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Series Introduction

A

With the appearance of ‘‘Structural and Resonance Techniques in Bio-
logical Research’ and ‘‘Optical Techniques in Biological Research,”
both edited by one of us (D. L. R.), we mark the introduction of a new
series of volumes, Physical Techniques in Biology and Medicine. This
series is intended to replace a previous treatise, Physical Techniques in
Biological Research, as many of the diverse physical methods used to
address biological systems were in their infancy when the original works
were published. For those techniques that had attained relative maturity,
the earlier contribution has been cited in the present chapters, which
provide an updated view and discuss contemporary developments.

The subject matter we hope to include in this series will form volumes
of a topical nature. The biophysical sciences are populated by physicists
who have become interested in living systems and by biologists who find
they have a need for a particular physical technique in which they may
have had no formal training. It is this duality of audience we hope to
reach. making every attempt to ensure that each chapter is sufiiciently
methods-oriented and illustrative of a range of applications that the reader
will be provided with an adequate entrée to the desired technique. We
shall also stress the importance of a comprehensive bibliography to per-
mit ready access to the literature.

As technology continues to advance our instrumentational and compu-
tational capabilities, we look forward to a plethora of both novel and
renewed topic$ to be covered by volumes in this series.

Denis L. Rousseau
William L. Nastuk



Preface

The first two books in this series are composed of chapters loosely orga-
nized into a volume on structural and resonance techniques and one on
optical techniques. Included in this volume are discussions of nuclear
magnetic resonance, electron spin resonance, Mdssbauer spectroscopy,
x-ray absorption spectroscopy, macromolecular crystallography, and
small-angle x-ray scattering and diffraction.

The chapters in this volume are aimed at a level such that only a general
understanding of chemistry and biology is required. The objective, which
I believe has been largely achieved, is to present material in a way that
allows the research worker to assess quickly the applicability, utility, and
significance of the specific technique to his or her problem or field of
interest. With these guidelines the authors have written chapters in which
the diversity of the particular technique and its application to different
types of problems have been stressed, occasionally at the expense of
timeliness and excessive detail. Similarly, these chapters are not intended
to be exhaustive reviews of all the literature, but instead include examples
which most appropriately illustrate the application of the technique. Ex-
tensive derivations of the basic principles underlying the physics of each
technique have been kept to a minimum and do not form the central theme
of any chapter. However, the underpinning for each technique is outlined,
and sufficient references have been provided for the reader who wants a
more in-depth understanding.

Finally, I wish to thank all the authors for being willing and able to laie '
time away from their other responsibilities in order to write these peds:
gogical chapters. I am especially thankful to those who submitted their
manuscripts on time. I hope that they are sufficiently pleased with the
final product that they are able to excuse the delays that went into the
completion of these volumes.

Denis L. Rousseau
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2 TRUMAN R. BROWN AND KAMIL UGURBIL
I. Introduction

The phenomenon of nuclear magnetic resonance (NMR) was discovered in
1946 (Block et al., 1946; Purcell et al., 1946). At first, the discovery was
exploited primarily by physicists interested in understandifg the structure of
the nucleus. However, the discovery in 1950 that the exact resonance fre-
quency depends on the details of the molecular environment (Proctor and
Yu, 1950) led chemists to exploit the technique for probing the structure of
molecules. As NMR techniques increased in sensitivity and sophistication,
biologists and biochemists started to employ this form of spectroscopy as a
research tool. The range of biological applications in which NMR has
proven to be useful is too wide to cover adequately in a single chapter.
Necessarily, we have restricted our discussion and, in doing so, have tried to
empbhasize the broad areas of application such as stru¢ture, dynamics, ki-
netics, and cellular metabolism. There are obviously numerous other spe-
cific applications, some of which aré summarized in Section VI.

We would like to emphasize that this chapter is not meant to provide a
review of the NMR work eonducted in these areas; its aim is to help investi-
 gators decide whether it is worth the effort to learn the details of a compli-

cated technique to aid their research. Therefore, the discussion is at an
introductory level and is meant to provide only &n intuitive picture. See
Abragam (1961) or Slichter (1978) for a fuller treatment.

