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/. Introduction 

In surveying the literature of solid-state NMR it is 
striking that the ratio of reviews to original publications 
is unusually high. We believe that this reflects on the 
one hand the evident great potential of this technique 
for the study of chemical and biological systems, and 
on the other the formidable technical obstacles to be 
overcome in obtaining useful results. Despite some 
reluctance to worsen the review/publication ratio still 
further, we hope in this article to address, in particular, 
the community of potential users of solid-state NMR 
in biology, providing a survey of the area that highlights 
the practical problems and the means by which they 
may be tackled, and outlining the results obtained to 
date within the title field. It is not the intent to provide 
a comprehensive discussion of the physical basis of 
solid-state NMR, which may readily be obtained from 
other sources,1-6 but a brief qualitative discussion is 
included to set the context. Likewise, some selected 
experimental techniques are described in section IV, but 
this is not intended to be a complete survey. Reviews 
of the technique of solid-state NMR can be found 
elsewhere.7,8 There are also prior reviews of the ap
plication of solid-state NMR to biological macromole-
cules,9,10 peptides,11 and proteins.12 In these introduc
tory sections we have in mind in particular those who 
are quite familiar with NMR experiments in solution, 
and so we try to emphasize both the similarities and the 
differences between the two states. 

* Deceased. Address all correspondence to Dr. C. M. Dobson, Inor
ganic Chemistry Laboratory, University of Oxford, South Parks 
Road, Oxford OXl 3QR, England. 

0009-2665/91/0791-1307$09.50/0 

Andy Derome grew up in Liverpool, in the North of England, and 
completed his first degree at Cambridge University. His doctoral 
studies were carried out in the group of Jack Baldwin at Oxford, 
and after three years trying to synthesize a fungal metabolite a 
career in NMR spectroscopy came to seem attractive. He was 
appointed as manager of the NMR facility in the Dyson Perrins 
Laboratory in 1982, and to the Physical Sciences faculty of Oxford 
University in 1988. His research interests included studies of both 
small and large molecule structures by NMR, the development of 
computational methods for spectral assignment and structure de
termination, and application of solid-state NMR to biological prob
lems. In the Spring of 1991, subsequent to the submission of this 
manuscript, he met an untimely death. 

Suzi Bowden completed her first degree in chemistry at Oxford this 
year. This article was written while she was, in Oxford parlance, 
a "part 2 student" with Andy Derome. The "part 2" is the final 
stage of the Oxford chemistry course and is roughly equivalent to 
a Masters program by research; her project involved trying to apply 
solid-state NMR techniques to the investigation of several enzymes, 
including isopenicillin-N synthase. Occasionally it proved possible 
to perform these experiments at low temperature. 

/ / . Why Solid-State NMR? 

It is clear why NMR in general is a useful technique, 
but since there is a significant cost in experimental 
difficulty associated with working in the solid state it 
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is appropriate to examine the motivation for doing so. 
In studying proteins, we often ask questions about static 
structure, internal dynamics and chemical mode of 
action; the latter being of course intimately related to 
the first two. By choosing the solid state, we may se
lectively increase both our control over the system un
der study and the information available in these areas. 
We may also find ourself in the solid state more or less 
inadvertently as a result of other considerations, like 
for instance when samples cannot be dissolved or when 
we wish to work at very low temperatures. In this 
section we outline briefly the benefits of working in the 
solid state with respect to the structure and dynamics 
of biological systems. 

A. Structure 

With regard to structure, it is appropriate to distin
guish between the structure of the protein itself and the 
structure of any associated small molecules such as 
cofactors, inhibitors, substrates, and intermediates. 
There are two main sources of structural information 
in NMR spectra: chemical shifts, which tell us about 
the environments of individual nuclei, and couplings, 
which tell us about the relationships between pairs of 
nuclei. In the solid state, the coupling of interest is the 
dipolar coupling, which is much larger than the more 
familiar scalar couplings that are all that remain under 
motional averaging in solution. In principle, measure
ments of dipolar couplings can give rather accurate 
information about interatomic distances, since they are 
directly related. However, solid-state NMR is unlikely 
in general to yield a highly detailed overall structure 
of a protein in the same way as has been demonstrated 
for solution experiments in recent years,13 although 
there have been some studies of the structure of small 
peptides and structural proteins.14 What is possible is 
to measure selected distances, the selection being made 
by isotopic labeling. A recurring theme in solid-state 
NMR is the need to use labeling, for reasons of both 
sensitivity enhancement and selectivity. In this ap
plication, for instance, relevant areas of the protein and 
its substrate might be labeled in order to investigate the 
interaction between the two. Success of course requires 
sufficient foreknowledge of the expected interaction. 

The second source of structural data is the chemical 
shift, familiar from solution work. This is most often 
useful with respect to associated small molecules rather 
than the protein itself. In the solid there is in principle 
more information available from chemical shift mea
surements, because in the absence of molecular motion 
the shift depends not only on the chemical environment 
of the nucleus but also on the orientation of that en
vironment with respect to the external field. The "shift" 
is thus different in different directions, and must be 
characterized in three dimensions as a 3X3 matrix, the 
chemical shift tensor. By suitable choice of axis system 
this matrix can be diagonalized, and the three diagonal 
elements are then known as the principal values of the 
shift tensor, often symbolized <ru, (J22, and <r33. These 
parameters can be obtained directly either from powder 
patterns observed in static samples or from analysis of 
sideband intensities in magic-angle spinning spectra,15,16 

but for a detailed interpretation of their meaning it is 
also necessary to determine the orientation of the shift 
tensor relative to the molecule.17 This latter determi

nation requires either measurements in a single crystal 
or the use of two-dimensional techniques.18'19 From the 
qualitative perspective, the advantage of these solid-
state measurements is that we have three parameters 
to work with instead of the single average, or isotropic, 
shift obtained in solution. Changes in the isotropic shift 
are sometimes found to be localized in only one of the 
three principal values,20 and this may cast extra light 
on the underlying structural change. The difficulty with 
interpreting such data, as always, is the need for ref
erences to compare them with,21 and as these are much 
more sparsely available in the solid state than in solu
tion interpretation in a particular case may require the 
development of suitable model systems. Even in the 
absence of models, though, the relationship between the 
three principal values of the shift gives valuable in
formation about the symmetry of the environment of 
the nucleus concerned. 

B. Dynamics 

In many ways it is those parts of a protein that 
change during its action that are of interest, yet un
fortunately most structural techniques yield informa
tion more easily about those parts that remain the same. 
Solid-state NMR has some striking advantages in the 
investigation of dynamically changing systems. Clearly 
much of the large-scale dynamic behavior of a protein, 
such as overall molecular rotation and translation, will 
be absent in the solid state. However, many more 
localized motions remain, at least at room temperature, 
and the study of these may thus be conveniently iso
lated. Presence or absence of motion may be detected 
in a variety of ways. Complete absence of motion often 
leads to loss of symmetry, as for instance when mono-
substituted phenyl rings show a different 13C shift for 
each ring carbon. Motion on the appropriate time scale 
then leads to the same kind of line broadening and 
averaging effects that are familiar from solution NMR, 
and these may be analyzed in the usual way. More 
detailed information, often sufficient to distinguish 
between subtly different mechanisms of motional av
eraging, is available from the study of the line shapes 
of quadrupolar nuclei (usually 2H), and this technique 
will be discussed later. 

