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Twenty Five Years of Molecular Biology
Fred E. Hahn .

Molecular Biology has apparently come of age. The name was intro-
duced into the modern scientific literature a quarter of a cen-
tury ago (ASTBURY, 1950). The Journal of Molecular Biology began
its publication in 1959, followed by Molecular Pharmacology,
Molekularnaia Biologiia, Molecular Photochemistry, Journal of
Molecular and Cellular Biochemistry, Clinical Science and Molec-
ular Medicine, -Molecular and General Genetics, Molecular Etiology
and probably other periodicals dedicated to molecular aspects of
the life sciences whose titles may have escaped our cursory
search. If one adds to this the numerous sets of monographs and
review collections, including this series, the source and sec-
ondary literatures in molecular biology comprise, by now, a
sizeable library. ’

Molrecular biology is, no doubt, a chemical science. However,
during the past two decades it has become fashionable to sub-
stitute for the traditional adjective, biochemical, the more
alluring "molecular". One author (KQSOWER, 1962) even published
a treatise, entitled Molecular Biochemistry whose redundancy in
title was commented upon by writing, "In the past few years, a
new research area has emerged from the application of the phys-
ical-organic approach to the problem in chemical transformation
found in biochemistry. We choose to call this area molecular
biochemistry, and delimit it as the study of the detailed chem-
ical mechanisms of the chemical transformations in biology,
usually as they are described in biochemistry".

Hence, underneath the molecular vogue in ¢ommunicating biochem-
ical research, there lives an expectation that the mechanics of
life can be resolved into their component processes and molecular
entities with the distant goal of being able to reassemble this
resolved totality conceptually or even physically into a working
resemblance of the original living object. "Having pulled apart
the chemical continuity of the living organism, we are challenged
to reintegrate the scattered pieces into a whole" (LIPMANN, 1971).

In one of his satirical writings, CHARGAFF (1963) recognized
clearly that the term molecular biology, in superceding biochem-
istry, has a programmatic connotation and signals the resolu-
tionistic position in the life sciences. However, resolutionism
has not halted at the molecular level of biological organization.
We point to the ‘existence of quantum biology whose early entries
into the literature, after SCHRODINGER's prophesy (1945), were
SZENT-GYORGYI!s Introduction to a Submolecular Biokogy (1960)

and PULLMAN and PULLMAN's Quantum Biochemistry (1962). Among

the ideas introduced were that (1) biopolymers possess certain




Vi

solid-state physical properties which cannot be derived or extra-
polated from the physical properties of their component molecules
so that the eyptronic states of the polymers depart from those

of the. individual subunits; and (2) the consideration of biolog-
ical functions of molecules must penetrate below the classical
aspects of structural organic chemistry to consider "the essen-
tial importance of molecular systems with mobile electrons, and
therefore of electronic delocalization" (PULLMAN and PULLMAN,
1962).

We recognize that resolutionistic, i.e. molecular and submolec-
ular biology with its built-in ambition of logical and/or phys-
ical reassembly of components into a biologically functional
whole is related to positivism. Ultimately it strives, therefore,
to "explain" the phenomenon of the living state by uncovering
its underlying mechanics. LIPMANN (1971) writes about "molecular
technology". Molecular biology, hence, is' a contemporary form of
mechanistic, i.e. deterministic biology. It has derived its
impetus and philosophical justification from the successful de-
velopment of -a physical theory of heredity, i.e. from the reso-
lution of classical genetics into molecular genetics: its symbol
has become the genetic code.

The ascendancy of molecular biology has, therefore, occurred for
deeper reasons than the mere opportunism of its adepts, although
some of its adversaries, e.g. Erwin CHARGAFF (1963, 1968) keep
pointing, not entirely without justification, to opportunistic
tendencies at work. It would be surprising if the intellectual
hybris with which molecular biologists deal with the objects of
their study would not, to some extent, find its counterpart in
the manner (s) in which they deal with their fellow scientists
and with science as a society.