II. Introduction to Nuclear Magnetic Resonance

This section is intended to provide a qualitative understandmg of the overall
physical processes observed and the type of infarmation provided in NMR
spectroscopy. The ideas are presented heunstwally and will be repeated
later with greater detail and rigor. A

The phenomenon of nuclear magnetic resonance arises as a result of

interactions between magnetic fields and those atomic nuclei which possess
" magnetic properties. In the presence of an external field, such nuclei behave
like microscopic bar magnets and experience forces which tend to align them
parallel to the external field. As a result of these forces, the energy levels of
these nuclei change and acquire new values which depend on their orienta-
tion. Unlike the bar magnets, however, these nuclear magnets must behave
aocordmg to the laws of quantum mechanics. Consequently, they can ac-
quire only a limited number of discreet orientations and energies. For
example, in the case of “spm-;” nuclei, such as 'H, 13C, and 3'P, the nuclear
energy levels split in two in the presence of the magnetic field; each level
corresponds to one of the two possible orientations these nuclei car, have
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relative to the direction of the field. Transitions between these two energy
states can be induced by a secondary magnetic field oscillating in time with
the appropriate frequency. These transitions are detected and presented as
absorption peaks in an NMR spectrum (Fig. 1). In NMR spectroscopy one
is generally interested in the values of four parameters which are directly or
indirectly obtainable from the NMR peaks. These are the resonance fre-
quency, the area of the NMR peak, and the spin relaxation times 7', and T5.
These parameters in turn yield a wealth of information about the atoms and
the molecules being studied.

The resonance frequency of a magnetic nucleus is determined primarily
by three factors; the properties intrinsic to the magnetic nucleus, the elec-
tronic environment of the nucleus within the atom or molecule, and the
magnitude of the external field. The first is the reason why, at a constant
magnetic field, NMR spectroscopy of different nuclei are performed at very
different frequencies (Table I). This is a much larger effect than the one
induced by the electronic environment (Fig. 2); however, it is the latter which
provides chemical information and which renders NMR spectroscopy so
useful.

The peak area is simply the integral of the absorption peak. It is propor-
tional to the total number of spins contained in the sample giving rise to the
observed peak. Combined with the sensitivity of NMR to chemical envi-
ronments, measurement of peak areas tells us how much of a certain chemi-
cal species our sample contains.

LINEWIDTH
(ot half maximum)

(a) (b) (c)
RESONANCE FREQUENCY

Fig.1. Schematic representation of spin orientations (a) and energy levels (b) in the
presence of a magnetic field, and the resultant absorption peak (c) that
would be detected as a result of transitions between these levels. The peak-
area linewidth and frequency are the experimental paranieters determined
by such a measurement.
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Table I Magnetic Properties of Some Nuclei

Natural Resonance frequency

abundance at 70.46 kG
Nucleus  Spin (%) (MHz)
‘H ir2 99.99 300.00
H 1 0.015 46.05
nBe 1/2 1.1 75.43
1N 1 99.63 21.67
N 172 0.37 30.40
0 §/2 0.037 40.67
b o 172 1.00 282.23
DNa 32 160 79.35
Mg 572 10.13 18.36
np 172 100 121.44
Q1 372 75.53 29.40
Q32 2447 2447 ‘
K 32 93.1 14.00
by & 3n 6.9 7.68
“9Ca 112 0.15 20.18
mncd in2 12.75 63.62
HACd 12 12.26 66.55
L 112 338 64.50
"Hg 172 - 1684 5348
207} 112 70.5 173.12

Spin-relaxation parameters T, and T, are generally not directly measus-
able from the NMR peaks and require execution of other experiments,
which are discussed in Section IV.B. Qualitatively, the nature of 7, and
techniques for its measurements can be understood if one considers the fact
that the NMR sampile is not a single nucleus but consists of many such
nuclei. These nuclei distribute themselves between the allowed energy
states; uftimately, the distribution is deterrnined only by the sampie temper-
ature and the energy of the allowed states. When this time-independent
distribution is reached, the spins are said to be in thermal equilibrium. The
rate constant for the approach to thermal equilibrium is 77'.

At thermal equilibrium, there is a net difference between the spin popula-
tions of the allowed nuclear-energy states, with more of the spins residing in
the lower energy state. This difference is the source of the NMR absorption
peaks. The distribution of spins between the energy states can be perturbed
by the application of radio frequency (rf) radiation of appropriate power and
frequency. For example, it is possible to invert the spin populations (Fig.
3). Ifan NMR spectrum is taken immediately after such a perturbing puise,
one observes a negative or emission peak as shown in the lower part of Fig.
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3. This new population state, however, is ur.stable. 'The spins must return
1o the distribution dictated by the temperature. They doso 2t arate deter-
mined by the rate constant 77'. Thus, one can measure 7, by perturbing
the spin populations and monitoring the relaxation back to the stable state.

T, is connected with an analogous but somewhat more complicated relax-
ation which is explained in Section IILF. In the event the laboratory mag-
netic field is perfectly homogeneous over the sample, 7, is proportional to
the inverse of the resonance linewidth. If, however, the external field is not
sufficiently homogeneous, the observed linewidths contain contributions
from this inhomogeneity as well as the relaxation process associated with 7.