A less helpful manifestation of local motion is that 
if it occurs on certain time scales it can interfere with 
aspects of the solid-state technique, such as heteronu-
clear decoupling, and it can lead to unsatisfactory re
laxation behavior in some cases. Interesting time scales 
in this respect include those related to chemical shifts 
(typically ranging from hertz to kilohertz), dipolar 
couplings (10s to 100s kilohertz), quadrupolar couplings 
(100s to 1000s kilohertz) and the strength of the radio 
frequency (rf) field employed (10s to ca. 125 kilohertz). 
In working with samples over a range of temperatures 
the rates of various internal motions often go in and out 
of tune with these frequencies, leading to surprising 
changes in the spectrum obtained. One of the most 
important considerations in studying biological systems 
is the lower detection limit imposed by the sensitivity 
of the NMR experiment, and it is critically important 
to ensure that signal is not sacrificed by an unfortunate 
choice of experimental conditions. This problem is 
often best addressed by experimenting with suitable 
model systems. 
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/ / / . Why Low Temperature? 

The principle motivation for studying systems at low 
temperature is to stop things from happening, or at 
least to slow them down to an extent sufficient to enable 
them to be investigated by NMR. This is a familiar 
requirement in the study of enzyme mechanism, in 
which reduction in the sample temperature in order to 
stabilize transient intermediates is the basis of 
cryoenzymology.22 

Cryoenzymology requires the use of mixed solvent 
systems like methanol/water or dimethyl sulfoxide/ 
water that can be cooled below 273 K without freezing 
and is therefore restricted to the study of enzymes that 
are soluble in such solvents and retain their activity 
under these conditions. An additional problem, if 
cryoenzymology is to be used in conjunction with NMR, 
is that in cold, viscous solvents line widths increase, 
leading to loss of resolution and sensitivity. The range 
of temperatures that can be employed is also subject 
to considerations of solubility and freezing point. A 
logical step beyond traditional cryoenzymology, then, 
is to abandon the attempt to work in solution, reduce 
the temperature much further, and try to use the 
techniques of solid-state NMR to recover the required 
information. The same argument could be advanced 
in favor of the use of low-temperature solid-state NMR 
for the study of a variety of chemical systems.23 

Another justification often cited for working at low 
temperature is the increase in sensitivity that may be 
obtained, but it is necessary to be careful about the 
meaning of "sensitivity" when making this claim. 
Clearly, if some species is observed at low temperature 
that cannot be observed at room temperature because 
it is transient, in that sense the sensitivity has been 
improved. Similarly, if a system suffers from unsatis
factory rates of internal motion that are removed at low 
temperature, as in the studies of membrane proteins 
referred to later, then that is also an improvement in 
sensitivity. As to whether an increase in signal-to-noise 
ratio can be obtained for a species that exists in equal 
concentration at high and low temperature and does not 
suffer from motion problems, that is a much more 
difficult question. In principle signal strength should 
be increased on cooling as a result of an improved 
Boltzmann distribution at equilibrium, and noise should 
be reduced as a result of less thermal motion of elec
trons in the receiver coil, but it is necessary to set 
against this reduction changes in relaxation behavior. 

In the case of the cross-polarization experiment usu
ally employed to observe SpIn-1Z2 nuclei,24 the optimum 
repetition rate is determined by the proton longitudinal 
relaxation time Tf. In the solid this relaxation time 
almost always increases as the temperature is reduced, 
and this is very likely to outweigh any gains obtained 
from the two factors mentioned previously. A second 
consideration is that the rotating-frame relaxation time 
Tf, which determines the rate of decay of the spin-
locked proton transverse magnetization, needs to be 
long compared with the time taken to achieve cross-
polarization. Tf1 is affected by motions whose rate is 
comparable with "the rf field strength, and although this 
is less predictable than the variation in T1 it is often 
found in practice that Tf assumes inconveniently short 
values at lower temperatures. 

A final consideration that will be recognized by 
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Figure 1. Static 13C powder pattern for glycine (100.6 MHz; cross 
polarized). 

practitioners of low-temperature solid-state NMR is 
that there are a number of rather intangible, but nev
ertheless real, practical difficulties associated with the 
experimental technique. Careful experimental setup 
is essential to obtain the best solid-state spectra, and 
both electrical and mechanical problems may arise as 
the sample is cooled. Some of these difficulties are 
discussed in the following section. 

IV. Problems and Solutions 

In this section we discuss certain aspects of the 
technique of solid-state NMR. This is by no means a 
comprehensive survey, but we have selected some areas 
likely to be unfamiliar to those who have previously 
only worked with samples in solution, and a variety of 
experimental methods that are both useful and practical 
so as to offer guidance in choice of experiment. 

A. Unfamiliar Interactions 

The orientation dependence of chemical shifts, known 
as chemical shift anisotropy, the dipolar coupling and 
the quadrupole interaction are all large effects, and their 
impact on spectra obtained in the solid state is con
siderable. Although, as indicated previously, the ex
istence of these interactions provides a potential source 
of extra information, it is often desirable either to 
eliminate or to reduce their effects so as to work back 
toward a spectrum similar to that obtained in solution. 
A combination of several techniques is required in order 
to achieve this. 

1. Chemical-Shift Anisotropy 

Chemical-shift anisotropy means that if one were to 
take a single crystal of some substance and measure its 
NMR spectrum, the shift values observed would vary 
as the crystal was rotated relative to the static field. In 
a powdered (but microcrystalline) sample, every orien
tation is present simultaneously and so the spectrum 
obtained is a superimposition of the various lines from 
different crystallites. The resulting powder pattern 
obviously reflects the range of variation of the shift, and 
it can in fact be used to evaluate the elements of the 
shift tensor. However, the total width of this pattern, 
which depends on the intrinsic anisotropy of the en
vironment of the nucleus concerned and on the static 
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Figure 2. 13C CP-MAS (100.6 MHz) spectra of glycine at various 
spinning speeds (bottom to top: 2015, 4025, 8000, 12040 Hz). 

field, typically ranges up to 10s of kilohertz so that in 
a real sample with many lines it is impossible to sepa
rate the various overlapping patterns. In the static 13C 
spectrum of glycine (Figure 1) it can be seen that the 
anisotropy associated with the carbonyl group is much 
larger than that associated with the methylene, as of 
course we know from the influence of the carbonyl on 
the shifts of adjacent nuclei in solution. If the object 
of the experiment is simply the determination of the 
isotropic shift, it is thus desirable to remove the effect 
of the anisotropy, and this can be achieved by magic 
angle spinning25,26 (MAS). 

The essence of this method is that the motion that 
was present in the liquid is restored to some degree by 
rotating the sample. It is clearly impossible to repro
duce the completely random reorientation characteristic 
of a molecule in solution, but for spin V2 nuclei it proves 
sufficient to rotate the sample about an axis set at an 
angle of 54.7° (cos-1 (1/V3)) to the static field. The rate 
of rotation ideally needs to be substantially greater than 
the width of the powder pattern to be averaged, but 
even if this condition is not met some averaging is ob
tained. Figure 2 shows 13C spectra of glycine obtained 
at various different spinning speeds. From these it can 
be seen that at slow speed the line breaks up into a 
series of sidebands, located at multiples of the spinning 
speed away from the average shift position, and whose 
intensity distribution reflects the shape of the powder 
pattern. As the speed increases the sidebands move 
further apart and more intensity is transferred to the 
center band, until at very high speeds essentially only 
the center band remains. The pattern of sidebands 
obtained at lower speeds can be used to calculate the 
principal values of the shift tensor.15'16 It can also be 
seen that the more anisotropic carbonyl group requires 
much faster spinning in order to average the anisotropy 
completely, and Figure 3 demonstrates that the aver
aging is more difficult at higher field by comparing 
spectra obtained at 50 and 100 MHz. 

It would appear thus far that the faster the spinning 
the better, and from the point of view of retrieving a 
single line out of a powder pattern that is indeed true. 
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Figure 3. 13C CP-MAS at 50 MHz (bottom) and 100 MHz (top); 
equal spinning speed (2 kHz). The sidebands appear closer 
together in the top trace because the spectra are plotted on equal 
parts per million scales. 

