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ABSTRACT

The known conformations of DNA are briefly reviewed. Methods
which are developed and used to prepare DNA fibres are described.

A left-handed model having 8" symmetry has been proposed in an
attempt to explain the DDNA diffraction pattern.

Conditions are described which enable, the observation of a great
variety of different conformations (C,A,B',B,a-D,e-D,D',D-type) from the
synthetic polymer poly d(AT).poly d(AT). Many different conformations
can be observed from suitably prepared single fibres of Na poly d(AT).
poly d(AT). The D-conformation emerges as a particularly stable structure.
Transitions between B and D forms are readily reversible, but those between
A and D are more complex. Patterns indicating 'mixtures' of different
conformations (e.g. Aand C, A and B) are described. The possibility of
an alternating structure for co-polymers is outlined.

Conditions are also described for the observation of a number of
different conformations (C,A,B",B,S) from the synthetic polynucleotide
poly d(GC).poly d(GC). Two different 'S' conformations have been detected
and these are designated Sj and Sjj. Left-handed models giving satisfactory
agreement indices between observed and calculated data are described for
these two structures. Another unique observation relating to this polymer
is the fact some of its transitions were not only sensitive to the relative
humidity of the fibre environment, but also to the rate at which this humidity
was changed.

The C+A+B sequence of transitions was observed for most natural
DNAs (excepting T2 DNA and SP-15 DNA), poly d(AT).poly d(AT) and poly d(AC).
poly d(GT), The possible mechanism behind this sequence, especially with
respect to hydration geometry has been given some speculation. Conditions
necessary for the acquisition of the C,C'A,B and 'D-type' conformations

are described.



Finally, conditions are also described by which the C, a-B'
and b-B’ conformations can be observed from poly d(A).poly d(T), and
the possibility of 'heteronomousl structures occurring in such

homopolymers is perused.
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CHAPTER 1

Nucleic Acid Structure

11 Introduction

The genetic information of an organism is carried by its
chromosomes. Chromosomes are highly organized structures mede up of a
nucleic acid component and a protein component. The nucleic acid
component is usually deoxyribonucleic acid (DNA) and it is this
molecule that carries the information responsible for the vast array
of hereditary characteristics found in different lifeforms.

DNA is an unbranched polymer with a molecular weight of many
millions. The repeating unit (monomer) is the nucleotide with a
molecular weight of about 320. It consists of a deoxyribose sugar
covalently bonded to both a phosphate group and a purine or pyrimidine
base. There are four commonly occurring bases: two purines (adenine
and guanine) and two pyrimidines (thymine and cytosine) (figure 1). In
ribonucleic acid (RNA), an additional hydroxyl group is bonded to €2'
(figure 3) and uracil (figure 1) is present instead of thymine. Successive
nucleotides are joined by a,phosphodiester linkage which joins the 3
hydroxyl group of the sugar of one nucleotide to the 5' hydroxyl group
of the next (figures 2 and 3). It is the sequence of the bases on the
polynucleotide chain that carries the genetic information. By convention
the sequence of the bases is always written in a 5' to 3' direction. Thus
in figure 2 and figure 3 the sequence of the polynucleotide chain in DNA

is written as ApT or AT and in RNA ApU or AU.



Inosine Uracil

Figure 1 The Structure of Purine and Pyrimidine Bases



Figure 2 A Section of Polynucleotide Chain in DNA



Figure 3 A Section of Polynucleotide Chain in RNA



Early X-ray diffraction studies of the molecular architecture of
DNA was carried out by Astbury (1947) and later by Franklin and Gosling
(1953a) and Wilkins. Using this information and other chemical
observations, Watson and Crick (1953) proposed that the structure of
the DNA molecule was double stranded and in the form of a right-handed
helix with the two polynucleotide chains wound around the same axis and
held together by hydrogen bonds between the bases (figure 4). The sugar
and phosphate attached at each side of a base-pair are related by a
two-fold rotation axis in the planeof the bases, and the helical symmetry
of the molecule generates a further set of diad axes midway between the
base planes.

Rodley et al (1976) suggested that fibre diffraction data for
B-DNA could as readily fit a side-by-side (SBS) model having the chain
changing from right- to left-handed helical sense at regular intervals.
The main attraction of this model is that it would make the unwinding
of the duplex during replication process easier to envisage. Greenall
et al (1979) studied this model and concluded that the Watson-Crick model
was preferable.

Recently, single crystal work, focussed on oligonucleotides,
has provided further information about DNA structure to atomic resolution.
The oligomer d(CpGpCpGpCpG), is known to crystallise in an unexpected
left-handed conformation (Wang et al., 1979). This is called the Z-
conformation and has antiparallel strands held together by Watson-Crick
base-pairs.

The aim of this thesis is the study of the polymorphic behaviour
of natural DNAs and its synthetic analogues. The remainder of this
chapter is devoted to a discussion of the known conformations of DNA and

an outline of the content of the project.



sugar
ADENINE THYMINE

Figure 4 The Watson-Crick Base-Pairing Found in DNA



1.2 Structural Studies of DNA

The process by which fibre structures are determined involves
trial and error. However, because we are dealing with a very long
molecule and there is available a substantial amount of stereochemical
information from single crystal studies of nucleosides and nucleotides,
the number of possible solutions to the observed diffraction is considerably
reduced. A survey of the bond lengths and angles observed in single
crystal studies of nucleosides and nucleotides has been published by
Arnott (1970), and his results were used in the structural studies by the
author.

The conformational polymorphism of DNA is largely a result of
variability in the backbone and glycosidic torsion angles, different
possible sugar puckering arrangements, and different base positioning
(Altona and Sundaralingam, 1972, Sundaralingam, 1969). The glycosidic
torsion angle x. is defined by atoms @', Cl', Nand @ in the case of
pyrimidine or in a purine. When x - 90° the conformation is said to
be anti, when x - 300° the conformation is syn. The backbone torsion
angles fall into three sectors and these are conveniently used to describe
the backbone conformation.