An Editorial for this Progress series, finally, should at least
ask the question if the attainment of the ultimate conceptual
aim of molecular biology, viz., resolution and reassembly of a
living "system" (the term itself being mechanistic), can explain
such a system. Physicists are more cautious and modest. Mathe-
matical formulations which dualistically describe wave and par-
ticle functions of light and matter are accepted side by side
not as "explanations" but as models. Modern physics does not
aspire to explain the physical universe but to develop a unified
mathematical imagery which deals with phenomena not in the posi-
tivistic sense of what they are but in the functional sense . of
how they interact and behave. The relationship of such models to
physical reality lies in their predictive value. Molecular biology

will truly come of age when it begins to examine its underlying
philosophical premises. :
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The Polymorphism of DNA

Stanley Bram

I. Introduction

The salts of deoxyribonucleic acid (DNA) are in many ways living
molecules whose morphological characteristics are dependent on
their genetic information and on their past and present environ-
ment. However, until very recently, DNA was not considered to
possess variable structures — in short, it was not thought to

be polymorphic. There were. three so-called canonical forms having
an almost inorganic regularity. Three invariant forms are not
consistent with the diversity of DNA functions or its ‘specific
recognitidn. As recently pointed out by CRICK (1971), double-
stranded DNA in the invariant classical states cannot provide
enough detail for the very specific recognition of DNA by pro-
teins. Recognition schemes based upon the fixation of mono or
divalent ions upon crystals of dinucleotides such as proposed

by KIM et al. (1973) are unlikely in solution where ions are not
site-bound. Yet we know that a dcuable-stranded stretch of 20 to
50 base pairs of the lac operator is chosen.without error in an
E. coli chromosome of 3 million nucleotide pairs (RIGGS, SUZUKI
and BOURGEOIS, 1970).

Nearly all the details of DNA structure have come from X-ray
fiber diffraction data on oriented fibers which were obtained

ten or twenty years ago. Then and now, structures were defined

by their diffraction patterns and not conversely. The fiber
diagrams for B-DNA, for example, have remained essentially the
same for twenty years but the details of the structure attributed
to them have appreciably changed four or five times since the
days of WATSON and CRICK (1953). FRANKLIN and GOSLING (1953)

with Na DNA, found the so-called A fiber pattern at lower re-
lative humidity and the B pattern at higher relative humidity
(rh). Lithium DNA did not yield an A diagram but instead showed
either crystalline B or another type or diagram — type C (MARVIN
et al., 1961). In 1959 a study was published of the low humidity
A diagrams of a variety of DNAs (HAMILTON et al., 1959) and since
all of the DNAs gave indistinguishable A patterns, it was con-
cluded that all DNA structures were independent of the base com-
position. This dogma was challenged only when it was found that
the X-ray patterns of various DNAs in solution were indeed de-
pendent upon base content (BRAM, 1971b). It was suggested in

this study that the transition to the A form mlght also depend
upon base content and this was then found to be the case (PILET
“and BRAHMS, 1972). The diffraction experiments in solution lead
to fiber diffraction studies (BRAM, 1972a; BRAM and TOUGARD,
1972) and the discovery of four new and distinct X-ray diffraction
patterns. Furthermore, it was found that the transitions between
the various DNA conformations are far more interesting and com-
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plex than had been thought (AZOULAY and BRAM, 1973) (BRAM and
BAUDY, 1974).

Other physical chemical techniques, such as infra-red and Raman
spectroscopy (PILET and BRAHMS, 1972) (ERFURTH, KISER and
PETICOLAS, 1972) are now beginning to play important roles in
DNA structural determinations and will certainly reduce the many
man-years now required for obtaining good structural coordinates.
However, this review will be restricted mainly to recent X-ray
studies of DNA. It is worth mentioning that infra-red studies
have only recently been interpreted to show that the B-conforma-
tions depend on the base composition (PILET, BLICHARSKI and
BRAHMS, 1975).

IT. A Summary of the Principles of DNA X-Ray Diffraction

Oriented fibers of DNA are obtained by exploiting the high vis-
cosity of DNA gels. When tension is applied to a wet gel the long
molecules align parallel to each other in the direction of the
tension. This tension can then either be maintained or increased
while drying. The rate of drying, which we shall see is-a very
important parameter, can be controlled by adjusting the tempera-
ture and the relative humidity during drying. For example, a gel
can be dried to a fiber in half an hour over 44 % rh, at 37°C,
while a day may be required to dry it at 4°C over 79 % rh. The
fiber is then mounted in a collimated beam of X-rays and the
intensity diffracted is recorded on a film behind the fiber. The
direction on the film parallel to the long axis of the fiber is
called the meridian, and the perpendicular to this direction,

the equator. One usually fixes the water content of the fibers

by carrying out the experiments in helium which has been equi-
librated with standard saturated salt solutions. Specimens for
solution or gel X-ray scattering can be obtained by miking solvent
with DNA fibers; they are then irradiated in sealed thin-walled
glass capillary tubes (sometimes after dialysisvs. the solvent).

