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Preface

Progress in the application of physics and chemistry to biology has been
particularly important in a number of areas, and this book brings together
recent work in these fields.

Nearly all the topics have been approached in the spirit of molecular
biology and biophysics, where recent advances are far from having exhausted
their impact.

Though the book has been subdivided into three parts for practical reasons,
the unity of the whole work has been largely preserved and each volume is
also an entity as it stands.

The first volume is mainly concerned with the intrinsic properties of nucleic
acids, considered as macromolecules, and their components, and this study is
completed by the analysis of different types of bindings or interaction
mechanisms, including photodynamic and radiation effects, as well as
fluorescence. In the second volume, the emphasis is put on structural studies
and especially on conformational changes, using spectroscopic techniques as
well as methods of thermodynamics and hydrodynamics. The stage of specific
biological functions is attained in the last volume, with some considerations
on repair mechanisms in relation to the general problem of evolution.

“The Physico-chemical Properties of Nucleic Acids” is intended to provide
thought provoking material for research scientists, whether they are biologists,
chemists or physicists. At the same time, it should be a source of information
and reference for graduate students in these fields.

It is particularly hoped that these papers may help to stimulate the search
for a better understanding of the correlation between structure and function.
This understanding can only be founded on a detailed knowledge of the
molecular properties of the basic substances.

Lastly, it is a great pleasure for the Editor to acknowledge the excellent
cooperation of the publisher, who has been helpful in every way.

November 1972 JULES DUCHESNE
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Foreword

The chemist, if he encounters a new substance, is accustomed to look first
for its macroscopic properties in order to correlate them with underlying
structural features. Such properties instantaneously suggest to him some
picture of the molecule, and often it is only the material quality which stimu-
lated his interest in particular substances.

If we think of nucleic acids, such a correlation does not usually come to
our mind. In fact, most of us working on one or the other aspect of this
fascinating molecule, have not even seen any pure crystalline material, not to
speak of particular samples such as isolated gene material or single uniform
tRNA batches, which actually are the objects of the most exciting studies in
molecular biology.

Speaking of nucleic acids we usually do not associate with them any
characteristic material property: we rather think of some abstract quality:
information, instruction, translation, etc. We see before us sequences of letters,
such as

... pPApUpGpCpGpUpApUpApGpCpApUp...

and we think of a message. Of course, this is an exaggeration. Most of us—
encountering any analysed sequence—would immediately start to play
around with it and fold it up, e.g. as

... pPApUpGpCrépU
PA
... pUpApCpGpapU

This shows that we actually associate with each letter also a particular
physical interaction unique to this species of macromolecules.

It is this interaction, this exclusive way of complementary pairing of bases
which is behind the abstract property of “code reading” or “information
transfer”, and it was the realisation of this quality which led Watson and
Crick to their epochal discovery (quantitatively manifested in Wilkin’s X-ray
diffraction data).

How far our interpretations are guided by abstract reasoning became
especially apparent in the deciphering of the genetic code. With 20 amino
acids (plus some punctuation symbols) to be coded by the four bases (i.e.
A, U (or T), G and C) it was “‘obvious” that the code had to be a triplet

ix



X FOREWORD

code—as indeed has been confirmed by the work of Nirenberg, Matthaei,
Khorana and Ochoa. However, this was ““obvious” only by logical arguments:
a doublet code could only provide 16, i.e. less than 20 codons, a quadru-
plet code would be uneconomical in providing too many, i.e. 256 codon units.
But how could molecules be so intelligent as to accept a logical argument?
The answer is: It is the physical behaviour of the nucleotide sequences which
determines the optimal choice among the different possible associations and
the one chosen appears to be in agreement with our rational logic, because it
offers evolutionary advantages with respect to precision and speed of informa-
tion transfer. Precision requires interactions of sufficient stability, thus it
involves “stickiness” which limits the rate of information transfer. The
codon-anticodon interaction therefore must be optimised to involve:

1. sufficient functional capacities (i.e. requiring more than twenty
combinations)

2. distinctive recognition (requiring at least base triplet interactions) and

3. sufficiently low stickiness (keeping the codon-unit as small as possible).

What I wanted to say is that all abstract qualities of nucleic acids which we
associate with their function to store, transfer, and process information are
reflected by certain unique physico-chemical properties. It is not sufficient to
have just macromolecular species resembling a sequence of different digits.
The “‘digits” in addition must provide very specific physical interactions to
cause the inherent property of self-instruction and code formation. This
quality, unique to the nucleic acids (and their interactions with proteins)
provides the capacity of self-organisation according to—or in agreement
with—our abstract principles of purposefulness, usefulness and rationality.