These sectors are:

(i) gauche+ (g+) if 0° <z <« S0
(1t) gauche” (g") if -120° <z < o
iii) trans (t) if oc° .. < 240(

A theoretical study led Spencer (1959) to the conclusion that all the

sugar ring atoms were unlikely to be coplaner, and that either the Q'

or the CN atom was likely to be displaced from the mean ring plane.

Sundarali ngairand Jenson (1965) confirmed this prediction from crystallographic

studies of nucleotides and nucleosides. The sugar conformation is
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designated 'endo' if the atom most out of the plane G' - 0'4 - CN
is on the same side as C”', otherwise the designation is ‘exol. The
four conformations are shown in figure 5.
The position and orientation of the bases with respect to
the helix axis is commonly defined by using three parameters (figure 6).

These are:-

(i) The base-pairs displacement from the helix axis,
denoted by the distance 1D'.
(ii) The 'tilt" of the base-pairs about the diad axis.
(iii)  The 'twist' of the base-pairs about the twist axis,

commonly the line connecting purine Gy and pyrimidine Cg.

Several different forms of DNA have been observed. Natural
DNAs are only observed in the A, B and C forms. Other forms are
observed for synthetic polynucleotides. DNA conformations are commonly
characterised by typical values for pitch, number of residues per turn,
rise per residue, and the rotation per residue. The helical parameters
of the observed DNA conformations in fibres are summarised in table 1.

These DNA conformations are divided into three families. These are:

(i) A-family
Members of A-family are characterised by Cg'-endo sugars,
positive base displacements and large positive base tilts .
The sugar orientation is 'anti' with respect to the base.
(ii) B-family
Members of B-family (B,B',B",C,C'\C",D,D' and E) are
characterised by @'-endo (or C"'-exo) sugars, small negative
base displacement and small negative base tilts. The sugar
orientation is ‘'anti' with respect to the base.
Ctii) ZzZ-family

Members of the Z-family are characterised by alternating



The Conformational Parameters and Types of DNA Structures Observed in Fibres
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Figure 5 The Four Possible Sugar Puckers:

(i) C~-endo (ii) C~™-endo

(iii) Cn-exo (iv) C”-exo



Figure 6 The Parameters Defining the Position of a Base-Pair
Relative to the Helix Axis



sugar conformations. Deoxycytidine is observed in the
‘anti' conformation with @'-endo sugar pucker (for Z
and Z') and deoxyguanosine observed in 'syn' conformation
with C-i-exo (for Z") and Cg'-endo (for Z) sugar puckers

(Wang et a!., 1979 and Drew et al., 1980).

1.2.1  fl-DNA
The first cyrstalline ADNA pattern was obtained from NaDNA
at low relative humidity (Franklin and Gosling, 1953b). An extensive
study by Hamilton et al. (1959) showed that all natural DNAs adopt the
A-conformation, irrespective of the base composition. The A conformation
was observed with sodium, potassium and rubidium salts, but not with
lithium salts. Leslie et al., (1980) reported after an extensive study
of synthetic polynucleotides that all synthetic polynucleotides containing
guanine could adopt the A-form with the exception of poly d(AG).poly d(CT).
A detailed conformational study was undertaken by Fuller
et al. (1965) who reported that ADNA is a 114 helix with 28.15 A0 pitch.
The bases are displaced 4.25 A0 in front of the helix axis. The tilt and
twist of the bases are 20° and -8° respectively. The sugar conformation
wes anti and had Cg'-endo sugar puckering. Arnott and his co-workers
reported a computer refinedrA-structure, and it is a minor variant of the

original structure (Arnott et al., 1972b, 1980).

1.2.2.1 BDNA

At high relative humidity NeDNA exhibited a cross-shape semi-
crystalline diffraction pattern (Franklin and Gosling, 1953a). It was
this diffraction data that led Watson and Crick to their proposition of
a double helical model for DNA. A similar, but highly crystalline pattern

was observed for LIDNA and this was used in the detailed structural study



undertaken by Langridge et al. (1960a and b). BDNA is a 100 helix
with a pitch of 33.8 A0. Arnott et al. (1972b) reported a computer-
refined model which has an bnti' sugar conformation with C*'-exo sugar
puckering. An equally good model for BDNA was reported by Arnott et
al. (1973) with Cg'-endo sugar puckering.

The B-form has been observed for all natural DMAs and synthetic
polynucleotides, irrespective of base composition and sequence. The
highly crystalline B-form was commonly observed for the Li salt. However,
recently the crystalline B-form has been observed from the sodium salt
of poly d(AC).poly d(GT) (Leslie et al., 1980) and polyd(AT).poly d(AT)

(Mahendrasingam, unpublished).

1.2.2.2 B-DNA

Arnott et al (1974a)reported that poly d(A).poly d(T) exists
in a 104 double-helix with pitch of 32.4 AD. This conformation has been
nominated B'-DNA. At low relative humidity it was observed in an
orthorhombic unit cell (b-B'-DNA), and high relative humidity it was
observed in an hexagonal unit cell (a-B-DNA). The B-DNA conformation
has also been observed in poly d(l).poly d(C), poly d(Al).poly d(CT)
(Leslie et al., 1980) and poly d(AT).poly d(AT) (Mahendrasingam et al.,
1983a).

1.2.2.3 B"-DNA

B"-DNA has been observed for poly d(GC).poly d(GC) at low
relative humidity (Mahendrasingam et al., 1983b). The intensity
distribution of this pattern is quite distinct from B-DNA or B-DNA and
the pitch is 33.4 AD.



