participation of
the 2'-OH group in hydrogen-bonding
interactions that stabilize particular
RNA conformations (30).

One difficulty with proton spectra of
larger systems is that there are generally
many overlapping peaks, even if the ex-
periment is done with a high field. An
obvious solution is to probe a nucleus
that is not so widely distributed through
the molecular system. Phosphorus-31 is
an excellent choice, as it is also a nucleus
of high inherent sensitivity, and *'P stud-
ies have provided much information
about structure and bonding in RNA’s
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and in DNA. Backbone conformations
have been determined from high-resolu-
tion *'P NMR spectra of medium length
(50 to 200 nucleotide pairs), alternating
purine and pyrimidine DNA’s prepared
by sonication of synthetic polymers (31).
Two of the sequences studied gave sin-
glet *'P resonances (Fig. 6, ¢ and e),
while three others yielded two resolved
signals of equal area (Fig. 6, a, b, and d),
indicating the presence of two distinct
alternating phosphodiester backbone
conformations. Extensions of such stud-
ies may reveal the factors that control
the response of backbone conformations
to base-pair sequences.

Since the first reports (32) of natural
abundance '*C NMR spectra of transfer
RNA in 1972, there has been much inter-
est in using *C NMR to probe native
nucleic acids (33, 34). Recent measure-
ments of both native and denatured
DNA (~110 to 160 nucleotide pairs)
have demonstrated the ability to resolve

NH2

peaks for sugar and base carbons (Fig. 7)
and to use NMR relaxation parameters
to probe motion at these sites (34).

The high sensitivity and large chemical
shift range of the '°F nucleus make it a
potentially useful probe for biological
systems (35). Its disadvantage is that it
must be artificially incorporated into the
system being studied. However, this is
generally not a major difficulty, as the
small size and relatively low reactivity of
the fluoro group mean that it does not
cause a large perturbation. In fact, the
rare occurrence of fluorine in natural
biological materials eliminates back-
ground peaks, thus allowing specific sig-
nals from only the incorporated fluorine
to be observed. Most biological °F stud-
ies to date have involved protein sys-
tems, particularly enzymes. Examples
include insulin, dihydrofolate reductase,

ribonuclease, lysozyme, cytochrome ¢,

and hemoglobin. Recent studies have
taken advantage of the fact that many
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Fig. 7. Carbon-13 NMR spectra (34) of (a) double-stranded and (b) single-stranded calf thymus
DNA (120 nucleotide pairs) at 100.6 MHz. Conditions were: (a) 80 mg/ml, 32°C, 8000 scans, 20-
Hz digital broadening, and 1-second scan interval; (b) 80 mg/ml, 85°C, 3500 scans, 20-Hz digital

broadening, and 1.5-second scan interval.

Fig. 8. Deuterium
NMR spectra (36) (46
MHz) of the mem-
branes of Acholeplas-
ma laidlawii enriched
to 94 percent in the
single fatty acid [2,2-
?Hltetradecanonic
acid. [Spectra courte-
sy of I. C. P. Smith]

microorganisms can incorporate fluori-
nated amino acids into their proteins.

The structure and function of lipids
and biological membranes in general are
also of current interest, and *C and *H
NMR are particularly useful for studying
the dynamic behavior of these systems
(36). For example, 2H NMR has been
used to evaluate the order parameter that
describes lipid organization, and >C spin
lattice relaxation times have provided
information on segmental motion and
liberations in lipid chains. Figure 8
shows some recent *H spectra of selec-
tively deuterated membranes of the mi-
croorganism Acholeplasma laidlawii.
Below the temperature at which the or-
ganism grows, 37°C, the spectra begin to
broaden due to the formation of gel-state
lipid. Information on the fraction of
membrane lipid in the liquid crystalline
and gel states can be obtained by analyz-
ing such spectra (36).

Although 'H, ?H, *C, F, and *'P
have been used in most biological studies
to date, there have also been investiga-
tions with other nuclei. For example,
23Na and **C1 NMR studies have exploit-
ed the presence of Na* and CI ions in
many biological systems to study ion
binding to proteins. Nitrogen-15 NMR
has been used in nucleotide binding stud-
ies. Metal nuclide NMR has proved of
great benefit in studies of metalloen-
zymes and metal binding in biological
systems in general.