In this situation it is highly desirable to use any available experimental tool
to enhance our knowledge about the “Physico-chemical Properties of Nucleic
Acids”. The three volumes which appear under this title offer a large reper-
toire of studies. Not all of them may be equally relevant for an understanding
of the characteristics of information processing, which also involves highly
specific interactions of nucleic acids with proteins. Nevertheless, all these
studies will finally contribute to our basic understanding of those properties,
which are behind the structural features, specific interactions, and dynamic
performances of these unique macromolecules. In our age of molecular
biology it may seem to be somewhat fashionable to do research in the field
of nucleic acids. However, there will be a long persisting interest in this field
before our knowledge about the molecular details will have brought about a
complete understanding of the sophisticated organisation of the genome of a
highly developed cell.



FOREWORD xi
Spiegelman once characterised the central role of nucleic acids by saying
jokingly: “The evolution of life is a trick of nature to ensure a faster and

better reproduction of the nucleic acids”.

November 1972 MANFRED EIGEN
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I. Introduction
A. NATURE OF THE DATA OF VIBRATIONAL SPECTROSCOPY

Molecular biology deals with the relationship between molecular structure
and biological function. It advanced tremendously when the methods of
X-ray diffraction were successfully applied to a number of biological polymers
to yield the detailed molecular structures of these materials. With precise
information about the structure of an enzyme, for example, its functioning
as a catalyst of biochemical reaction can be elucidated in more definite
fashion than can be done in the absence of such information. However,
there are two practical limitations to the X-ray crystallographic approach:
firstly, it is a time-consuming and complicated procedure and secondly, it
can be applied only to crystallisable systems. Nucleic acids in vivo exist in
dilute aqueous solution, where structural differences from the crystalline
state may be significant. Thus it is important to have other physical techniques
capable of giving structural information, particularly in aqueous solution,
and vibrational spectroscopy is one of the most promising of these.

It has been recognised for nearly a century that intramolecular vibrations
produce absorption in the infrared region of the spectrum and that the
observed absorption frequencies are characteristic of the small groups of
atoms known to the organic chemist as functional groups. Despite the long
history of this evidence of a relationship between structural chemistry and
infrared absorption, the difficulty of working in the infrared region in the
pre-electronic era delayed the general use of infrared spectroscopy by the
organic chemist until after World War II. In fact, the discovery of the
Raman effect in 1928 stimulated more work on the correlation of molecular
structure with vibrational frequencies than had previously accumulated from
infrared absorption spectroscopy. This was due to the relative ease of photo-
graphic Raman spectroscopy of that era and to the fact that the kind of
information furnished by the Raman effect is essentially the same as that by
infrared absorption.

At present the development of instrumentation for routine determination
of both infrared and Raman spectra has proceeded to the point where one
can use either technique or both to aid in the solution of problems in structural
chemistry. The kind of information provided by vibrational spectroscopy,
whether infrared or Raman, is:

(1) The frequencies » of intramolecular and intermolecular vibrations in
the range 0-3-120 THz (1 THz=1012 cycles per sec). The more customary
units are wavenumber ¢ in cm~, in which unit the above range is 10-4000
cm-! and wavelength A in micrometers, 1000-2-5 um.

(2) The intensities in appropriate units of the spectral lines or bands
associated with these frequencies. It is customary to plot percent trans-
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mission T, as a function of wavenumber in the infrared, and this quantity
is related to a molar property, the absorptivity a, at wavenumber o, by the
definition
a,=(1/bc) logio (100/7;) )

in which b is the length in cm of the absorbing path of the radiation through
the sample and ¢ the sample concentration in mol/cm3. In the Raman effect
it is difficult to obtain a molar property analogous to a,, and it is customary
to plot the intensity of the Raman spectrum on a relative scale. For quanti-
tative purposes some arbitrary standard of scattered intensity (such as that
of a given line in the spectrum of carbon tetrachloride, for example) may
be used as a reference to which the desired spectrum can be compared under
identical conditions of excitation. Typical infrared and Raman spectra
recorded instrumentally to the same wavenumber scale are given in Fig. 1.

(3) Polarisation characteristics of the absorbed infrared radiation or
scattered Raman radiation. If a solid sample has its molecules so ordered
that the macroscopic optical properties of the sample are different in
different directions, the infrared spectra taken with radiation polarised
parallel] to these different directions will be different (see Section B, below).
In particular, if crystalline symmetry dictates that the dipole-moment change
associated with a given molecular vibration be parallel to a given direction
in a crystalline sample, radiation polarised parallel to such direction will
be absorbed whereas that polarised perpendicular will not. Thus the polarisa-
tion characteristics can give information about the direction of the vibrating
dipole moment in an oriented sample and, under favourable circumstances,
about the orientation of functional groups in the sample (Section IIB).