1.2.3.1 CDNA

The C-form was observed for LIDNA at low relative humidity.
Marvin et al. (1961) proposed that CDNA was a 283 helix with pitch of
93.0 AD. It has been observed for the lithium salt of all natural DNAs
irrespective of the base composition. For NaDNA the C-form was regarded
as an intermediate state in the A % B transition (Arnott et al., 1975).
Recently, Rhodes et al. (1982) showed that the A-conformation is an inter-
mediate state in the Cw B transition. The C-conformation was observed
for NaDNA at low salt and low relative humidity (Rhodes et al., 1982).
The above results were confirmed by synthetic polynucleotide studies on
poly d(AC).poly d(GT) (Rhodes et al., 1982) and poly d(AT).poly d(AT)

(Mahendrasingam et al., 1983a).

1.2.3.2 C-DNA

C-DNA has only been observed for the synthetic polynculeotides
poly d(AGC).poly d(GCT), poly d(GGT).poly d(ACC) (Leslie et al., 1980)
and poly d(AC).poly d(GT) (Rhodes and Mahendrasingam, unpublished) in
the presence of Li+ ions. C-DNA has 9 helical symmetry with a pitch of
29.5 AD. The crystallinity of these pattersn is much better than CDNA

patterns.

1.2.3.3 C'-DNA

C'-DNA has been observed for Na poly d(AG).poly d(CT) and
has helical symmetry of 92 with pitch of 58.2 A0 (i.e. 9 dinucleotide
pairs per pitch).

1.2.4.1 DDNA

DDNA patterns have been reported for Na poly d(AT).poly d(AT)
by Davies et al. (1963), Arnott et al. (1974b) and Mahendrasingam et al.
(1983a). A similar pattern was also reported for poly d(IC).poly d(IC)



(Mitsui et al., 1970 and Ramesway et al., 1982). The pattern was
indexed on a tetragonal lattice and called a-D-DNA. Seising et al.
(1975) reported a similar conformation for poly d(ATT).poly d(AAT),
but the molecules were arranged in the hexagonal unit cell (b-D-DNA).
Further, they claimed that the molecular conformation is the same in
a-D-DNA and b-D-DNA. It was observed that at low relative humidity,
K poly d(AT).poly d(AT) fibres gave a-D-DNA and reversibly changed
into b-D-DNA at 9% relative humidity (Mahendrasingam, unpublished).
The D-form has also been observed in a hexagonal lattice for the poly-
nucleotides poly d(AC).poly d(IT), poly d(AIT).poly d(ACT) and

poly d(AIC)poly d(ICT).

1.2.4.2 D-DNA
D'-DNA has been observed for high salt G poly d(AT).poly d(AT)
with pitch of 24.0 A° (Mahendrasingam, unpublished). The helical symmetry

of this conformation is 4| with a dinucleotide as the repeating unit.

1.2.5 EDNA

This conformation has been observed for poly d(IIT).poly d(ACC)
by Leslie et al., (1980). The molecular asymmetric unit appears to contain
five nucleotides with a mean rise per residue and rotation per residue
per asymmetric unit of 3.25 A0 and 48° respectively. Hence the structure

is approximately a 152 helix.

1.2.6 SDHA

The S-conformation has been observed for poly d(GC).poly d(GC)
and poly d(AC).poly d(GT) by Arnott et al. (1980). It has a helical
symmetry of 6g with a pitch of 43.5 A0, and the repeating unit is a

dinucleotide. The molecules are packed in a hexagonal unit cell.



1.3 The Objective of the Present Project
The objective of this work is to investinate the effect of the

following factors on DNA polymorphism:

(a) base composition

(b) base modification

(c) base sequence

(d) 'type' and ‘concentration' of prevailing ions
(e) relative humidity of the fibre environment.

Further, an attempt has been made to obtain answers to the following
guestions:-
(i) 'nat is the relationship between DNA polymorphism, salt
concentration and relative humidity of the fibre environment?

(ii) How does the rate of change of the environmental relative
humidity affect DNA polymorphism?

(tit) Do left-handed structures exist in DNA fibres?

Experimental techniques used in this study are discussed in
Chapter 2. In view of the recent developments in our knowledge of DNA
it was decided to re-examine the assumed molecular structure of D-DNA.
This is discussed in Chapter 4. An extensive study of the polymorphism
of poly d(AT).poly d(AT), is discussed in Chapter 5. Mixtures of (A/C)
and (A/B) conformations, as observed in natural and synthetic polynucleotides
are discussed in Chapter 6. The possibility of an alternating molecular
structure in various co-polymers is discussed in Chapter 7. An extensive
study of poly d(GC).poly d(GC) and the possible left-handed models
for S-DNA are discussed in Chapter 8. An extensive study of natural
DN&s and the conformational transitions between the A, B and C forms are
discussed in Chapter 9. The possibility of a heteronomous structure
(Arnott et al., 1983) in homopolymers is discussed in Chapter 10. A

polymorphic study of poly d(AC).poly d(GT) and the similarities it shows



10 -

with poly d(AT).poly d(AT), and poly d(GC).poly d(GC) are discussed
in Chapter 11.
Finally, the last chapter concludes the thesis with a summary

of the work undertaken and a few suggestions for further work.



CHAPTER 2

Materials and Methods

21 Purification of DNA

Both natural and synthetic DNAs have been obtained from a
variety of sources. It is desirable to subject them to a purification
process in order to extract RNA protein and excess inorganic salt.
This can be achieved either by precipitation or centrifugation. In some
cases phenol extraction (Massie and Zimm, 1965) was performed in order
to remove proteins from samples of DNA

In the purification stage it is desirable to use low salt
concentrations since DNA dissolves very slowly if the ionic strength
is high. Nevertheless, DNA is denatured if the salt concentration is
too low. Typical salt concentrations of such solutions were %2 mV,
in which the concentration of DNA was approximately 1 mg/mi..

Precipitation of DNA from its solution was achieved by adding
cold ethanol and salt solution [concentration %0.1 M). This method,

however, has the following disadvantages

1- The amount of salt brought down with the DNA is difficult to

control and estimation of salt concentration in fibres is difficult.

2 To increase the yield of DNA precipitation, concentrated salt
solutions have to be used. As a result, fibres made by this

method contain more salt than may be desired.