The diffraction from a discontinuous helix such as DNA has the
following properties: (a) it is confined to layer lines separated
by a distance proportional to 1/pitch; (b) on the lower layers
the diffraction is described by a Bessel function of the same
order as the layer number; (c) the pattern has a cross-shaped
form in its center; (d) there is a strong meridional intensity
spot at a distance corresponding to 1/intér-unit separation;

(e) for the double helix the intensity diffracted is modified

by a fringe function corresponding to the relative position of
the two strands. The reader can obtain an estimate of the pitch
and interbase pair separation by takipng the ratio between the
distance to the first real meridional reflection on_ the photo-
graphs (which corresponds to 3.48 in the B and 3.3 & in the C dif-
fraction) and the distance separating the layer lines. This ratilo
is 113 for a helix of 10 base pairs per turn and is about 9 for

a helix of eight bases per repeat. The two B diagrams of Fig.' 2a
and b show most of the helical diffraction features, but the
classical B distribution of weak intensity on the first and

third layers and strong on the second is observed only with DNA



relatively rich in GC. This alteration of weak .and strong in-
tensity on the innex layer lines was one of the major reasons

why WATSON and CRICK (1953) concluded that DNA must have_a double
helical structure whose chains were separated by%a rotation of
about 180°. / - v L

- > e e
In the A-DNA fibers, the molecules are always packed into a
crystalline lattice; consequently the intensity on the various
layer lines is discontinuously sampled, making the helical nature
of the diffraction less evident. :

III. Generalities of @ A Tramsitions

In vivo, many other molecules are present about DNA, especially
large amounts of water, proteins and mono:and divalent ions.

DNA is in a complex of eitherfndcieoprotéin-or‘polyamines. These
various proteins, macro-ions and polyamines will exclude water
from the DNA surface to a degree dependent on their interaction
with DNA. Consequently, it follows thatimuch of the DNA will be
more or less dehydrated due to steric exclusion by proteins.
Those regions which remain relatively hydrated will exist in a
B-like conformation, while those regions of reduced water ‘content
will undergo structural transitions in response to the local en-
vironment.

Upon drying pure sodium or potassium DNA,>a B to A transition
occurs at less than 6 - 10 H,0 per nucleotide. In the more than
20 years since the discovery of the A form (RILEY and OSTER,
1951), all X-ray experiments have found it co-existent with a
crystalline lattice. Consequently it was suggested that intra-
molecular lattice interactions are responsible for this configu-
ration of DNA (BRAM and BAUDY, 1974). To test this suggestion,
further experiments were carried out on DNA in 80 % ethanol and
isopropanol. Here also, only crystalline A patterns were dis-
cerned (see Fig. 1). Furthermore, spontanous orientations was
sometimes observed (BRAM and BAUDY, 1974) indicating that lattice
formation has a preferred direction.

Previously, it seemed possible that DNA could adopt the A form

in local regions of a chromosome when provided with the correct
environment by bound proteins. However, a requirement for crys-
tallization would eliminate this possibility. Furthermore, it

has been known for some time that high concentrations of histones
(WILKINS, .ZUBAY and WILSON, 1959) and polyaminoacids (ZUBAY,
WILKINS and BLOUT, 1961) block a transition to the A form. Prob-
ably the strongest evidence against.the existence of the presence
of A-DNA in vivo comes from the recent finding in our laboratory
that certain histone proteins will block the A transition in
fibers at concentrations of one to two percent, which represents
about one protein per thousand base pairs. Such small amounts

of protein probably act as an impurity, which prevents crys-
tallization. It is therefore important to consider what is known
about the structure and transitions of DNA when the formation

of the A state is inhibited.

i



Fig. 1. An X-ray fiber diagram of a sodium calf thymus DNA fiber in 90 %
isopropanol by volume. The fiber was photographed with a .orridal mirror
diffractometer after equilibration with 98 % relative humidity and subsequent
immersion in a large excess of 90 % isopropanol containing 5 mM NaCl. The
fiber diagram is identical to those of A fibers in air except for the ring

at 4 from isopropanol ‘(compare to the A diagram of Fig. 2). The diffraction
patterns of DNA in ethanol, isopropanol or in air equilibrated with water
have always been crystalline

IV. B-like Structures

The B configuration is probably the most prevalent structure in
vivo . Yet there exist for DNAs of various base content a large

family of distinct B-like structures which are related, in that
they all have about ten base pairs per turn of 34 A.