Both 7, and T, are sensitive to molecular motion. This dependence is
generally well uriderstood and is used to extract detailed information on
molecular dynamics. The most apparent manifestation of this sensitivity to
motion is the increase in observed resonance linewidths with increasing
molecular weight. Small molecules, such as those generally encountered in
organic chemical applications, execute rapid random rotations in solution
and yield NMR spectra with very nafrow linewidths which are typically less
than 1 Hz for spin-4 nuclei. NMR peaks from biological macromolecules,

AROMATIC (0 oy ct
=P Ogd
o Oz
-C-N- -SCHs
i | 3
0 S5 [ X 3
3000 1S00 O {Hz AT 70.46
1By 199 B¢ 3ip 208y, By 34
1 Lo ] 1 b1
304 2144 300
RESONANCE FREQUENCY AT 70.46 kG (MH2)
0
L] 0
C- H ALKYNE
TONE _C-OH AROMATIC -CsC- CH3-O- CHy-HAL
a2 i B P
HETEROAROMATIC “CHy-
1 -C- N 1 }
200 100 0 {ppm)
15 091.2 7545.6 O (HZ AT 70.46 KG)

Fig. 2. Nuclear resonance frequencies of several magnetic nuclei at 70.46 kG and
the chernical shift range *C and 'H nuclei.
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RELAXATION
—.—— T’} -0
Vi e N
—-0-0-0- rf PULSE -

Ly

Fig.3. Spin populations at thermal equilibrium (left) and after they are inverted by
a pulse of oscillating magnetic field (right).

on the other hand, are much broader due to the slower rotation of these larger
molecules. For example, proton resonances from lysozyme can have line-
widths greater than S Hz. In cases where the T, and the T, are dominated by
magnetic interaction among the various spins in a molecule, they are a
function of the internuclear distances as well as the molecular motion. This
distance dependence is the source of most of the structural studies with
NMR spectroscopy.

In the following sections, we will discuss in greater detail the physical basis
of these parameters and the information that can be extracted from them.
As we have done in this section, we will limit our examples, except when
stated otherwise, to spin-4 nuclei, which constitute the simplest and generally
most useful set of nuclear spins.

III. Theory |
A. Zeeman Energy

In the presence of a magnetic field, magnetic dipoles experience a force
which tends to align them along the direction of the field. Consequently, the
dipole acquires a potential energy which depends on its orientation relative
to the field. This dependenoe is expressed by the equation

E=—pu-H =—Hy cos 6, - )

where 1 and H represents the magnitudes of the magnetic dipole moment
-and the magnetic field, respectively, and @ is the angle between the direction
/ of the magnetic field and the direction of 4. By convention, the direction of
H is taken as the z axis and u cos 6 = u,, the projection of u along the
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direction of H. Thus, the energy of the dipole varies between —uH and
+uH, and the projections of u along H which correspond to the minimum
and maximum energy are those for which € is equal to 0 and 180 degrees,
respectively. Note that the azimuthal orientation with respect to the mag-
netic field has no effect on the energy.

A macroscopic magnetic dipole, such as a circular loop of wire carrying a
current, can assume all possible orientations relative to a magnetic field.
Therefore, its energy can vary continuously between —uH and +uH. For
electrons and atomic nuclei, however, quantum mechanics dictates that the
angular momentum and the dipole moment can have only alimited number
of discreet projections along a particular direction. The angle § and there-
fore the energy acquired by a magnetic nucleus in the presence of the mag-
netic field become discrete as well.  These different projections correspond
to the different energy levels mentioned in the introduction.

The number of possible different projections for a particular kind of
particle is fixed and determined by its spin quantum number /, which char-
acterizes both the spin angular momentum and magnetic moment of the
particle. For any particular nucleus, / is an invariant quantity and must be
an integer or half integer. For spin-} nuclei such as 'H, !3C, and 3'P, ] is
equal to 4. For deuterium, / is 1 (spin-one), and for 23Na, a magnetic
isotope of Na, I is 4 (see Table I for other nuclei).

The number of possible projections the dipole moment can have is limited
to 21 + 1; each projection is described by specifying another spin quantum
number, m,, which can vary between / and — 7 in integer steps. The magni-
tude of the overall magnetic moment and its z component depend on / and
m, in the following way:

u=yhvI(I+1), (2)
i1, = yhmy, (3)

where h is Plank’s constant divided by 27 and y the gyromagnetic ratio, so
called because it relates the angular momentum of a particle to its magnetic
moment. The energy of the nucleus is given by

E=—pu-H=—uHy=~—yhmH,, (4)

where the last equality follows from Eq. (3).