3 The precipitation method requires relatively large amounts of
DNA Whilst such quantities are readily available for native DNAs,
synthetic forms are far more expensive and are supplied in far

smaller quantities.
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2-2 Extraction of DNA from solutions and ion exchange by precipitation
Most DNAs (natural and synthetic) obtained from commercial
sources are precipitated from NaC* solutions. The exchange of sodium

with another ion was accomplished in the following way:

(a) The DNA was dissolved in » 2 nM NaC, solution.

(b) The salt solution containing the new ion (0.1 M) was added,
along with cold ethanol (* 4° C) to the above solution. The
C\A precipitate was collected on a glass rod.

(c) The collected precipitate was redissolved in a 2 nM solution

of the new salt and dialysed against a 0.1 Msolution of the

same salt.

(d) The DNA was finally precipitated using cold ethanol and salt
solution.

(e) The purity of the material thus obtained was tested in a flame

emission spectrometer.

2,3 Extraction of DNA from solutions and ion exchange by centrifugation
Having a large molecular weight, DNA can be extracted from
solution by centrifugation. The method can also be used to change the

excess ion content of DNA samples. The procedure adopted was:-

(a) DNA was dissolved in'-v 2 nM NeGs. solution or in deionized water.

(b) The solution was centrifuged for 12 hours at 50,000 r.p.m.
During this process, the heavy DNA was brought down to the bottom
of the tube in the form of a gel. Alot of the excess salt and
low molecular weight impurity was le ft in the supernatant.

(c) The supernatant was decanted with care and some of the residual
gel was used to make fibres.

(d) The salt concentration of the gel could, if necessary, be raised
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by redissolving the gel in an appropriate salt solution.

Subsequent centrifugation enabled re-extraction of the gel.
(e) The salt concentration of the gel could, if necessary be

lowered by redissolving the gel in deionized water and by

its subsequent centrifugation.
(f) Further ion exchange, if necessary, was accomplished by

dialysis involving the appropriate solutions. Centrifugation

was again used to extract the final gel.

This method enabled a variety of fibres having different

salt contents to be made. The amount of OMA in the gel was determined
by measurement of the optical density at 260 nm for the original solution
and the supernatant. Subsequent calculations yielded a fair idea of the
salt conditions inside the fibres made. Such calculations are described

below.

2.4 Estimation of salt content in fibres

1. Before centrifugation, the W absorption at 260 nm was measured.
The concentration of DNA (say C] mM was calculated from the
following equation:-

AW x SCA x DIF
ABCF x M

Concentration of DNA (in V)

AW - Amplitude, SCA - Scale, DIF - Dilution Factor,

ABCF - Absorbance Coefficient, M - Molecular weight of nucleotide
It is important to note that DNA concentration implies the nucleotide
molar concentration (PO* molar concentration). The above measurement
was repeated for the supernatant: thus the DNA concentration in

the supernatant was calculated (say Q2 mM).

2. The volumes of the starting solution (say Vml) and the supernatant

(say V2 mi,) were measured.
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3. The amount of DNA in the gel was estimated as follows: the
amount of DNA in the original solution is C-1% the amount of
D\A le ft in the supernatant is Q@V2, and therefore the amount
of DNA in the gel is CIV1 - Q\2.

4. The amount of salt in the gel was estimated by assuming that
the salt is distributed uniformly in the solution before and

after centrifugation.

Let the initial concentration of salt in the DNA solution be

X mil.
Hence the amount of salt (salt per POY in the gel is:

= JL x (VI -V
1000 (clvl- c22)
The quantity X was determined either from original dialysis data
or by use of a flameemission spectrometer. The use of the flame
emission spectrometer was often made difficult by the non-linear
response of the device over a wide range of concentrations. Two
different calibration curves had to be constructed. These

calibration curves are shown in figures 1 and 2.

2-5 The Fibre Preparation

The fibres were prepared in the manner described by Fuller et al.
(1967). Two glass rods of diameter » 200 micro-metres are mounted using
plasticine inside a circular frame as shown in figure 3. (The distance between
the glass rods can be adjusted). A drop of DNA gel is then placed between
the two glass rods, and allowed to dry to form a fibre. When the fibre
had dried down to a slightly larger diameter than that of the glass rod
(~ 300 micro-metres), tension was applied to the specimen by increasing
the separation between the glass rods. The final diameter of fibres was

N 150 micro-metres. Birefringence was measured with Zeiss rotary compensator
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in order to determine the degree of orientation in DNA fibres before

taking X-ray diffraction photographs.

2.6 Obtaining the X-ray Fibre Diffraction Photographs

Pinhole and Searle cameras were used to obtain diffraction
photographs. Pinhole cameras with a set of three gold apertures to
collimate the X-ray beam, were mede in the workshop of the Department of
Physics, University of Keele and were similar in design to those described
by Chesley (1947), and Langridge et al. (1960). The specimen to film
distance in this camera was about 3 cm.

The Searle camera was operated using toroidal optics (Elliot,
1965) for the majority of the fibres. Franks optics (Frank, 1958) were
used specially for thin fibres. The exposure time for the Frank's optics
is larger than that for the toroidal optics. The specimen to film distance
of about 4 anwas used in the Searle camera. All diffraction photographs
were taken using nickel filtered Qu Ka radiation (x = 1.5418 A0) generated
either by a Hilger and Watts microfocus or by an Elliot G® rotating anode
generator. The Hilger and Watts machines were operated at 35 kv and at a
tube current of 3.0 mA  The Elliot Gx6 was operated at 35 kv and at a tube
current of 56 mA

Alignment of fibres in pinhole earners was performed on an optical
bench. The Searle camera was aligned in the manner described in the relevant
manuals.