Although it had been inferred for some time, the first conclusive
evidence that DNA in solution-had' a B-like configuration came
from small- and wide-angle X-ray scattering experiments (BRAM
and BEEMAN, 1971). The mass per unit length obtained was exactly
that expected from B-DNA, and the wide-angle scattering pattern
was much more similar to that calculated for a B structure than
an A. Nevertheless, the wide-angle scattering patterns were not
the same as those calculated with the atomic coordinates based
upon LiDNA fiber diffraction diagrams at 66 % rh (BRAM, 1971a).
These results have more recently been repeated and confirmed by
MATHAIS et al. (1973). The spacing of the first scattering maxi-
ma was observed to be at 13.6 A instead of at 12.6 A as calcu-
lated with the B coordinates. Therefore, it had to be concluded



Fig. 2 a and b. Two sodium B
diffraction diagrams at 44 %
rh, after drying under ten-
sion at 37°C, 44 % rh.

(a) C. perfringens DNA (66 %
AT) . Note the strong in-
tensity on the first three
layer lines. (b) S. lutea
DNA (29 % AT). Note the very
weak intensity on the first
and third layer lines.

The NaCl content in the
fiber was 3 % of the weight
of the anhydrous DNA

that either the pitch or the radius of, the DNA was larger than
that given by the atomic coordinates. Since I did not want to
dispute the crystallography at that time, I accepted the pub-
lished. coordinates for a base pair, and suggested that the best
explanation involved a variation in the pitch. But now after
examining many very high-humidity B fiber patterns and finding
that all have the same pitch of 34 A (BRAM, 1973a and b), it
seems much more likely that the coordinates were incorrect.
Recently rather different coordinates have been published (ARNOTT
and HUKINS, 1974) and the scattering calculated-with the new
values agrees better with experiment.

In 2 M Li or NaCl, where the hydration about the:DNA is lowered,
the pitch or the effective radius of the DNA is about 5 % smaller
than in dilute salt solution (BRAM,) 1971 b). Likewise, in chro-
matin, the wide-angle scattering patterns showed that the struc-
ture is more compact than in pure DNA solutions, but here’a de-
crease in both the effective radius and the pitch would best
agree with the data. In any case, it is unwise to attribute’the
changes in an experimental measurement, whether it be X-ray
scattering or especially circular -dichroism, to a detailed struc-
tural transition (for instance to a C form) expecially when the
structural parameters may not be directly related to the measured
values.

It has been shown that solutions of DNAs with different base
camposition have different wide-angle X-ray scattering patterns
and as a direct consequence must have different structures (BRAM,
1971b) . The ratio of the X-ray intensity maximum near 10 A to
that observed near 13 A increased almost two-fold over the range
of 31 to 100 % AT. Since this ratio of intensity (10/13 A) is
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directly related to the ratio of intensity between the third
layer line and the second layer, it would be expected that the
relative. intensity of the third layer lines in the B-fiber dia-
grams would increase strongly with AT. Indeed, it was found

that the intensity on the third and also on the first layer line
of the very AT-rich DNA B patterns was two to three times greate
than in the GC-rich DNA diffraction (BRAM, 1973a and b). The in-
tensity on the odd layer limes at very high rh seems to increase
semicontinuously with AT. This same tendancy also appears in the
B diagrams observed at low rh (see Fig. 2a and b); here the
crystalline nature of the diffraction patterns might aid in
structural determinations. Since the ‘intensity in solution par-
allels that of the fiber diagrams, this rules out the possibility
that lattice effects are involved and requires that these vari-
ations in layer-line intensity reflect differences in the molec-
ular structure with base composition. On the other hand, all of
the fiber diagrams have the same meridional spacing of 3.4 A

and layer-line separation of 34 A. This tells us that the base-
pair separation and pitch are not functions of AT. The only
metamorphoses consistent with these constraints are changes in
either the base-pair tilt or the angle between bases-in a base-
pair. Detailed model calculations and tomparison with the X-ray
data (or perhaps the utilization of infraréed or Raman techniques)
will be necessary to decide between these two possibilities. In
any case, the differences in the X-ray patterns result from
either (1) a structural variation over large regions or clusters
of base-pairs, or (2) a difference in the structure of each in-
dividual GC or AT pair or grouping of a few nucleotides. The
apparently progressive rise of the odd layer-line intensity with
AT, which is probably related to the monotonic decrease in ‘dén-
sity of DNA with AT on both CsCl (SCHILDKRAUT, MARMUR, and DOTY,
1962) and NaI gradients (ANET and STRAGER, 1969), would be more
consistent with (2). The second mechanism also finds support in
recent gel electrophoresis studies on various DNAs which show
that thé mobility increases continuously with AT; these studies
were also interpreted to imply that the cross-section morphology
of DNA is a function of the base content (ZEIGER et al., 1972).
This latter mechanism provides a direct answer to the question
of how DNA is recognized by proteins; each base-pair has a
distinct -and recognizable configuration. This would imply that
DNA is almost infinitely polymorphic in the B state.