However, it will be noted that the top trace in Figure 
2 shows a significantly degraded signal-to-noise ratio, 
even though all experimental conditions apart from 
spinning speed remain the same. The origin of this 
problem will be described in section IV.B.l. Very fast 
spinning can only be obtained on samples of small size 
(e.g. 4-5 mm diameter), and this may unduly restrict 
the quantity of material under study. For typical 7-mm 
diameter samples with a volume ca. 300-400 nL the 
routine upper limit on the spinning speed is ca. 5 kHz 
at room temperature, and this limit falls slightly as the 
temperature is reduced. Recently designed probes ex
tend the limit as far as 8 kHz in 7-mm rotors, but it is 
necessary to take care that the rotor is made from 
strong enough material to withstand the stresses in
volved. 

2. Dipolar Coupling 

The second unfamiliar interaction is the dipolar 
coupling. This is the direct magnetic interaction be
tween nuclei, analogous to the force one feels on holding 
two bar magnets next to each other. For an isolated 
pair of spin V2 nuclei the dipolar coupling splits the line 
into a doublet, and the size of the splitting depends on 
the internuclear distance and the orientation of the 
internuclear vector relative to the static field. In solu
tion the molecular reorientation averages the splitting 
to zero, and the dipolar interaction is detected only 
since its variation is the principle stimulus to relaxation 
for spin 1J2 nuclei.1 Once again in a powdered sample 
all possible orientations are present, leading to a 
characteristic line shape due to a superimposition of 
many doublets with different splittings.27 

The size of the dipolar coupling is often greater than 
the range of chemical shifts, and this has a number of 
important consequences. It means that for abundant 
nuclei, such as 1H, the complete spin system is always 
strongly coupled, with the result that it is not possible 
to distinguish between individual spins and the system 
has to be treated as a whole. There is thus only one rate 
of relaxation for the complete 1H spin system, and 
perturbations in the population of any proton propagate 
almost immediately to the remainder. The homonu-
clear dipolar coupling could in principle be averaged by 
MAS, but this would require spinning speeds signifi
cantly greater than the magnitude of the couplings, 
which for 1H-1H interactions is not feasible. Multi
ple-pulse schemes have been proposed that cause line 
narrowing in homonuclear coupled systems,28,29 but even 
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when these are used in conjunction with MAS30 the line 
widths presently obtainable are still too large for 
practical application to biological systems. We can thus 
exclude solid-state 1H NMR from further consideration. 

For a dilute nucleus, such as 13C, there is no homo-
nuclear dipolar interaction to consider, and the problem 
with respect to the heteronuclear interaction with 1H 
spins is amenable to experimental solution. The 1H-13C 
dipolar couplings are very large, especially for directly 
bonded atoms, but they can be removed by heteronu
clear decoupling. It is necessary to irradiate the protons 
continuously with an rf field of strength significantly 
greater than the total width of the proton spectrum—in 
practice fields from 70 to 100 kHz are fairly readily 
achieved. The main experimental limitation on the 
field employed is the ability of the NMR probe to 
withstand the voltages involved without suffering 
electrical failure, and it may also be necessary to con
sider the effect of the average power dissipation on the 
temperature of sensitive samples. However, since ac
quisition times in solid-state NMR are typically quite 
short while repetition rates are rather low, this latter 
point is not normally too restrictive. There is no 
equivalent at present to the composite pulse decoupling 
schemes that have been so successful in solution 
NMR,31 and because of the magnitude of the interac
tions involved, and the strong coupling in the 1H spin 
system, the problems of devising methods applicable 
in the solid state are formidable. Thus the decoupling 
employed is straightforward continuous irradiation at 
the center of the 1H resonance range. 

The combination of high-speed MAS and strong de
coupling of 1H leads, for nuclei like 13C, 15N, and 31P, 
to spectra quite similar to those obtained in solution, 
subject to the considerations discussed in the next two 
sections. 

Determination of heteronuclear dipolar couplings, 
and of the geometric relationship between the dipolar 
interaction and the chemical shift anisotropy, can be 
achieved by a variety of two-dimensional techniques. 
The earliest experiment, applied in static single crystals 
and powders, is known as separated local field spec
troscopy.32"35 This employs an evolution period during 
which heteronuclear dipolar couplings are allowed to 
evolve, while homonuclear interactions are suppressed 
by a multipulse decoupling sequence. The result for 
a single crystal is a spectrum with chemical shifts in the 
F2 dimension and the dipolar splitting in F1, somewhat 
akin to J spectroscopy in solution. When used in con
junction with MAS the 1̂ sampling period needs to be 
a multiple of the sample rotation period, leading to an 
experiment designated rotational echo NMR.36"39 

3. Ouadrupolar Effects 

Nuclei with spin > l/2 have, in addition to the dipolar 
interaction described above, a quadrupole which can 
couple with the electric field gradient at the nucleus. 
This interaction is usually larger than both the chemical 
shift and the dipolar coupling (for instance, in the re
gion of 130 kHz for 2H and several MHz for 14N), and 
as a result it completely dominates the spectra of 
quadrupolar nuclei. This may affect the results ob
tained either directly, when a nucleus such as 2H or 14N 
is measured, or indirectly when the observed nucleus 
interacts with a quadrupolar nucleus. The latter situ

ation is particularly common in protein studies because 
of course many of the carbons involved are attached to 
14N. 

The direct consequence for the observation of quad
rupolar nuclei is once again a doublet for an oriented 
single crystal and a characteristic wide static pattern 
for a powder, since the quadrupolar interaction depends 
on the orientation of the electric field gradient relative 
to the static field. In contrast with the dipolar case, in 
which the coupling is between pairs of nuclei, for the 
quadrupole each nucleus contributes a doublet. For the 
commonly studied 2H, the quadrupole coupling is vastly 
greater than the chemical shift range, so that the line 
shapes obtained reflect only the quadrupolar interac
tion. This line shape is very sensitive to motion with 
time scales of the same order as the reciprocal of the 
quadrupole coupling, and this has been exploited to 
good effect in the study of protein dynamics as outlined 
later. The relaxation times for quadrupolar nuclei are 
also sensitive to motions on interesting time scales, and 
are almost always very much shorter than those of spin 
1J2 nuclei. This makes multiscan signal acquisition 
more efficient, but also contributes significantly to the 
width of the lines. 

The effect of MAS on quadrupolar powder patterns 
depends on whether the nucleus has integral (e.g. 2H, 
14N with / = 1) or odd half-integral (e.g. 23Na, / = 3/2; 
17O, I = 5/2) spin. For integral spin nuclei, spinning can 
in principle average the pattern40 but the speed required 
for complete averaging would of course be prohibitively 
high (see also the discussion of effects arising when the 
quadrupolar coupling is the same order of magnitude 
as the Larmor frequency in the following paragraph). 
In practice rather broad lines are still likely to be ob
tained because of their short T2S. Thus, on balance, this 
leads to a loss rather than a gain in information content 
and hence is seldom employed. For odd half-integral 
spin nuclei, spinning about a single axis is not sufficient; 
it is necessary to spin simultaneously about two axes, 
which sounds impossible but has in fact been 
achieved.41,42 However this technique has not yet been 
applied to systems within the scope of this review. 