Before starting exposures cameras were flushed out with helium
gas to eliminate air scatter. The relative humidity of the fibre
environment was controlled by passing this helium through a saturated
solution of a particular salt. The salts used and the relative humidity
associated with their saturated solutions (at 20°C) are listed on the

following page (O'Brien, 1948).
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Salt R.H. (%
Calcium Chloride 33
Potassium Carbonate a4
Sodium Bromide 57
Sodium N itrite 66
Sodium Chlorate 75
Potassium Chloride 86
Sodium Tartrate 92
Sodium Sulphite 95
Potassium Chlorate 08

2.7 Measurements of X-ray Fibre Diffraction Patterns

X-ray diffraction patterns were measured in order to obtain
reciprocal space co-ordinates and diffracted intensities of the observed

reflections. This is discussed in sections 3.2.3 to 3.2.5,

2.8 Computer Programs

The model building program described by Pigram (1968), and later
modified by Goodwin (1977), was used in the present work. This program was
executed on the (DC 7600 machine at the University of Manchester regional

computer centre. The flow diagram of the model building program is showmn below

Data Input

4

Calculation of Atomic Coordinates
and Derivatives

1
Form Constraint Equations
|

Least Squares Solution

1

L Test Change in the Energy of Model
from previous cycle

Output co-ordinates of the model
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Other software was written on a variety of machines (ITT 2020, PDP 11/23,
GEC 4190), but throughout the project, some effort was put into maintaining
a 'user friendly' collection of packages. 'Fortran 66' was largely used
because of its 'machine independence’. Programs are now being updated to

'Fortran 77'. Programs were written to calculate:-
(a) Cylindrically averaged squared fourier transform (CAST.FOR).
(b) Structure factors from an array of helical molecules (SF.FOR).

(c) Interhelical contact distances (IHC.FOR).



CHAPTER 3

X-ray Diffraction as a Means of Structure Determination

31 General Theory of X-ray Diffraction
3.1.1 Introduction

X-ray diffraction is the most powerful technique currently
available for study of the structure of large molecules, and has been
used to establish many features pertaining to living systems the knowledge
of which we now take for granted. These sort of advances could not have
been made without crucial evidence obtained from X-ray crystallography.
In many cases, X-ray diffraction studies on protein or nucleic acid
crystals have yielded complete tertiary structures to 3 A0 resolution or
better. Even if the sample is not a very ordered one (such as an
'‘oriented'fibre), X-ray diffraction still provides a wealth of structural
information. Though sometimes insufficient to determine a structure
uniquely, the information in many cases can be used to provide decisive
tests of structural models, but there are some limitations and shortcomings
of the method. Normally, atoms are treated as motionless, even though in
crystals there is appreciable motion at finite temperature. The crystals
mey actually be ordered only in local domains, but they are treated as
perfectly ordered arrays. X-radiation is treated as monochromatic, even
though a certain bandwidth is inevitable. The diffraction data are
considered very precise even though experimental error is often a significant

problem in reality.

3-1-2 Theory of X-ray Scattering
In figure 1, represents the incident beam, and s* the diffracted

beam, ‘'wo scattering centres P and Q are separated by a vector r. The
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path difference = - r.sQ=£e(s-i“M). If we consider elastic
scattering of the X-rays only, the wavelength of the incident and
scattered radiation is the same. Let us define a new vector £ called
the scattering vector, such that

Si S 0

£ = — - — and, |£ | = — sin e (1)

X X X
The vector £ is defined in terms of reciprocal distance units, and
corresponds to the reciprocal space vector necessary for Bragg
reflection to occur. In figure 1, the incident beam s* is scattered
by an electron at P and by another one at Q such that P and Q are
separated by r. The path difference is (r.s® - r.s”*) = _r.E. Thus
if the radiation scattered by an electron at the origin is E(s_), moving
the electron from the origin to a position r simply causes a phase shift
°f £¢£. The scattered radiation is: E(s) exp(2THE.r). In general,
because electrons are not localised it is better to describe an electron
density p(r) in a volume element di* located at r\ The scattering is
proportional to p() dr*. For a continuous electron density at position r,

the scattered radiation is described by:-

dE(s) = p(r) exp (2iri£.r) dr (2a)

where p(£) dr is the number of electrons in the volume element. For a
continous electron distribution the total scattered radiation is given

by following equation:

E(s) = p(r) exp (2uir.£) dr (2b)
1 volume
The physical meaning of this equation is that the scattered radiation is

the Fourier transform of the object. The Fourier transform of p(r) is
E(sj and therefore the inverse Fourier transform gives the electron distri-

bution function, p(r), so that:
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p(r) = E(s) exp(-2iri s.r) dE A3)

The detailed pattern of electron density around an individual atom depends
on the prevailing bonding conditions. However, in almost all X-ray

diffraction experiments, the resolution is not high enough to detect this
detailed electron distribution. Thus it is a good approximation to model
the electron distribution of an atom as spherically symmetric. Then p(r)

becomes p(r). |If we express equation 2(b) in spherical polar coordinates

(see figure 2)

rmax
E(S) - 4t p(r) r2 dr S (2*rs) f(s) 4)

0 (2irrs)
The function f(s) is defined as the atomic scattering factor (see figure
3). The atomic scattering factor given by equation (4) can be evaluated
provided that the charge density P(r) of the atom is known. Equation (4)
IS strictly correct only when the charge distribution is spherically
symmetric and provided that the energy of the X-rays is not close to an
absorption edge of the atom. A brief discussion of the procedures employed
in evaluating scattering factors, along with complete tables of scattering
factor values currently believed to be most reliable can be found in volume
3 of the International Tables for X-ray Crystallography.