Whole cells and organs. NMR spec-
troscopy of intact cells has predominant-
ly involved the *'P nucleus. Initial stud-
ies of erythrocytes showed that *'P
peaks could be detected from different
types of phosphorus within the cells and
that it was possible to distinguish be-
tween intracellular and extracellular pH
by using the slightly different chemical
shifts of resonances from inorganic or-
thophosphate in these two regions. Nu-
merous *'P studies of bioenergetics and
metabolism in Escherichia coli have also
been performed (37). Recently, ’C
NMR has also been used in whole cell
studies. High-resolution *C NMR spec-
tra of isotopically enriched metabolites
in vivo can be obtained in minutes and
allow sophisticated studies of, for exam-
ple, glucose transport and metabolism.
In the last few years "N NMR has also
been used to examine intact cells.

Studies of whole organs and tissues
have been made possible largely by inno-
vations in instrument design, particularly
probe and sample geometries. In the first
studies (38), reported in 1974, *'P NMR
was used to detect -major metabolites
such as adenosine triphosphate (ATP),
phosphocreatine, inorganic phosphate,
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and sugar phosphate. The 3'P spectra as
a function of time demonstrated that
aging of the muscle resulted in the break-
down of phosphocreatine followed by
that of ATP. More recently, these types
of studies have been extended to per-
fused organs such as mammalian hearts
and kidneys (39).

A very recent development that prom-
ises to extend the capabilities of in situ
organ and tissue studies is the introduc-
tion of surface coils (40).  These allow
greater flexibility than many convention-
al NMR receiver coils and can be de-
signed and shaped for specific applica-
tions. When surface coils are used with a
spatial localization technique such as
topical magnetic resonance, high-resolu-
tion *’P NMR spectra can be obtained
from almost any part of an intact labora-
tory animal. The feasibility of using *'P
NMR to study metabolism is already
well established. For example, in a re-
cent study (40) the metabolic state of
skeletal muscle and brain in living rats
was determined by using 3'P NMR to
monitor ATP levels. The application of
similar approaches to study human limbs
is under way.

A clinical application of the >'P NMR
metabolic technique was reported re-
cently (41). The case concerned a patient
with suspected McArdle’s syndrome, a
metabolic defect caused by lack of glyco-
gen phosphorylase activity in skeletal
muscle. Phosphorus-31 NMR aided in
the diagnosis by showing that the patient
differed from normal subjects in having
no fall in intramuscular pH and an exces-
sive reduction in phosphocreatine in re-
sponse to exercise.

The recent developments in NMR
studies of cells, organs, and whole or-
ganisms indicate a bright future for NMR
in biomedical disciplines. It will be used
by the pharmacologist as a structural
probe for new drugs, will aid the patholo-
gist in analyses, and, we believe, will
eventually become a routine screening or
diagnostic device. In another example of
the latter application, *'P NMR is being
used in preliminary experiments to de-
termine the metabolic state of kidneys
and hence their suitability for transplan-
tation (42).

NMR imaging. The technique of NMR
imaging is one that interests not only
scientists but also nonscientists, as it
promises to provide a safe, noninvasive,
and rapid means of screening for or
diagnosing dysfunction or disease in hu-
man tissue. Routine clinical whole-body
scanning of human patients is some
years away. However today, in con-
trolled laboratory environments, it is
possible to obtain NMR images of cross
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sections of human subjects at sufficient
resolution (a few millimeters) to yield
valuable physiological information.
Many applications of NMR imaging
are based on the fact that different tis-
sues or organs have different water con-
tents, and hence a spin density map of
the protons in water molecules should
provide an image with anatomical detail.
The validity of this approach has been
demonstrated by NMR-produced images
of human hands and limbs and torso and
brain cross sections. Graphic photo-
graphs and descriptions of the tech-
niques associated with NMR imaging

. may be found in a recent account of a

symposium on NMR of intact biological
systems (43). In addition to images based
on proton spin density maps, it is possi-
ble to obtain images that monitor spin
lattice relaxation times as a function of
spatial location; these are of interest
because of the proposal (44) that T
values of water protons in cancerous or
damaged cells are longer than those of
protons in normal cells.
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