The indirect effect of the quadrupolar interaction of 
14N on 13C spectra is of some significance in the study 
of peptides and proteins. The heteronuclear dipolar 
coupling between these nuclei would in principle be 
averaged by MAS, but the large quadrupole interaction 
interferes with this process. The net result is either a 
splitting or a broadening of the resonances of 13C atoms 
attached to 14N.43 This is readily apparent in the rel
ative widths of the carbonyl and methylene carbons of 
glycine in the spectra shown previously. The effect 
depends on the relative sizes of the 14N quadrupole 
coupling (3-5 MHz and independent of the static field) 
and the Larmor frequency (7.2 MHz at a proton fre
quency of 100 MHz and scaling with the static field), 
and so it decreases as the static field strength increases. 

4. Solid-State Effects 

Efficient decoupling and high-speed MAS notwith
standing, solid-state spectra nearly always have broader 
lines than those obtained in solution, and in addition 
there are often more lines than would be expected from 
solution studies. The former problem arises from a 
whole host of factors, both intrinsic to the sample and 
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of an experimental nature, and these have been sur
veyed previously.44 Many of the contributions to the 
line width increase with the static field, so, in contrast 
to solution NMR, increased effective dispersion may not 
be obtained on increasing the field. 

Extra lines typically appear in crystalline powders 
because of both locking of molecular conformations, as 
in the example of phenyl rings mentioned earlier, and 
due to the occurrence of more than one distinct envi
ronment in the unit cell. Neither circumstance is easily 
predictable a priori, and each case must be analyzed as 
it arises. Motion within the solid sample can average 
out conformational effects or convert them to a source 
of line broadening and occurs more often than would 
perhaps be expected. Aromatic side chains of amino 
acids, for instance, are often found to be undergoing 
various kinds of ring-flipping motion even in the crys
tal.45 In amorphous samples, which may arise for ex
ample when one tries to catch an intermediate by rap
idly freezing a solution, individual molecules may find 
themselves in a wide variety of different environments, 
leading to line broadening of many parts per million. 
This does not mean that it is impossible to obtain useful 
spectra from amorphous materials, but dispersion will 
not be anywhere near that achieved in solution or in 
crystalline powders. 

B. Sensitivity 

Lack of adequate sensitivity is always a problem in 
NMR spectroscopy, and this is especially true in the 
solid state where often lines are broad and relaxation 
properties unfavorable. In the measurement of spin l/2 
nuclei, an essential technique for sensitivity enhance
ment is cross-polarization of the nucleus of interest 
using the magnetization of 1H.24,46-47 This procedure is 
somewhat similar to the polarization transfer methods 
that have become well known in solution NMR, but 
with the difference that it is mediated by the dipolar 
coupling. The goal is to equilibrate the less-polarized 
13C spins with the more strongly polarized (as a result 
of the higher Larmor frequency) 1H spin system, using 
the dipolar couplings as the connection. What is re
quired, in essence, is to bring about the situation that 
already exists within the 1H system, in which the strong 
dipolar couplings immediately propogate population 
disturbances through the system as mentioned in sec
tion IV.A.2. Unfortunately, from the point of view of 
the heteronuclear dipolar interaction the system is 
normally weakly coupled, since the difference in Larmor 
frequencies (100s MHz) is much greater than the di
polar coupling. 

In cross-polarization this situation is temporarily 
circumvented, by transferring the 1H magnetization to 
the transverse plane with a 90° pulse, and then holding 
it there by continuous irradiation 90° out of phase with 
the original pulse (spin locking). In this state the 1H 
spins precess around the rf field instead of the static 
field, and so they have a kind of "effective Larmor 
frequency" determined by the magnitude of the rf field. 
At the same time the 13C spins are also subject to spin 
locking, and since the precession rates of the two kinds 
of nuclei depend on the respective rf field strengths, we 
are free to adjust conditions so that the 13C precession 
occurs at an equal rate to that of 1H—the Hartmann-
Hahn matching condition.48 Since the 13C gyromagnetic 
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Figure 4. 13C CP-MAS at 12 kHz spin speed; contact time 1 ms 
(bottom) and 10 ms (top). The intensity of the carbonyl signal 
varies more than that of the methylene because it experiences 
smaller dipolar couplings. 

ratio is one fourth that of 1H, this requires that the 13C 
field be 4 times bigger. Under these conditions the 
nuclei have, in effect, no difference in frequency, and 
hence they become strongly coupled by the dipolar in
teraction. Over some ensuing period (the contact time), 
whose duration depends on the size of the dipolar 
couplings, the two systems come to equilibrium, and on 
switching off the 13C field we can measure a signal with 
roughly 4-fold enhancement in sensitivity. In addition 
the experiment can be repeated after a time determined 
by the 1H T1, which is usually relatively short. 

Efficient cross-polarization requires that each carbon 
is reasonably close to some protons, and in ordinary 
organic molecules this condition is normally met even 
for quaternary carbons. If for some reason proton-
carbon distances are large, equilibration takes longer 
and the contact time must be correspondingly in
creased. This will only be effective so long as the 
spin-locked 1H magnetization does not decay too much 
during the contact, which requires that the contact time 
is less than Tf. In practice contact times ranging from 
100s microseconds to 10s milliseconds are often ap
propriate. Long contact times, during which two strong 
rf fields are being applied to the sample, can lead to 
electrical or heating problems. 

Very fast sample spinning, such as was used for the 
top trace in Figure 2, can begin to interfere with 
cross-polarization as the spinning rate approaches the 
same order of magnitude as the dipolar couplings. In
creasing the contact time can recover some of the lost 
signal in this case too (Figure 4), subject to the same 
limitations of practicality. 

The ultimate question of interest in practical appli
cations of cross-polarization is the minimum quantity 
of material that can be detected. It is impossible to give 
a definitive answer to this question because it depends 
on such a complicated combination of factors such as 
relaxation, line widths, and field strength. However, 
as a very rough rule of thumb, we find that for 13C 
observation at 100 MHz with 100% enrichment in a 
single site, it is desirable to have around 1 ̂ M of the 
species to be detected present. This is not a large 
quantity from the perspective of small organic mole
cules, but when one considers the prospects for ob
serving enzyme-bound species, even assuming saturat
ing conditions, the amount of a medium molecular 
weight protein required becomes uncomfortably large. 
This is reflected in the fact that solid-state observation 
of enzyme-bound species has been restricted to cofac-
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tors and inhibitors to date. The observation of a true 
transient intermediate is indeed a challenging objective. 

C. Low-Temperature MAS 

Low temperature work presents few problems with 
static samples, as in wide-line 2H experiments, but the 
stringent mechanical requirements for magic-angle 
spinning mean that temperature reduction requires 
care. Much of the literature material on low-tempera
ture MAS comes from groups that build their own 
spectrometers and hence employ a variety of solutions 
to this problem,23,49 but commercial systems are now 
available that, in principle at least, permit low-tem
perature work. In a MAS probe there are typically two 
gas streams, one for the gas bearings on which the 
sample floats and one to drive the sample round. Ei
ther, or preferably both, of these may be precooled in 
order to regulate the sample temperature. A prere
quisite for success is a source of very dry, CO2 free gas. 
If the gas employed is N2, then the best source in 
principle is evaporating liquid, but the amount of liquid 
consumed can be quite large. High-purity nitrogen 
from cylinders is also satisfactory, but once again the 
rate of consumption means that long-term operations 
are difficult to sustain. We have found that a satis
factory alternative is to use a commercial N2-purifying 
machine that employs a zeolite-based absorption pro
cess to make dry N2 from air.50 This has the advantage 
that it never runs out. For very fast spinning at low 
temperatures it is necessary to use helium as the drive 
and bearing gas, and such experiments have been re
ported in the literature.51 However, in this case it is 
essential that the gas does not come into contact with 
the electrical components of the pro"be because it has 
unsatisfactory properties with respect to electrical 
breakdown. Since most commercial probe designs have 
no provision for isolating the gas streams from the 
transmit/receive coil this is not a routine application. 