Consider an atom position at r* with reSpect to the coordinate



Figure 2 Spherical polar coordinates in relation to
an orthogonal cartesian system



system origin (see figure 4). Then the scattered radiation is given
m

by:

E(s) = d(R SRt -rn) e27riS.(R+I")

where r is a constant, since dR +r ) = dR e"iE-(R+J") can

be removed from the integral

E(s) = e2x1® dRp(R + r") e2ir—
E(s) = f(s) e2mi---» (5)
where f(s) = dBp(EJr_rn) ez2iri- -

is the atomic scattering factor. If N atoms are located at positions r,

with atomic scattering factors f , the structure factor is

F(s) fn(s) e2"1l-in

_ (6)
n=I

If the sample is a centre of symmetry and the centre is placed at the

origin, equation (6) can be written as:
n/ 2

F(s) = |I f (S) cos (2irs.r ) (7)
n=

3.1.3 X-ray Diffraction from One Dimensional Array of Atoms
Assume that we have a regular array of 2N+l atoms and their
translation vector is £ so the position of the n® atom is n<i. The

structure factor for the n” atom is

Fn(s) = f(s) e2dT n——



Figure 3 Typical Atomic Scattering Factor Curves

Figure 4 An Atom Position at r with respect to the Coordinate
System Origin
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The structure factor of the whole array can be written as:

)\ _ Fg} I\ e2irins.a
n=-N

Summation of this geometric series can be written as:

e2TtinfE . Ni_e2Tr(2N+l )£.£j

Ftot(s) = f(s) o2iris.a

This equation can be simplified to:-

Ftot(s) = f(s) Sin ( (2N+1)
sin (tr£.a?)

The intensity of the scattering from the array will be:-

sin( (2N+1) Trs.a)

W s> = W s> = f(s) (8)

sin(irs .a)

If Nis large the structure factor becomes significant only when
sin”.aj approaches to zero. This may be expressed analytically by

the Laue equation:-

s.a = h where h =0, 1, ¥ 9)

3.1.4 X-ray Diffraction From a Three Dimensional Array of Atoms

The periodicity of a three dimensional array is defined by three
vectors a, B*and c. In general, <i, b and £ are not orthogonal nor are they
of equal length. The periodicity along £ will cause a set of scattering
fringes at £.£ = h. The additional periodicity along B*and £ causes similar
sets of fringes defined by £Jj = k and £.£ = t where k, i intersects the
parallel lines generated by £.£ = h and £.b = k. The result is a three

dimensional lattice with points spaced evenly by — in the direction

parallel to a, byi parallel to b and bvi parallel to £.



- 23 -

The lattice which describes the allowed scattering geometries is not
the same lattice of points that represents the position of the atoms
in the array. The position lattice has unit vectors £, £ and £ where
as the spacings in the diffraction lattice a*, b* and c* are related
to the inverse of these. This scattering lattice is called "the

reciprocal lattice".

3.1.5 The Relationship Between the Crystal Lattice and Reciprocal Lattice
Real crystals are three-dimensional. The reciprocal lattice

as seen in an X-ray diffraction pattern is also three-dimensional. It

is related in a simple way to the actual crystal lattice. By measuring

the spatial position of the diffracted spots, it is possible to compute

the cell dimensions and the shape of the reciprocal lattice. From this,

the corresponding dimensions and shape of the unit cell of the actual

crystal lattice can be derived. We shall now solve the von Laue equations,
£a = h, ££ = k, ££ = i (10)

for scattering vector £ which satisfies all three equations. Assume now
that the vector £ takes the form £ = x(Ha* + Kb* + Lx*) where x is an

arbitrary scaler and H, Kand L are undetermined constants. Then:-

s.a = X(Ha* + Kb* + Lc*) . a =h (1D
x Ha*£ + xKb*a + xLc*a = h (12)
X Ha*b + xKb*b + xLc*b = k (13)
and X Ha*.c + xKb*.c + xLc*c = | (14)

where a*, b* c*, x> H, Kand L are constants, and may be chosen as found

appropriate for the solution of equations 12, 13 and 14. Let x=I| > this

leads 12, 13 and 14 to:-



Ha*.a + Kb*.a+Lc*.£
Ha*.b + Kb*.b+ LE*.b

Ha*.c + Kb*.c + Lc*.c

The equations have a solution

arta = 1 a*b =
b*a = 0 b*b =
c*a = 0 £*b =

Therefore H=h, K=k, L =i.

A= hE* + kb* +

-2 -

Il
=

if we select a*, b* and c* such that

0 a*£ =0
1 b*Ef =0
0 cx£ =1

and the scattering vector

Sic*

satisfies the Laue equations on condition that equations(l8) hold if

and g are integers then this term wiill

called the recriprocal lattice.

In equations (18) a*.£ = 1, £*]} =0

h,

(15)
(16)

7

(18)

k

generate a lattice, which we have

and a*.c = 0. Therefore a* must be orthogonal to t) and £ simultaneously

and hence a* can be written as:-

a* = £(bx£)
a*,a = fa.(bxf) =
a. (bx£)
Therefore:
bxc
ar = — —
a. (bx£)

1

similarly b* and c* can be written as:-

b = cxa
£. (™)
A axb

c* = — J—

(19)

(20)

(21)

(22)



where £.(bx£) is the volume of the unit cell in the real space; v=£.(bx£).
The reciprocal lattice volume is v* = a*.(b*.£*). It can be shown that

v* =— by using the equations 20, 21 and 22.

3.1.6 The Structure Factor

It is convenient to write out the unit-cell structure factor,
Fr(s), explicitly in terms of the positions of each atom in the unit cell,
and of the corresponding atomic scattering factors. Using equation (2)
for the molecular structure factor, we choose a co-ordinate system based
on the unit-cell vectors a, »and £. The position of the IFH atom in
the unit cell is then r:] = xj a +y\.]b + 2. where xj, yj and zj are now
fractions of the corresponding unit cell dimensions. Then equation (2)
becomes

F.® - ; I§ls) e2’<(g--a+yji- *2zj--) D)

where the sum is taken over all the atoms in the unit cell. However,
Fn(s) can be sampled only at geometries allowed by the von Laue conditions:

when we apply these, equation (23) simplifies to:-

Fm(h,k,s.) = .+ fj(s) exp]2iri(hx™ + kN + o )\ (24)
J

This equation is called the structure factor equation. It represents the
unit cell X-ray scattering sampled at the reciprocal lattice points defined

by the Miller indices, (hks,).

