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Driven by developments in precision instrumentation, in electronics miniaturi-
zation, and in computer hardware and software, and by the growing interest in
understanding structures of biomolecules, biophysical methods have entered
the working lives of molecular biologists and biochemists in a forceful way. To
do state-of-the-art research in many areas of biological science, a student or
senior scientist must be aware of what instruments are available, what infor-
mation can be obtained, what alternatives exist, etc. As an example of just how
important such methods can be, most of us routinely use gel filtration chroma-
tography to obtain molecular masses of proteins and nucleic acids with accura-
cies approaching *10% (neglecting effects of shape). However, mass spectro-
metric methods have now been developed that can yield molecular masses of
macromolecules to +0.001%, and in less time. Yet, many graduate students and
researchers in the biological sciences lack the mathematical and physical back-
grounds necessary to use biophysical procedures fruitfully, and, often, they are
even unaware of biophysical tools that they might effectively employ in their
research. While many advanced monographs and textbooks that deal with bio-
physical methods are available, they generally do not serve the needs of those
requiring an introduction to the field.

This book is meant to occupy niches both as a textbook and as an initial
reference source. Not only will it serve the needs of advanced undergraduates
and graduate students learning biophysical techniques for the first time, but it
also has been designed to provide experienced investigators with enough in-
formation about biophysical procedures to enable them to carry out a method
on their own or to collaborate with an expert in the field. In neither case do we
assume a working knowledge of the mathematics of physical chemistry. The
subject areas have been chosen to cover a wide range of the methods most
frequently needed to answer current biological problems. Each chapter
presents a description of the physical basis of the method, the type of informa-
tion that may be obtained with the method, how data should be analyzed and
interpreted, and, where appropriate, practical tips about equipment and proce-
dures. Mathematics is included at a level to make the methods understandable
and useful without being necessarily complete and rigorous. Thus, we hope to
provide the basic understanding that will enable a nonphysically oriented re-
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searcher to begin to speak in a common language with an experienced practi-
tioner. It is our goal to open the field of biophysical methodology to those who
might otherwise not appreciate the importance and usefulness of this area for
their own biological training or research problems.

Biophysical methods are now so numerous that this book makes no pre-
tense of being all-inclusive. We have attempted to include those methods that
are in wide use and whose understanding is fundamental to learning about
new developments. Other methods are not discussed although they are widely
used and were once at the forefront of experimental biophysics. For example,
molecular biology could not have advanced to its present stage without the
widespread use of radioactive tracers. However, molecular biologists rarely
consider the detailed physics behind their use. Furthermore, we are entering an
era in which the use of newer nonradioactive methods is rapidly replacing beta
and gamma counters. Thus, we have not included a chapter on biophysical
applications of radioactivity. On the other hand, some techniques as old as the
modern era of physical chemistry are currently undergoing revivals because of
advances in instrumentation, and for such methods we have included discus-
sion.

In contrast to most biophysical methods, there is one that does not even
involve direct measurements on molecules. That tool is computer molecular
modeling and graphics. It was not long ago that in some universities computer-
generated images of objects were under the administration of art departments.
While that era may not be distant in terms of years, in technical terms it is as far
away as the middle ages. Tremendous desktop computing power is now avail-
able in thousands of laboratories, and computer molecular modeling has
emerged as a valuable tool for both research and teaching. The sophistication of
modern software coupled with advances in every aspect of computer hardware
has brought this about. In addition, many laboratories have physical links be-
tween their desktop and remote computers that can serve and receive data and
programs. That is, most of us are connected to “‘the network.” Because of the
importance and increasing use of the methodologies, a chapter describing com-
puter applications has been included.

Inasmuch as a scientific language barrier often exists that prevents many
students and working scientists from appreciating what biophysical specialists
are talking about, each chapter includes a glossary of terms and concepts. The
glossaries contain definitions and sometimes extensive discussion. They are
meant for readers who are unfamiliar with the concepts of physical biochemis-
try. Depending on the subject, more advanced readers may want to read
through a chapter with little, or only occasional, reference to the Glossary for
that chapter. Glossary items are indicated in boldface type the first time they
appear in each chapter.

The first, introductory, chapter summarizes the basic properties of macro-
molecules. It discusses the mass, shape, electrical, and magnetic properties of
proteins, nucleic acids, and their components. In particular, this chapter pro-
vides the reader with the scientific vocabulary used throughout the book. In
addition, it indicates to the reader what aspects of macroscopic behavior are
complex and what aspects are simple.