A second consideration in low-temperature work is 
the behavior of the rotor/cap combination. Various 
different substances have been proposed for construc
tion of rotors for MAS, including both plastics and 
ceramic-type materials.8 It is necessary to balance 
considerations of mechanical strength and satisfactory 
thermal expansion/contraction behavior against a re
quirement that the rotor material does not contribute 
NMR signals of the nucleus of interest. For 13C and 15N 
work zirconia or sapphire rotors are satisfactory. In 
choice of cap, background signals are of less significance 
since it will be outside the sensitive region of the probe, 
but it is essential that contraction at lower temperatures 
does not loosen the fit of the cap into the rotor. In 
many commercial designs the driving force for sample 
rotation is transmitted through the cap, so there is a 
significant stress between cap and rotor. The plastic 
KeI-F has quite good performance in low-temperature 
applications, but for complete safety it may be found 
necessary to glue the cap to the rotor. This is partic
ularly convenient for samples that are initially liquid, 
since by drilling a small hole in the exact center of the 
cap it is possible to insert and remove the sample 
through a plastic cannula. The sample can then either 
be frozen or dropped directly into the pre-cooled probe, 
after whatever incubation period is necessary to gen
erate the species of interest. An alternative to gluing 

the cap is to use caps made from boron nitride, but this 
material is quite soft and the caps tend to wear out or 
break after only a few uses. 

D. Wide Lines 

NMR of static samples, typically employing 2H ob
servation in protein studies, presents some interesting 
experimental difficulties. The basic problem is that the 
spectral range is so large that it is difficult to get uni
form excitation and detection of the signal with pulse 
methods. The problem is particularly acute since the 
main point of interest in wide-line work is the precise 
form of the line shape, and distortion of this due to 
experimental deficiencies detracts considerably from the 
value of the measurements. So far as excitation is 
concerned, though some composite pulse schemes have 
been reported in the literature,52 the majority of work 
still simply employs the highest possible rf field 
strengths, and hence the shortest possible 90° pulse 
widths. Pulse widths down to 1-2 us can be achieved 
reasonably routinely in probes employing a horizontal 
sample and solenoidal coil, corresponding to field 
strengths from 125 to 250 kHz, but since the widths of 
2H lines in static samples are of a similar magnitude 
distortions due to off-resonance effects are still likely. 

With regard to detection, problems arise in a number 
of different ways. It is necessary for the spectrometer 
receiver to have a flat response over the large frequency 
range in question, and receivers designed originally for 
high-resolution work may not have incorporated this 
as a design goal. Spectrometers oriented specifically 
toward wide-line work usually address this problem 
quite well. It is also necessary to be able to sample at 
a sufficiently high rate, but suitable digitizers are now 
readily available. A more difficult problem relates to 
the timescale of the FID in comparison with the time 
that must elapse after the pulse before it is possible to 
start measuring the signal. This time is determined by 
both the recovery rate of the receiver electronics after 
the pulse is turned off, and by the time taken for me
chanical disturbances in the probe, induced by the 
pulse, to die away. The latter ringdown time is often 
10s of microseconds, and unfortunately it is not ac
ceptable to wait this long before starting the measur-
ment, since the most important part of the FID de
termining the frequency domain line shape occurs early 
on in the decay. 

The solution, universally employed, is to excite a spin 
echo, known in this case as the quadrupolar echo,53"55 

in order to regenerate the early part of the FID after 
a sufficient time for ringdown and receiver recovery. 
The sequence required for quadrupolar nuclei is to 
follow the initial 90° pulse with a second 90° pulse 
phase-shifted by 90°. By leaving a few 10s of micro
seconds between the pulses it is possible to ensure that 
the echo peak occurs after the spectrometer is ready to 
start measuring. In practice, sampling is usually started, 
significantly before the peak of the echo, and the re
sulting FID is adjusted by left-shifting the data until 
the exact echo peak is at the beginning. This technique 
substantially improves the detection of wide line shapes, 
but it is necessary to interpret the results with care in 
the presence of molecular motion because this may 
cause the line shape to become dependent on the choice 
of echo interval.56 
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Figure 5. 13C CP-MAS spectra of tryptophan spinning at ca. 2 
kHz; direct observation (bottom) and TOSS (top). There is no 
sensitivity advantage in the TOSS experiment; the upper trace 
has substantially more scans. 

E. Spinning Sidebands 

It has been shown previously that in many cases it 
is not possible to average completely the chemical shift 
anisotropy by MAS, so spectra retain a considerable 
contribution from spinning sidebands. The sideband 
intensities may of course be of interest, but in more 
complex molecules it can be difficult to distinguish 
between center bands and sidebands (Figure 5), and if 
the goal is simply determination of the isotropic shift, 
dispersion of the signal into the sidebands degrades 
sensitivity. There are a variety of techniques available 
to help with this problem. Chemical shift scaling57,58 

uses a multiple-pulse sequence to scale down the ef
fective anisotropy, so that MAS is more effective at 
transferring intensity to the center band. However, 
since the ordinary chemical shift differences are reduced 
as well, discrimination between signals will be worsened 
unless the line widths also decrease, which is not the 
case in practice. In addition this method can introduce 
artefact lines in the spectrum! 

Sidebands can be removed from the spectrum by a 
number of variants of the TOSS (total suppression of 
sidebands) method,69-61 but since they are only can
celled by phase alternation there is no enhancement in 
the strength of the center band. Nevertheless, the ex
periment is reliable and effective and may be very 
useful in identifying the center-band positions (Figure 
5). The simplest variant of TOSS is restricted to use 
at quite low spinning speeds (< ca. 2.5 kHz) because 
otherwise an interval in the pulse sequence related to 
the spinning speed becomes too short. 

F. Finding the Peak 

Often we are searching for a single interesting peak 
in the midst of a host of others. In solution NMR many 
manipulations can be employed in order to edit out 
peaks according to some criterion, but the range of 
operations available in the solid state is much more 
limited. One straightforward and useful method elim
inates resonances from carbons directly attached to 1H 
by the simple expedient of switching off proton de
coupling for a short time, typically <100 us. The large 
dipolar coupling between attached nuclei causes the 
protonated carbon signals to dephase rapidly, leaving 
only the signals from quaternaries (Figure 6). This 
dipolar dephasing experiment62 is generally effective 
and easy to apply if signals of interest are expected to 
come from quaternary carbons. The delay before ac-
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Figure 6. Tryptophan at 5.1 kHz spin speed; all signals (bottom); 
quarternaries and their sidebands, only (top). 

quisition does cause a significant phase gradient across 
the spectrum, but not so large that it is difficult to 
correct. 

The principle technique for isolating the signal of 
interest is, however, isotopic enrichment. In 13C NMR, 
even with 100% enrichment, signals may not stand out 
too clearly from a protein background, since, although 
the protein has 90 times less 13C, it may have 100 times 
as many atoms contributing to the signal in a particular 
part of the spectrum. So careful comparison with 
control experiments is needed. It is obvious that such 
a control must be set up to be as similar as possible to 
the real experiment. This means ensuring equivalent 
concentrations of enzyme and buffers and identical 
NMR measurement conditions. In MAS experiments 
it is particularly important to ensure that the spinning 
speed is stable and the same in each experiment. Fi
nally, the control should not be an incubation in the 
absence of substrate, but rather an incubation with the 
unlabeled substrate. With sufficient care it is possible 
to isolate peaks by difference spectroscopy, subtracting 
the control from the real experiment.63'64 However it 
must be stressed that even slight deviations in condi
tions between the two experiments can lead to apparent 
peaks in the difference spectrum, and because the real 
peak we are looking for may quite likely be broad and 
weak, it is easy to be misled into thinking that some 
such experimental glitch is in fact an interesting signal. 
Care is needed! 