3.2 Theory of X-ray Fibre Diffraction
3.21 Introduction

Fibrous proteins and DNA are long rod-shaped molecules and
frequently reluctant to crystalize into perfect single crystals. Concentrated

gels can, however, be used to form partially oriented fibres by precipitation
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of such samples. These long, rod-like molecules can pack together with
their axes parallel, or nearly parallel to the fibre axes. The degree

of order within the fibres may vary considerably. In some fibres the
molecules are regularly oriented about the fibre axes. The diffraction
pattern from such fibres are similar to single crystal rotation photographs,
although spots may be drawn out into arcs due to the disorientation, and
may be rather broad if the crystalline regions are small. The crystallinity
of the fibres may be divided into three major categories: crystalline,
semi-crystalline and non-crystalline. To explain the types of crystallinity
the molecular spatial arrangement is shown schematically in figure 5.

e is the orientation angle of the molecule with respect to the fibre axes,
$angle of rotation about fibre axes, and z is the displacement along the

fibre axes.

(@) A Crystalline Fibre
Each molecule has the same orientation angle 0. The fibre
consists of individual microcrystals also ordered along z and but

are, packed in a random way about “~(sometimes also about z).

(b) A Semi-crystalline Fibre

Each molecule has the same orientation angle e, but there are no
microcrystals. There is a fairly regular lattice perpendicular to z, but
individuals disordered in the z direction as well as the fdirection.
If molecules are randomly displaced relative to each other in the direction
of the fibre axes, discrete spots only are observed along the equator,
and the higher layer-lines have a continuous distribution of intensity
along them. A random displacement by a fixed amount can give rise to
discrete spots on some layerlines and continuous streaks of intensity along
others. Thus, random displacement by half the repeat period along the
fibre axis will produce spots on the even numbered layerlines, and streaks

on the odd ones.
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(c) A Non-crystalline Fibre
There is no regular lattice in the fibre. The only order is

that long axes of the molecules share a general common direction.
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azimuthal orientation of the molecule in the unit cell is unknown,
4 cannot be determined, and a more useful function in this case is the

Fourier transform of a single molecule calculated for each value of n
(27)

If there is a diad axis in each helical repeat perpendicular to helix
axis, then for every atom at (Rj,<9.,zj) there is an equivalent one at
RJ., 3 -ZG so that the expression G(£,n,£) need only involve the real
(cosine) part of the exponential term. For D-DNA N=8, K=1. Therefore,
the selection rule is n=x-8m where m=0, +1, £2 ...............

For a le ft handed helix the values of n are replaced by -n in the

equation (25) and (26) (Klug et al., 1958). It can be shown that the

cylindrically averaged squared transform (CAST) is:

CAST (i.¢) = 1 G7(i.,n,¢) (28)
n

The most general crystal structure will contain p equivalent molecules
in the unit cell with fractional unit cell co-ordinates of the helix
axis (XP, yP, zp) and relative orientation 4>P. By using equation (24
the general expression for structure factors of helical molecules in a

regular array can be written as:

F(hyk,*) = 111 _ f-JIn (2*R,0 exp i{n(*+£ - * ) +
PR J J £ 3 c

.exp i{2ir(hXp + kyp + *zp)} (29)
The atomic scattering factors f . were calculated using the expression
Bl

given by Vand, Eiland and Pepinsky (1957)
f(sine) = A exp(-a sin 2e) + B exp(-b sinze) (30)

where sin e = xp/2 and A, a, B, b are constants. Since DNA fibres
generally contain an appreciable proportion of water, it makes a significant
contribution to the diffraction intensity particularly at small angles of

diffraction (Bragg and Perutz, 1952), and allowance must be made for this
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contribution when calculating structure factors intended for use in the
refinement of the trial structures. The effect of the solvent can be

simulated by supposing that the volume occupied by the solvent is filled
with an electron gas with a density of the solvent (Wrinch, 1950). The
corrected structure factor can be calculated, using Babinet's principle,

(Langridge et al., 1960b) from the expression:-

F = F" vpwkv (31)
F is the structure factor calculated in the usual way, vis the volume of
the water displaced by the molecules, p is the mean electron density of
water, and F is the Fourier transform of a solid uniform density with a
shape corresponding to the displaced water. A simpler approach can be
used by incorporating the correction term into the individual atomic
scattering factors. If Vj is the volume displaced by the atom then

the modified, scattering factor is:-
f'j(sine) = fusine) - Vj pw"~(sine) (32)

where

N, i I N . .
j>J(sine):8(sin an -Ai-n6)- A cos 4IrkSine (Ia sine)3

and the value of Ris taken as a constant radius of 2A (Langridge et al.,

1960b, Fuller 1961). Arnott et al. uses the Van der Waals radius for R

There have been a number of other methods suggested by other workers for
r

calculation of atomic scattering factors. This is discussed in detail by

Greenall (1982).

3.2.3 Lattice Measurements

X-rays diffracted by calcite-dusted fibres were recorded on flat
films. The calcite gives a diffraction ring of spacing 3.029A (In some cases
the NaC. in the fibre gives a diffraction ring of spacing 2.81A). Either

way, the spacing can be used in the determination of the specimen to film



distance D. The co-ordinates of the diffraction spots in the diffraction
pattern were measured with a two-dimensional travelling microscope. A
computer program (written by W.J. Pigram) was used to convert the film

co-ordinates into reciprocal space parameters. By minimising a function
m p
& =1 (r, - R
=1 J
the radius R and the centre xQ, yQ of the calibration ring were obtained

where:-

ri m «x -V 2* (yj «V 23
Xj’ y‘.J are the co-ordinates of jth point on the calibration ring. Dwas

determined by using the equation:-

\d - sin (J tan’1 En) (M.J. Buerger, 1945)
X u

where X is the wavelength of the CuKka radiation (i.e. 1.5418A) and d is

the spacing of the calibration ring. E is the distance of a spot from the
centre of the diffraction pattern. The co-ordinates x, y of the diffraction
spots are converted into reciprocal space co-ordinates ¢, ¢ and reciprocal

radius p using the following equations

(O (33)
C = (1) 12-X2c2~2 (1-xV)* D/(d2 + X2} (34)
p2= 2 + 22 (35)

3.2.4 The refinement of the unit cell parameters
The approximate values of the lattice parameters were estimated
from measurements of the photographs and these were refined using a least

squares procedure (Fuller, 1961). By minimising the function:-
n 2

* " jji (piobs ' pical®
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where p. ~ = the vth observed p value
pical = t%e cal cul atec* p value
n = total number of reflections

The final lattice parameters can thus be obtained.