For spin-} nuclei, m, can be +4 or —14, corresponding to a parallel or
antiparallel orientation of the spin (and hence the magnetic moment) with
respect to the magnetic-field direction. Figure 4 represents these two possi-
bilities for a spin-} particle. For higher spin particles, 4 can acquire 2/ + 1
allowed orientations.

For spin- particles, the energies of the two orientations are —4;'a H, and
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Fig. 4. Allowed orientations for a spin-} nucleus, where
i = Ay V3.

+4yh H,. The energy separation between these states is then yA Hy. For
higher-spin particles, the separation between adjacent levels wiil still be
»h Hy since i, can change only in steps of Ay. Because of the H, factor, the
energy scparation will increase with increasing magnetic field and, at a fixed
field strength, will be higher for nuclei with the higher gyromagnetic ratio.
For example, the y of the 'H nucleus is approximately fourfold higher than
that of the '3C nucleus. Thus, at a fixed magnetic field strength, the energy
separation between the adjacent spin states of the 'H nucleus is approxi-
mately fourfold larger than that of the 13C nucleus.

If a 1otally isolated magnetic dipole is in one of the energy states specified
by the quantum number m;,, it will stay in that state forever. For this particle
to undergo a transition to another state with a different m, value, it has to
interact with another system and either gain or lose energy to that system.
Such an interaction can occur with magnetic fields whose magnitudes are
oscillating in time. From time-dependent perturbation theory it can be
shown that an oscillating magnetic field will cause transitions between dif-
ferent energy states of a magnetic dipole, provided the oscillatory magnetic
field is perpendicular to the main static field and the frequency of oscillation
is equal to yH,, the energy separation between adjacent states divided by A.
This frequency is the natural resonant frequency of the spin system and is
referred to as the Larmor frequency. Time-dependent perturbation theory
also dictates that Am, = £ 1; in other words, transitions can be induced only
between adjacent states which differ in the quantum number m;byl. The
probability of a transition is the same whether the quantum number changes
from m;tom, + 1 orm, + 1tom,. Thus,inasample with an equal number
of nuclei in cach state, no net absorption of energy would occur. Fortu-
nately, in real samples at finite temperatures the lower energy states are
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populated in excess, and a net absorption of energy does occur. This is
discussed in greater detail in Section III.B.

In reality, the energy levels of the spins in the presence of an external field
are never infinitely sharp. Consequently, a spread of frequencies centered
about yH, can induce transitions. The transition probability is highest
when the frequency of oscillation w is equal to yH,; it decreases as the
difference between w and yH, increases. As a result one observes an NMR
peak entered about yH,, with a finite linewidth which comes from the widths
of the energy levels (Fig. 1).

In contemporary NMR spectrometers H, is typically 20-120 kG (kilo-
gauss) (10 kG=1T). The Larmor or resonance frequencies of several
nuclei at 70.46 kG are given in Table I. Note that yH,, has units of radians
per second; however, traditionally, frequencies are expressed as yH,/2n
using units of megahertz (MHz).

B. Boltzmann Distribution and Bulk Magnetization

Inan NMR measurement, as in many other forms of spectroscopy, one does
not deal with a single nucieus; instead, the sample contains an extremely
large number of spins. For example, a typical sample for '"H NMR determi-
nations is ~0.5 mi, and its solute concentration is = | mAf: thus, it con-
tains =3 X 10" spins.

In the absence of external perturbations which induce transitions, these
spins distribute themselves between their different energy states. Asin any
system at thermal equilibrium, the probability of finding a spin with a certain
energy E is proportional to e 547 where kis Boltzmann’s constant and 7 the
absolute temperature. Therefore, at a given instant, a larger fraction of the
spins in the sample will occupy the lower energy state. It is this difference in
the spin population which gives rise to an NMR signal.

Let us consider the spin-} case. There are two energy states characterized
by m; ==} Aspreviously discussed, these two energy states correspond to
two different orientations of the magnetic dipole with y, = yAm,. Since
more spins will occupy the lower energy state, the sum of magnetic moments
along the z direction will not cancel out. There will thus be a net bulk
magnetic moment along the z axis whose magnitude will be (§y% An), where
An is the population difference between the two states. Calculations for the
general case of spin / nuclei yield ‘

MY ={y?h2I(I + 1)HN]/3kT,

where M? is the bulk magnetization along the z axis, H, the magnetic field
strength. N the total number of spins in the sample: and the term J(J] + 1)
arises from the quantum mechanical nature of the spin states. This equa-