V. Applications 

A. Structure 

1. Proteins 

Structural studies on proteins by solid-state NMR fall 
into two categories: the gathering of circumstantial 
evidence for structure by means of the determination 
of chemical shifts of labeled sites in the protein, and 
the direct determination of distances and angles using 
the orientation dependence of the shift anisotropy and 
the dipolar and quadrupolar couplings. Some of the 
material referenced in this section does not strictly fall 
within the scope of the review title, since it was not 
carried out at low temperature, but it is included to give 
a realistic perspective on an important field. Examples 
involving structural relationships between the protein 
and some other substance are referenced in section 
V.A.2. 

Opella has developed a protocol that aims to describe 
the structure of peptides and proteins on the basis of 
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a collection of data from solid state NMR. This has 
been reviewed previously,65,66 so only a very brief outline 
of the idea will be given here. The method is applicable 
to oriented systems, the orientation arising either be
cause of crystallinity or because the system is subject 
to mechanical or magnetic constraints. The latter sit
uation is particularly interesting, because sometimes 
systems that cannot be crystallized can be prepared in 
an oriented form that still permits the use of solid-state 
techniques. The structural model that is chosen in this 
work is to regard the backbone atoms of each amino 
acid residue in the protein (i.e. the atoms C^-NH-
CO-C2,) as defining a plane and to then try to deter
mine the orientation of that plane relative to the static 
field by examining various orientation-dependent NMR 
parameters. Generally, no single measurement unam
biguously determines the orientation, but by combining 
the restrictions available from several measurements the 
possibilities may be narrowed down to a unique solution 
or a few related solutions. Computational methods have 
been developed to fit calculated NMR parameters 
against experimental data and to carry out the analysis 
of the plane orientation.65,67 

The difficulty with this method lies in the choice of 
parameters that it is feasible to measure in a complex 
protein. Without isotopic enrichment the only acces
sible nucleus is 14N, and in a single crystal of N-
acetyl-Val-Leu measurements on this nucleus alone 
have been sufficient to determine the structure.68 In 
more complex systems it is necessary to employ en
richment of 15N and 13C both for reasons of assignment 
and to enable the measurement of more NMR param
eters. Unfortunately uniform enrichment, which is 
reasonably practical for proteins that have expression 
systems, is not sufficient because it is not possible to 
resolve fully or assign the spectra. This seriously re
stricts the applicability of the technique, but in what 
must have been a heroic series of experiments Opella's 
group have demonstrated the structure determination 
of the coat protein of a filamentous bacteriophage in 
situ in the virus. This was done by preparing a series 
of samples with 15N enrichment in single amino acids, 
and with 13C and 15N in selected pairs of amino 
acids.68-70 The latter labeling was to enable discrimi
nation between the 15N signals of the same amino acid 
at different positions in the protein sequence. 

Less ambitious structural studies generally home in 
on an interesting site, such as an amino acid suspected 
of being involved in some catalytic activity, and try to 
correlate either the isotropic shift or the anisotropy with 
changes in conditions. There are a variety of correla
tions of shift with protein conformation and pH in the 
literature.71"73 Unfortunately some interesting groups, 
such as carboxylic acids, only show small shift changes 
between protonated and deprotonated forms, which are 
usually not discernible in the solid. More success has 
been achieved with 15N shifts, which can vary sub
stantially as a function of hydrogen bonding and pro-
tonation. 

Careful measurements of chemical shift anisotropy 
have proved of value in determining the conformation 
of proteins and peptides in membranes, but as these 
investigations are intimately connected with the dy
namic behavior of the protein in the lipid bilayer they 
are referenced in section V.B. 

2. Cofactors and Inhibitors 

The most successful area of application of low-tem
perature solid-state NMR to proteins has been in the 
study of the interaction between the protein and asso
ciated small molecules. In this case any required iso
topic enrichment can be carried out synthetically in the 
nonprotein component of the system, and the genera
tion of high levels of the combined species is assured. 

In an extended series of studies, Griffin has used 
solid-state 13C and 15N NMR to investigate the structure 
and function of various retinal-containing proteins, and 
in particular bacteriorhodopsin from the purple mem
brane of Halobacterium halobium. In common with 
many membrane proteins, bacteriorhodopsin is difficult 
to study by normal NMR methods because its location 
in a lipid bilayer gives it unfavourable motional prop
erties.74 By employing low-temperature and CP-MAS, 
it has proved possible to circumvent this problem.75 

Retinal-containing proteins are employed by a num
ber of biological systems that interact with light. In 
rhodopsin, the visual pigment, absorption of light leads 
eventually to the perception of vision. In bacterio
rhodopsin light absorption causes transmembrane 
proton transport, leading to a pH gradient that the 
bacterium employs for ATP synthesis. A curious fea
ture shared by all these proteins is that the cofactor, 
bound to the protein as a Schiff s base (1), has its op

en 

tical absorption maximum shifted about 200 nm relative 
to equivalent simple Schiff s bases—the opsin shift. 
This gives the bacterial membrane its characteristic 
purple color. The origin of the opsin shift is of interest 
both because it may provide indirect evidence for the 
mechanism of ion transport, and because its variation 
forms the basis of color vision. Initial studies of bac
teriorhodopsin used systematic labeling of the retinal 
at different sites along the conjugated alkene together 
with variations in pH and light/dark conditions to build 
up support for a model of the mechanism of the opsin 
shift that depends on a subtle combination of ionic 
influences from groups in the protein and small con
formational distortions of the retinal.74"81,83,85'"87 15N 
NMR has been used to probe for hydrogen bonding of 
the Schiff s base nitrogen,82 and by 13C labeling tyrosine 
residues in the protein it has been possible to test for 
the existence of tyrosinates, by first demonstrating that 
such species can be formed and detected under con
ditions of high pH, and then demonstrating their ab
sence under normal conditions.84 In equivalent studies 
of rhodopsin it has been found that the interaction 
between the protein and the retinal appears to occur 
at different locations than in bacteriorhodopsin.88 

These studies of rhodopsin illustrate the careful ac
cumulation of evidence by a combination of systematic 
isotopic labeling, low-temperature CP-MAS, and dif
ference spectroscopy, and they have provided good 
structural information about retinal and its environ
ment in these enzymes. For the eventual understanding 
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of the mechanism of ion transport it will be necessary 
to use the essentially static information from NMR in 
conjunction with other methods that can follow the fast 
processes involved. 

As has been outlined previously, there are formidable 
obstacles to the observation of genuine intermediates 
in enzyme catalyzed reactions, whether by solid-state 
NMR or cryoenzymology. The kinetic criteria that 
must be met in order for an intermediate to accumulate, 
and the requirements for identification of a species as 
a true intermediate have been reviewed previously,89,90 

but unfortunately these are rarely fulfilled. This is, of 
course, natural, since the job of the enzyme is to turn 
over the substrate rather than to pool intermediates.91,92 

Convincing observation of the results of chemical pro
cesses on enzymes has thus been restricted to inhibition 
to date, but in some of these examples interesting 
structural information has been obtained. 