The nature of polarised Raman scattering also depends on the extent
to which the sample is oriented. If the sample is monocrystalline, which
is not often the case for biological macromolecules, much information
about the orientation of functional groups can be obtained from polarised
Raman studies (see, for example, the treatment of Fanconi et al., 1969).
Even when the sample possesses no macroscopic orientation, characterisation
of a functional group by the depolarisation ratio p of one of its Raman
frequencies may be possible. For scattering at 90° to the incident beam,
the depolarisation ratio is defined as

P=I_L/Ill (2)

where 7, and I, are the intensities of the Raman radiation polarised
respectively perpendicular and parallel to the scattering plane, that is, the
plane normal to the incident beam. If the incident radiation is plane polarised
perpendicular to the direction in which the scattered radiation is collected,
p lies in the range 0-}; for unpolarised incident radiation, the range
is 0-¢.
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B. BRIEF SURVEY OF EXPERIMENTAL INFRARED AND RAMAN SPECTROSCOPY

We consider here briefly the general requirements which must be met by
the sample in order to obtain infrared and Raman spectra of acceptable
quality. More detailed treatment of these topics and of instrumentation for
both techniques may be found in recent review articles (Thomas, 1971;
Tsuboi, 1972).

1. Infrared spectroscopy

An important practical advantage of infrared spectroscopy as an analytical
technique is that it can be applied to most materials regardless of such gross
physical and chemical properties of the sample as phase, colour, turbidity,
molecular weight and the like. Ordinarily, nucleic acids and their constituents
are studied as solids (oriented films or fibres, Section IIB, below) or liquid
solutions (aqueous and chloroform, Sections IIA, C and D, below).

a. Films. Films are prepared by evaporating an aqueous solution of the
sample on a plate of infrared window material (AgCl, CaFs or BaF3) which
can then be mounted directly in the spectrometer. Usually about 0-5 mg
of the sample is dissolved in water, spread over an area of about 100 mm?2
and dried so that a film of suitable thickness (~10 pm) is obtained. Since
the molecular conformation of a nucleic acid often depends on the humidity
of the surrounding air, films of nucleic acids are ordinarily maintained in
sealed cells in which a salt solution is placed to achieve the desired humidity
(Falk et al., 1962). Samples may also be deuterated in this manner. For
example, if a saturated solution of sodium bromate in D20 is placed in the
bottom of the cell, virtually all OH and NH groups of the sample are ex-
changed by deuterium.

The structural information derivable from the infrared spectrum of a
nucleic acid film may be increased if the molecules in the film can first be
oriented in a preferred direction and then the spectrum of the film determined
with polarised infrared radiation. Oriented films of nucleic acids and poly-
nucleotides are made by stroking the wet fibres unidirectionally until dry.
The oriented film is then mounted so that the molecules have one specific
orientation (say parallel) with respect to the plane of polarisation of the
radiation and its spectrum is recorded. The orientation of the sample is
then changed by 90° and a second spectrum is obtained. If a particular
absorption band shows different absorbances in the two orientations it is
said to be “dichroic” (see Section IIB, below).

b. Aqueous solutions. Because of the opacity of water to infrared radiation,
special techniques are required to obtain satisfactory spectra of aqueous
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solutions (Thomas, 1971). Nucleic acids and polynucleotides are usually
studied in D3O solutions in the region 1450-1750 cm~1, where double-bond
vibrations of the bases give rise to intense infrared bands and the interfering
absorption by the solvent is easily compensated. Cells for aqueous solution
spectroscopy may be constructed of fluorite (CaF2) windows. Ordinarily a
cell thickness in the range 25-75 pm is most satisfactory when the solute
concentration is in the range 100-30 mg/ml (10-3% by weight). A minimum
volume of about 7-20 ul is required to fill the cell. Techniques for more
dilute solutions have been described by Miles (1968). The use of acetate
or citrate buffers and the exposure of solutions to atmospheric water vapour
should be avoided since these cause interfering absorption in the double-bond
region.

c. Chloroform solutions. Infrared studies of chloroform solutions of nucleo-
side derivatives provide important information on the specificity of base
pairing and strength of hydrogen-bonding interaction (Section IID, below).
An essential requirement in such studies is that the solvent and solute be
free of impurities or additives which may compete with hydrogen bonding
between solute molecules. For example, reagent grade chloroform contains
a preservative (usually ethanol) which must be removed, before use, by
passage over a column of dry alumina gel. Studies of chloroform solutions
have usually been carried out in the NH stretching region, 3300-3500 cm~1,
with cells of fused silica. The region of transparency to infrared radiation
may be further increased by the use of deuterochloroform (CDCls) as the
solvent (Thomas, 1971).

2. Raman spectroscopy

Chemical purity and homogeneity of the sample must be more carefully
controlled for Raman spectroscopy than for infrared spectroscopy. Physical
properties of the sample, such as colour, optical homogeneity and the like,
must also be taken into account in preparing a sample so that its Raman
spectrum can be recorded. In other respects, sample-handling for Raman
spectroscopy is simpler than for the infrared; for instance, cells may be
made of glass, which greatly simplifying the handling of aqueous samples.

Nucleic acids and polynucleotides are most frequently investigated as
aqueous solutions (Sections IIIA and B, below) and sample-handling pro-
cedures for these are briefly discussed.

a. General requirements of the sample. In order to obtain a satisfactory
Raman spectrum it is necessary that interaction of the radiation with the
sample by such other mechanisms as absorption, fluorescence and Tyndall
scattering be minimised.