B~ X-ray diffraction diagrams are also observed in fibers at
lower water content (see Fig. 2). With lithium DNA it is a stable
state (LANGRIDGE et al., 1956) but with sodium DNA, where it has
only recently been shown to exist (BRAM, 1972a), it is a metas-
table state (AZOULAY and BRAM, 1973) (BRAM and BAUDY, 1974). Low-
humidity sodium B states can be obtained by quickly dehydrating

a gel containing 3 % or more NaCl to 66 % or less relative hu-
midity. Depending on the fiber-pulling conditions, the fibers
contain variable amounts of A-DNA. It is still an open question
as to whether or not.- the low humidity conformations are equal

to those at higher water contents.



Fig. 3. An A-diffraction
pattern from calf thymus DNA
at 79 % rh. This fiber was
first quickly dried from a
wet gel under tension and ex-
hibited a C-diffraction pat-
tern at 44 % rh. The relative
humidity was then raised to
79 % and photographed after
two hours. A C+A transfor-
mation has occurred. The
fiber was tilted by about

. T 20° from the wvertical

-

et

V. The A Form

If one considers form to mean a. particular unique structure, then
the A configuration is the only real form of DNA. The A-diffrac-
tion diagram is the only one that has been found to be indepen-
dent of base composition (HAMILTON et al., 1959) and salt content
(COOPER and HAMILTON, 1966). It is the equilibrium form of all
pure sodium DNA and also probably of potassium DNA at lower water
contents (FRANKLIN and GOSLING, 1953). However, some synthetic
(LANGRIDGE, 1969) and some very AT-rich DNAs (BRAM, 1972 ) have
not adopted the A form under the limited range of conditions so
far studied. The B to A transition is favored by higher GC con-
tent (PILET and BRAHMS, 1972) and lowef excess salt contents .
(COOPER and HAMILTON, 1966). Although it is generally held that
low water content is the most important factor, fibers of WM.
lysodeikticus DNA which is very rich in GC have remained in the A
form at relative humidities above 98 %, and very high NaCl con-
tents (above about 8 % NaCl) seem to block the A transition of
calf-thymus DNA at all humidities. Both high AT and salt contents
and also high water contents probably inhibit the A~-transition

by making crystallization less favorable. As previously mentioned,
the A form of DNA has only been found in a crystalline lattice.
The A-fiber diagram is characterized by a layer-line separation,
of 28 A and an intensity distribution of weak intensity on the
inner part of the first layer line, a very strong second layer



Fig. 4. A sodium-C diagram from
calf thymus DNA containing

1,5 % NaCl at 44 % rh. The dif-
fraction is indistinguishable
from the lithium-C diagrams

line, and almost zero intensity on the central portion of the
third layer (Fig. 3 is an example of an A-X-ray diffraction
diagram). The A conformation features 11 base-pairs per turn,
each of which is tilted 20° from the perpendicular to the helix
axis and is separated from its nearest neighbors by 2.6 A. The"
base-pairs are also displaced off the helix axis by 4 A and the
sugar ring is puckered in the so-called (C2-endo) conformation
(ARNOTT et al., 1968).

Crystallographers have shown that the structure of the hybrid

of RNA and DNA is very similar to that of A-DNA (MILMAN,
CHAMBERLIN, and LANGRIDGE, 1967) and have suggested that this

is consequently the form of DNA active in transcription (ARNOTT
et al., 1968) where hybridization of RNA to DNA is the most im-
portant step. Also, the lack of polymorphism in the A form would
make it a more readily used substrate for polymerase enzymes.
Since the transition to the A state may be blocked in the nucleus
by divalent ions or histone-like proteins, a catalyst may be re-
quired to drive the DNA into the A state. A likely candidate for
this catalyst is RNA itself, which forms only an A-like state
with DNA. :

VI. C-like Structures

Of the three classical states, the C state is the most polymorphic
and least well-defined. Calf thymus lithium DNA adopts structures