The next two chapters concentrate on descriptions of modern versions of
venerable techniques used to determine molecular masses, shapes, and interac-
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tions. Thus, the second chapter, ‘“Electrophoretic Methods,” presents a discus-
sion of the modern manifestation of electrophoresis. While almost all biochem-
ists now do some type of electrophoretic measurement in their laboratories,
they may not be aware of the breadth of electrophoretic methods and available
detection methods. In this chapter, the poorly understood theory of electropho-
resis is overshadowed by the empirical methods developed to do electropho-
retic experiments. Consequently, this chapter is much more of a “how-to” dis-
cussion than any other in the book.

The third chapter deals with analytical ultracentrifugation and viscosi-
metry. Other than in mass spectrometry, nowhere are the new technical devel-
opments more evident than in ultracentrifugation. Those of us familiar with the
Beckman “Model E” ultracentrifuge, and its bulk and instrumental complexity,
marvel at developments that have shrunk the size of the ultracentrifuge to that
of a 3" X 3" X 3’ preparative ultracentrifuge. Moreover, the new instrument is
vastly more “user-friendly,” and so is the associated computer analysis of the
data. On the other hand, the basic explanations of the behavior of macromole-
cules in an analytical ultracentrifuge have not changed over the years. In Chap-
ter 3, the description of ultracentrifugation is brought out in a simple way, and
is followed by current applications of the method. Viscosimetry is also included
because it is an often-neglected, simple technique that can give quick results on
certain overall macromolecular properties (e.g., deviations from spherical
shape).

Chapter 4 describes the theory and instrumentation underlying the exciting
developments that have taken place in mass spectrometry within the past ten
years. While the theory of mass spectrometry is quite simple, the basis for the
production of ionized macromolecules in a vapor phase is certainly neither
simple nor completely understood. Consequently, ionization techniques and
their respective applications to biophysical measurements are described rather
than theoretically analyzed. This chapter presents an extensive discussion of
applications of modern mass spectrometry that are of interest to biochemists
and molecular biologists. These include protein molecular mass measurements,
determination of posttranslational modifications, and the rapidly developing
strategies for peptide sequencing.

Chapter 5 describes the application of electron microscopic methods to the
determination of macromolecular shapes. Electron microscopy has historically
been of great use in visualizing overall macromolecular shapes, particularly
those of nucleic acids. More recently, electron micrographic images of protein
assemblies have been used, via Fourier transform techniques, to obtain macro-
molecular structures. The fact that this mathematical technique is brought up in
two other chapters (Chapters 7 and 8) underscores the necessity for beginners
to learn something about fundamental, important, theoretical concepts that can
be applied to a variety of measurements.

Chapter 6 is the first of two chapters devoted to spectroscopic methods. The
basic aspects underlying all spectroscopy are dealt with in Chapter 1. However,
Chapter 6 focuses on the application of the theory to electronic and vibrational
spectroscopy. The section on electronic spectroscopy deals with measurements
that are done regularly in many laboratories, for example, concentration deter-
mination of proteins and nucleic acids. However, it also deals with the resur-
gence in a technique—circular dichroism—that fell from favor so completely
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that many younger workers may not know about it, but which now can be very
important for assessing protein secondary structure. The discussion also in-
cludes applications of fluorescence spectroscopy to biophysical problems. The
chapter then goes on to discuss vibrational spectroscopic techniques (Raman
scattering, infrared absorption) that can provide information on intramolecular
structural details in proteins and nucleic acids as well as information on kinetics
of isotopic exchange. This section includes a discussion of the newly emerging
field of ultraviolet resonance Raman spectroscopy and its application to pro-
teins and nucleic acids.

Chapter 7, the second of the spectroscopic chapters, discusses applications
of nuclear magnetic resonance (NMR) techniques to biochemistry and molecu-
lar biology. This chapter forms a bridge between low and medium resolution
techniques for determining molecular structure (as discussed in previous chap-
ters) and high resolution ones such as X-ray and neutron diffraction measure-
ments (discussed in Chapter 8). Thus, low resolution techniques such as elec-
tron microscopic methods can yield some structural information at resolutions
of several angstroms. A medium resolution technique such as NMR can be used
at present to determine families of structures of macromolecules in solution with
molecular masses less than ~ 25,000 daltons. However, X-ray and neutron dif-
fraction can give atomic positions for carbon and higher atomic number atoms
to a few tenths of an angstrom in very large, crystallized macromolecules.