An early attempt to observe an enzyme-bound in
termediate by CP-MAS NMR involved the zinc pro
tease carboxypeptidase-A.93 Catalysis of amide hy
drolysis by this enzyme probably involves direct attack 
by water on the amide carbonyl, promoted by the vi
cinity of a coordinated zinc atom, but a reasonable 
alternative that has not been absolutely excluded is 
nucleophilic catalysis by attack of a residue such as 
Glu-270. In the latter case one might hope to observe 
the resulting anhydride intermediate under some con
ditions. In experiments with the artificial substrate 
Gly-Tyr (2), which is known to react about 5000 times 

H2N OH 

(2) 

more slowly than optimum substrates for this enzyme, 
and whose complex with carboxypeptidase-A has been 
investigated by crystallography, Scott was able to ob
serve only the hydrolysis products, possibly bound to 
the enzyme.93 These experiments employed 13C labeling 
of the glycine carbonyl and 15N labeling of the tyrosine 
nitrogen, and the CP-MAS measurements were made 
on crystalline samples obtained by diffusing the sub
strate into the protein crystal. In each case only signals 
attributable to the product (i.e. glycine or tyrosine) were 
identified; neither the starting dipeptide nor any in
termediate were seen. 

Scott's group have also studied inhibition of the se
rine protease trypsin.94 In this system there is no doubt 
about the involvement of the enzyme in nucleophilic 
attack on the substrate. The inhibitor carbobenzyl-
oxylysyl chloromethyl ketone (3) acts by irreversibly 
attaching itself to the active-site imidazole; the carbonyl 
of the inhibitor may then form a hemiacetal with the 
active site serine. An attempt to distinguish between 
this hemiacetal (4) and the reasonable alternative hy
drate was made (in solution) by analysis of isotope shifts 
on performing the experiment in partially 18O enriched 
water, but the results obtained were difficult to inter
pret. In further investigations using crystallography, 
solid-state NMR was employed to demonstrate that the 

N-His.57 

X^ 
O-Ser.195 

(4) 

species obtained in the solid was the same as that ob
tained in solution. This example was irreversible in
hibition, brought about by covalent bonding of the in
hibitor to a histidine residue, but in recent work from 
the same group a species formed by reversible binding 
of the peptide aldehyde iV-acetyl-L-leucyl-L-leucyl-ar-
ginal (leupeptin, 5) has been observed in the solid 
state.95 

NH ^NH2 r 
H NH 

(5) 

The former studies were not, in fact, performed at low 
temperature. A system for which low-temperature 
CP-MAS has proven necessary to stabilize the complex 
under study is alanine racemase inhibited by alanine 
phosphonate.96 In its normal mode of action, alanine 
racemase employs a pyridoxal phosphate cofactor to 
bind alanine, as an imine, and catalyze its conversion 
from L to D form. Alanine phosphonate was demon
strated to form an analogous imine (6) during inhibition 

(6) 

by means of low-temperature solid-state 16N NMR. 
The protonated imine nitrogen has a very characteristic 
isotropic shift, and in addition in this study the prin
cipal values of the shift tensor were obtained and com
pared with those of suitable model compounds. 

Finally, in a study of another zinc protease, the 
binding of peptide analogues 7 and 8 to thermolysin has 
been investigated by measurement of 31P and 15N shift 
tensor elements and the phosphorus-nitrogen dipolar 
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coupling.97 A special technique was employed in order 

O ' NH PO5 

S^ 

O i 

Y ^ N H I °H 

n 

(7) 

S^ 

u 

I 
O NH 

(8) 

to avoid problems due to the small size of this coupling 
(ca. 1 kHz), so as to be able to obtain a variant of sep
arated local field spectroscopy even when spinning the 
sample at a high speed relative to the dipolar interac
tion. The distances obtained disagreed significantly 
with prior measurements by X-ray crystallography. It 
has been observed before that distances obtained from 
NMR are often less than those obtained by crystallog
raphy, and this has been attributed to errors in the 
NMR measurement resulting from partial averaging of 
the dipolar coupling by residual molecular motion.98"100 

However in this system, in which heavy atoms were 
studied at low temperature, this is not an acceptable 
explanation, and it must be that either the NMR dis
tance is more accurate than that obtained from crys
tallography, or that there is some unidentified source 
of error. It is certainly possible in principle for the 
NMR measurement to be highly accurate, so it will be 
of interest to see the results of further studies of this 
kind. 

B. Dynamics 

All the NMR interactions measured in the solid state 
are susceptible to modification by molecular motion, 
and there is little difficulty calculating the line shape 
expected given a model for the motion and an assumed 
rate. The problem is obtaining adequate experimental 
data to enable the often quite subtle changes in line 
shape involved to be identified reliably. There are 
many references in this field, and as material prior to 
1985 has been reviewed previously101-103 we restrict our 
attention to more recent work. These prior reviews also 
include a detailed discussion of the line shapes obtained 
when anisotropy, dipolar coupling, and quadrupolar 
coupling interactions are perturbed by motion. 

It is useful to subdivide the dynamics studies ac
cording to the interaction involved. For spin 1J2 nuclei 
the possibilities are to measure either shift anisotropy 
or dipolar coupling, while for quadrupolar nuclei usually 
only the quadrupole interaction is accessible. Each of 
these three interactions presents its own particular 
advantages and problems. It is also, of course, possible 
to use relaxation time measurements of various kinds 

to investigate motion, just as in solution. These ex
periments differ from those involving anisotropy or 
couplings in both the frequency and form of motion to 
which they are sensitive. Spin-lattice relaxation re
sponds to the highest frequency motions of all the in
teractions under consideration, and in addition it can 
be brought about by small-amplitude vibrations. In 
contrast averaging of the various powder patterns re
quires large displacements of atoms, since they need to 
experience widely varying orientations in order for av
eraging to be obtained. 

Chemical shift anisotropy requires no special mea
surement techniques, but the static powder pattern can 
only be obtained if background signals from the sample 
are small enough not to interfere. This is easily 
achieved by labeling in small molecules, but is not likely 
to be possible in the presence of a protein. In addition, 
though the effect of motion on the pattern can be 
calculated given knowledge of the shift tensor, the latter 
has to be obtained from static model systems. This is 
in contrast to the coupling interactions which can be 
calculated a priori. The motions which affect anisot
ropy powder patterns are rather slow, in the kilohertz 
range, and the effects on the line shape can sometimes 
be too small to detect in practical cases. This is espe
cially true for sites with intrinsically small anisotropy, 
which means, for instance, most carbons except carbo-
nyls and aromatics. 

Heteronuclear dipolar coupling between 1H and lower 
7 nuclei is a large interaction and hence readily acces
sible for measurement. In protein studies coupling to 
13C and 15N are of most interest, in the former case 
usually restricted to carbons bearing a single proton for 
reasons of simplicity of interpretation. The quadru
polar interaction is at least 1 order of magnitude larger 
again, and, subject to the difficulties discussed in section 
IV.A.3, line shapes are highly sensitive to motions on 
the appropriate timescale. The rates of motion required 
in fact approach the threshold of fluid-like behavior, 
and for this reason 2H line shape measurements have 
found much application in the study of lipid bilayers, 
but this is outside the scope of this review. 

7. Spin 1Z2 Nuclei 

As part of the studies of bacteriorhodopsin discussed 
in section V.A.2, the dynamic behavior of the system 
has also been investigated.104 Bacteriorhodopsin 13C 
labeled in all leucine carbonyls was studied both in the 
native purple membrane and when reconstituted with 
extra lipid. In the native membrane the protein is static 
and gives an ordinary powder pattern in the carbonyl 
region, and essentially the same result is obtained for 
the reconstituted membrane at low temperature. As 
the temperature of the reconstituted system is increased 
above the phase transition temperature of the lipid, 
motional averaging of the powder pattern begins. In 
this state the motion of the protein is not random, but 
consists of rotational diffusion about an axis perpen
dicular to the lipid bilayer. Since the principal values 
of the carbonyl shift tensor were available from the 
static powder pattern, it was possible to calculate the 
expected effect of motional averaging by assuming 
various models for the structure of the membrane 
protein. By this means it was argued that the observed 
line shape was not consistent with a protein structure 
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consisting either of a-helices perpendicular to the lipid 
bilayer or /3-sheets in a variety of orientations. Other 
structural models consistent with the observations were 
proposed, but clearly from data of this kind it is not 
possible to come to a definite conclusion about the 
structure. Nevertheless, since other techniques had not 
yielded any structural information whatsoever, this is 
an interesting approach. 