NMR theory is presented at a beginning level in Chapter 7 with the object of
providing the reader with both scientific concepts and vocabulary. The basic
NMR experiment can be understood without a detailed knowledge of quantum
mechanics. Thus, this chapter places emphasis on giving the reader a basic
outline of what different parameters are derived from NMR data and how they
are interpreted in terms of molecular structure. In the current era, multidimen-
sional NMR measurements occupy a central role in macromolecular structure
determination. The author of this chapter has tried to present a description of
multidimensional NMR in a way that a beginner can get a physical picture of
what the experiment involves. He then presents typical examples of successful
applications of the technique, with particular attention to the magnitude of a
project of structural determination.

Chapter 8 presents the theory of X-ray and neutron diffraction with as little
dependence on mathematics as we thought possible for the chapter to be useful.
Furthermore, at least two mathematical concepts, the Fourier transform and
phase differences in electromagnetic waves, are discussed in other contexts
elsewhere in the book. Therefore, the reader should already be comfortable
with the concept. The appearance of this mathematical operation in several
chapters of the book emphasizes our basic pedagogical philosophy that physi-
cal methods should be approached from a unified fundamental background.
For example, all forms of spectroscopy have much in common, and X-ray and
neutron diffraction phenomena have much in common with their analogous
optical effects. As the database of successfully solved macromolecular struc-
tures becomes larger, comparative methods of getting starting structures for
new X-ray data are becoming more important, and one such method is empha-
sized in Chapter 8. The chapter also concentrates on explaining aspects of dif-
fraction theory and experiments that most puzzle beginners in the field. For
example, the authors have worked hard at explaining the concepts of the recip-
rocal lattice and the meaning of resolution in a structural determination.
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The final chapter of the book concentrates on two separate aspects of using
computers, particularly desktop computers, in protein and nucleic acid re-
search. One aspect is obtaining and interpreting structural information. The
other is the current state of predicting macromolecular structure. The former is
of great interest because of hardware and software advances that have made it
possible to access large structural and sequence databases. With such access, it
is possible for workers to compare their own structural information with that of
previous structures. The author of this chapter has concentrated on how the
database information is obtained over the network and how the data so ob-
tained are analyzed.

Theory and practice in prediction of aspects of macromolecular structure
are also discussed at a beginning level in this chapter. Many of these methods
are being used in ways that may seem insidious to a beginner. For example, as
discussed in Chapter 8, after a structure has been ““solved” using all available
X-ray data, it has become customary to subject the structure to energy minimi-
zation on a computer to “anneal” the structure into a more physically realistic
one. In some cases, this may move many atomic centers by angstrom distances.
The same methods are being used to determine model conformations of, for
example, antigen—antibody interactions. In this case both components are an-
nealed using a theoretical treatment and then molecular modeling is used to fit
the two structures together.

A special feature of the book is the inclusion of supplementary Macintosh
and MS-DOS/Windows disks. These disks contain the molecular modeling
programs MAGE and RasMol along with sample data files used to obtain some
of the figures in Chapter 9. These programs can be used to build and display
new structures or display structural data obtained from databases such as the
Protein Data Bank. Therefore, the programs pertain to data obtained by X-ray
diffraction, neutron diffraction, and NMR spectroscopy. In addition, several
journals now store structural information from published articles in their own
databases. These may be obtained via the Internet and displayed using MAGE
and RasMol. We have found that contemporary students adapt rapidly to the
use of these programs and gain valuable structural insights from the calcula-
tions, such as intermolecular distances and angles, available within the pro-
grams.

It is hoped that this volume will prove useful to both students and estab-
lished investigators, and that it will foster greater interaction between the bio-
chemical/molecular biological and the biophysical communities.

We thank the class of 1994, “Biophysical Methods 366, University of Con-
necticut Health Center,” Yingqun Huang, Steve Wiltshire, and Debbie Sardinha
for their critiques and suggestions for selected chapters.

Jay A. Glasel
Murray P. Deutscher
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GLOSSARY
Absolute temperature Absolute zero is the temperature at which atomic

and molecular translational motion ceases. Temperatures above this are given
in degrees Kelvin (K). The absolute zero is 273.15 K below the freezing point of
pure water at 1 atm pressure, i.e., 0°C is 273.15 K.

Activity coefficient Activity coefficients are parameters that relate the
thermodynamic activities of dissolved molecules to their physical concentra-
tions. When molecules or ions in solution are far enough apart so that no mu-
tual forces are exerted on one another, they follow the thermodynamic laws of
ideal solutions. In a solution, the chemical potential of species i, u;, is given by

w; = (0G/on,),

where #; is the number of moles of molecular species 7 and G is the total free
energy of the solution. That is, u; is the partial molal free energy. In an ideal
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solution
M = Mo + RT In x;,

where x; is the mole fraction of the species i, R is the universal gas constant (see
physical constants), and T is the absolute temperature. The term u;, is the
chemical potential of the species under a defined standard condition. In a non-
ideal solution (e.g., a concentrated electrolytic solution), a function, the activity,
must be introduced in place of x; to account for deviations from ideality. The
activity, a;, is defined by

al = fixll
where f; is the activity coefficient. Then,
i = g+ RTInx; + RTIn f; = u;o + RT In a;.