Gramicidin A, a 15-residue ion channel forming 
membrane peptide, has also been the subject of similar 
anisotropy studies.105'106 In this system it is practical 
to make the peptide synthetically, so several samples 
were prepared with 13C labels in specific amino acid 
carbonyls. Initial studies concerned the dynamic be
havior of the peptide, and then by measurements of 
powder patterns over a range of temperatures and 
sample orientations a structural model was developed. 
The same system has also been studied by 15N NMR.107 

The dipolar interaction has been exploited in order 
to investigate the motion of bacterial cell wall pepti-
doglycan in the intact bacterium Aerococcus viridans.10S 

Growth of the organism on a medium containing either 
15N ammonium sulfate, or lysine 15N labeled in the a 
or e nitrogens, enabled the study of both peptide and 
cross-link sites in the cell wall. The dipolar rotational 
echo experiment was used to determine the 1H-15N 
dipolar couplings, and from both these and observations 
of the chemical shift anisotropy it was deduced that the 
N-H bond vector was undergoing rapid motion with a 
root-mean-square deviation of 23° in lyophilized cells 
and 37° in wet cells. This conclusion is in accord with 
results from X-ray crystallography and with molecular 
dynamics calculations. 

Other rather qualitative studies using both chemical 
shift and relaxation data include work on lens cyto
plasmic protein,109 tropomysin,110 and silk fibroins.111 

It will be noted that the majority of dynamics studies 
by solid-state NMR have not been made on catalytic 
systems, but rather on structural proteins, membrane 
channels, and so on. This reflects the more regular 
structure of the latter, which makes interpretation of 
the results more practical. 

2. Quadrupolar Nuclei and Combined Studies 

The majority of dynamics studies using 2H wide-line 
spectra involve lipids and hence fall outside the scope 
of this review. However there have been a few direct 
applications to proteins, and also some studies in which 
a protein has been investigated indirectly by means of 
its interaction with a lipid.112 

Though it is not strictly a protein study, an inter
esting starting point that illustrates some of the po
tential complexity of protein dynamics is an investiga
tion of the behavior of the phenyl ring of phenylalanine 
in crystalline samples.45 This material was studied by 
both 13C and 2H NMR with labels in a variety of sites. 
It is clearly possible, in principle, to distinguish between 
three potential states of motion of the phenyl ring: 
static, constant rotational diffusion, and 180° flips. In 
practice the ring behavior was found to depend on the 
way in which the sample was crystallized. In material 
crystallized from ethanol/water two sets of ring reso
nances were observed, and there was no evidence for 
motion. In contrast, material crystallized from water 
at neutral pH exhibited two classes of molecule, one 

undergoing rapid ring-flipping motion with a rate of the 
order of 106 Hz and the other apparently static. In 
crystals of the corresponding hydrochloride there ap
pears to be motion, but on a much longer time scale. 

The existence of such complexity in the behavior of 
a single amino acid indicates the potential difficulties 
involved in studies of proteins. However in pancreatic 
phospholipase A2 it was found in the solid state that 2H 
labels on residues Phe-5 and Trp-3 gave completely 
static line shapes.113 When the same protein was 
studied in solution it was found that the tryptophan 
side chain became mobile, while the phenylalanine re
mained immobile relative to the protein and only 
showed line shape changes in accord with the overall 
motion of the protein. 

In the coat protein of the bacteriophage M13 it was 
possible to distinguish two different components in the 
2H NMR spectrum, after treatment with D2O at pH 10 
and subsequent isolation of the virus.114 One compo
nent exhibits a quadrupole coupling consistent with a 
static site, and is attributed to the backbone amide 
NH's of the protein, whereas the other, which shows a 
reduced coupling consistent with a more mobile species, 
is attributed to side chain NH3's of lysine residues. The 
intensity ratio of the two components is in accord with 
this assignment and the known sequence of the protein. 
When the protein was dispersed in a lipid bilayer, as 
a possible model of the process of viral infection, the 
backbone signals showed no temperature dependence 
while the quadrupole splitting for the lysines varied 
from 27 kHz at 278 K to 18 kHz at 328 K. This indi
cates that, not surprisingly, the lysine termini are sus
ceptible to motion within the lipid while the backbone 
atoms are not. Similar results have been obtained for 
the bacteriophage fd.115 

Perhaps the best example to date of the investigation 
of internal protein dynamics by 2H NMR is the study 
by Torchia of staphyloccocal nuclease.116 Since an ef
ficient expression system is available for this enzyme 
it was possible to prepare it with deuterium labels in 
a number of interesting amino acids: methionine, 
proline, phenylalanine, and tyrosine. Measurements 
were made on crystalline samples over a wide range of 
temperatures. At low temperatures, below 238 K, all 
the amino acids studied were found to be static except 
for methionine, which showed evidence for reorientation 
of its S-CH3 bond axis even at 208 K. At higher tem
peratures a variety of motions were observed; prolines 
showing puckering of the ring, phenylalanines 180° flips 
of the phenyl ring with a short correlation time, tyro
sines similar flips but on varying time scales, and me
thionines a variety of complex motions. By working 
from model systems and calculating lineshapes, quite 
detailed models of these motions were developed, 
though this required a number of hypotheses and some 
of the line shape fits are made with a large number of 
variable parameters. To justify the use of data obtained 
in the crystal in order to draw conclusions about the 
solution behavior of the protein, a comparison was made 
between the X-ray structure and NOE contacts ob
tained in solution, and between 13C and 15N shifts in 
the solid and in solution for protein labeled at VaI (15N) 
and Ala (13C); these comparisons indicated very similar 
conformations in the two states. The dynamics of the 
structural protein keratin from mouse epidermis have 
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also been by a combination of 13C and 2H NMR at 
various temperatures.117 

VI. Conclusions 
Solid-state NMR at low temperature has proven able 

to generate information about certain proteins not 
available in any other way. However, because of the 
intrinsically low sensitivity of the technique, and the 
practical difficulties involved, it is necessary to choose 
quite carefully the kind of system to be studied. It must 
be available in reasonable quantity and amenable to 
isotopic enrichment. If intermediates are to be gener
ated and caught, then there must be adequate prior 
knowledge of the kinetics of their formation and the 
conditions under which they can be generated in high 
concentration. Using solid-state NMR to search for a 
putative intermediate without investigating it first by 
other means is likely to be a fruitless endeavour, since 
the scope for failing to observe signals is very high. 

There has not yet been an observation of a true, re
active intermediate on an enzyme-catalyzed pathway, 
but given a system with favorable kinetics we may look 
forward to such a success in due course. However, when 
the kinetics favor observation in the solid, they also 
favor observation in solution, and it is interesting to 
consider when the choice of the solid state is appro
priate. There are two cases: when stabilization of the 
species to be observed requires such low temperatures 
that the sample is necessarily solid, and when the mo
bility of the system of interest in solution is so poor that 
the line widths obtained are larger than those that can 
be achieved in the solid. The latter case applies to the 
membrane proteins, and would also apply to enzymes 
with high molecular weight, say greater than 50 kD. 
This is much higher than the upper limit normally 
specified for protein studies in solution, but it should 
be remembered that in this case we are considering 13C 
or 15N observation, not 1H, and that the solid-state line 
widths are large. At lower molecular weights, if a 
species can be generated in solution, it is probably best 
observed in solution. 
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