The activity coefficient is, in general, a function of the composition of the solu-
tion. Theoretical treatments of nonideal solutions, such as the Debye-Hiickel
theory, attempt to predict experimentally determined activity coefficients.

Boltzmann's distribution law This distribution law stems from statistical
mechanics (i.e., the theory of the behavior of large numbers of mass-particles in
gas, liquid, or solid phases). It describes the population distribution of allowed
energy states for the mass-particles. As derived by Ludwig Boltzmann in 1886,
the law states that if N, is the number of molecules in any given state, the
number N in a state whose potential energy is AE above that of the given state is

N = N, exp(— AE/kT),

where k is Boltzmann's constant (k = R/N, where N is Avogadro’s number).
Although derived without regard to quantum mechanics (which had not been
discovered in 1886; see Quantum mechanics: electrons and photons), the law
applies to populations of molecules with quantized energy states.

Brownian motion This term refers to random motion of small particles
suspended in a fluid. The motions are caused by statistical fluctuations in the
net momentum exchange between the molecules of the fluid and the suspended
particles when they collide with each other. Another term used to describe a
random process such as Brownian motion is “stochastic.”

Chirality If a molecule cannot be superimposed on its mirror image it is
said to be chiral, a word that is derived from the Greek word for hand. Hands
are chiral objects because right and left hands have a nonsuperimposable
mirror image relationship. Molecules that have the same molecular bonding
skeleton, but differ in the absolute arrangement of atoms in space, are called
stereoisomers. Stereoisomers that are related as object and nonsuperimposable
mirror image are termed enantiomers. The fact that an enantiomeric stereo-
isomer can exist in a variety of conformations (three-dimensional geometries)
does not destroy the enantiomeric relationship. That is, it is not possible to
interconvert distinct enantiomeric isomers by free rotations about single bonds.
A fundamental principle of organic chemistry is that a tetrahedral carbon atom
with four chemically distinct substituents (an “asymmetric” carbon atom)
within a molecule will result in enantiomeric forms. Each such carbon atom
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forms a separate chiral center within the whole molecule. A section of a macro-
molecule, or a whole macromolecule, can have chirality in the same sense that
right-handed and left-handed screw threads have overall chirality. The basis of
the contribution of optical rotation and circular dichroism phenomena to bio-
physical measurements lies in the chirality of macromolecules in different con-
formations.

Debye-Hiickel theory This widely accepted theory predicts the thermo-
dynamic properties (i.e., parameters such as activity coefficients) of dilute elec-
trolytic solutions. The theory begins with recognition that Coulomb’s law gives
the electrostatic force acting between individual pairs of electrically charged
particles suspended in a medium as

F = ee,/€er?,

where ¢, and e, are their respective electric charges, € is the dielectric constant
of the medium, and r is the distance between the charges. This force is called a
long-range force because it decreases only as 1/r* (a very short-range force
would decrease, for example, as 1/r° to 1/r'?). In an electrolytic solution con-
taining highly dissociated salts, even though the ions are well separated, the
total effect of all the other ions present on the potential energy of a given
individual ion is large because of the long range of coulombic forces. The influ-
ence may be calculated for very dilute solutions of simple electrolytes by an
approximation developed by P. Debye and E. Hiickel in 1923. The central result
of the approximation is that the electrostatic energy is a simple addition to the
free energy of the collection of ions. If we consider various kinds of positive and
negative ions of charge z;e (where z; = * 1, * 2, etc., depending on the charge
on the ion) at concentrations 1, and e is the electrical charge of the electron in
coulombs (C), the approximation predicts that the electrostatic energy per mole
of ions is

1
E = —Ez,z e’KN /€,
where N is Avogadro’s number and K is given by
1 1/2
K= [87182/(ekT) 5 > n,z,z] "

In this expression for K, the term } X ¢;z7 is known as the ionic strength and is
usually given the symbol I, and c; is expressed in molarity of ions of a given
species. Using this additional electrostatic energy formulation, various thermo-
dynamic relations can be derived. For example, an important thermodynamic
parameter is the activity coefficient f; for an electrolytic solution. The natural
logarithm of the activity coefficient of an ion in a dilute solution, on the basis of
Debye—Hiickel, is given by

In f; = — z2¢?KN/2€RT.