3.2.5 Intensity Measurements

Methods to obtain diffracted intensities from fibre diffraction
photographs have been discussed by Franklin and Gosling (1953c), and
Langridge et al. (1960a). The integrated intensity 1Q is proportional to
A, where A is the area under the radial densitometer trace across the
spot in the fibre diagram. The 1Q is multiplied by the Lorentz correction
factor, which is proportional to ¢, and for the drawing out of the spots
into arcs of constant width, the intensity is further multiplied by p. The
intensities must also be corrected for the absorption effect; which is

proportional to cos e, and polarisation correction, which is equal to:-

2 2
/(1 + cos™ 29)

The corrected integrated intensity is

| = Apg X cos e 2 (37)

(1+cos2 2e)

3.2.6 Scaling of the intensities
9

The scaling factor,

.(hkt)
(38)
I-(hkfc)
hia
where 1Q(hkx) = the observed (corrected) intensity of the (hkd) reflection
and lc(hks,) = the calculated intensity of the (hk«) reflection

The scaling factor for structure factor amplitudes is Sp = (Sj)*
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3.2.7 Comparison of agreement obtained from different models
It is very useful to define a method to compare different models
obtained from the same diffraction data.

The residual

R (39)

and

R, (40)

3.2.8 The packing of the molecules in the unit cell

(1) Consider a molecule of orientation 9 in the unit cell (which

is shown schematically in figure 6). During molecular model building the
orientation 9 is varied by small angle such that the steric interaction
with the neighbouring molecules is minimised, and this enables best
molecular packing within the cell to be determined. If there is more than
one molecule in the unit cell each molecule is rotated about its axis and
displaced along the c-axis in small steps so as to obtain the best
orientation.

(2) To obtain the' best agreement between the observed and calculated
structure factors (once the best molecular transform is obtained from
model building studies) the value of R| (see equation (39)) has to be
minimised. The structure factors for different orientations of the
molecule (or molecules)can be calculated by rotating the molecule in the
unit cell. Hence, the value of R| is obtained as a function of orientation
9. As the molecular orientation is changed, Rj varies and will pass through
a minimum. For a good model, the value of 9 from (1) and 9 -n from (2)

must be equal or nearly equal.



Figure 5 Molecular Spatial Arrangement in a Fibre

Figure 6 Molecular Arrangement in a Unit Cell



CHAPTER 4

The D Conformation

4.1 Introduction

Synthetic DNA polymers are of great interest in the study of DNA
as a whole, since they provide consistently repeating nucleotide sequences
which may well behave in much the same way as constituent parts of native
DNAs; for example satellite DNAs, and possibly regions which are believed
to be actively involved in transcription.

The various synthetic polymers of DNA that have been isolated are
often associated with characteristic molecular geometries, and it is for
this reason (amongst others) that their study is of particular importance;
it provides a starting point for a correlation between the structural and
functional roles of the macromolecule.

Davies and Baldwin (1963) observed that the sodium salt of
poly d(AT).poly d(AT) could assume not only the crystalline A and semi-1
crystalline B forms observed for naturally occurring DNA&s (Fuller et al.,
1965, Langridge et al., 1960b, Arnott et al., 1972b, 1973, Rhodes et al.,
1982) but also a new conformation which was designated the 'D' form. The
diffraction patterns were of poor quality, and only the axial periodicity
(24.5 A) and the general intensity distribution was described. They also
reported a poor quality diffraction pattern of the D conformation for
NHYJAT. Further, it was reported that an unusual feature of the pattern
wes the appearance of reflections near the meridian on the third and
fourth layerlines. It was observed that some of the fibres gave mixtures
of A and D patterns which after a time generally changed completely to the

D form (Davies et al., 1963). These observations suggested that the D



form is a particularly stable conformation for this polynucleotide. The
diffraction patterns from Na dAT and NHJAT closely resemble each other,
apart from the fact that the Na dAT material was more crystalline (Davies,
et al., 1963).

A similar diffraction pattern was obtained from a fibre of
Na poly d(IC).poly d(IC). This was indexed on a tetragonal lattice with
a=175 Aand c = 25.0 A (Mitsui, et al., 1970).

In the same publication they also suggested that the patterns
from poly d(IC).poly d(IC) were best accounted for by a left-handed double
helix with Watson-Crick base-pairing, and eight nucleotide paris per helix
pitch of 25.01 A In this analysis they systematically varied the
position of the base-pairs with respect to the helix axis, the orientation
of the sugar base link, and the sugar puckering. They also investigated
right-handed models, but found that these were inferior in terms of
stereo-chemistry and agreement with X-ray data, when compared with the best
left-handed models. However, since neither atomic co-ordinates nor torsion
angles were published for any of these models, it was not possible to see the
extent to which the left-handed model was to be preferred.

For the polynucleotide poly d(AT).poly d(AT) Arnott et al.,
(1974b) reported that the D form was observed under conditions which would
normally favour the A form of natural DNAs, ie a minimum of retained salt
in the fibre. Arnott et al. (1974b) also emphasised that the D pattern
from poly d(AT).poly d(AT) was very similar to patterns obtained by Mitsui
et al. (1970) from Na poly d(IC).poly d(IC) and by themselves from
poly d(GC).poly d(GC).

On the basis of a linked atom least squares refinement technique,
they dismissed the left-handed model of Mitsui et al. (1970) as bizarre, and
proposed a model for all three complementary DDNA structures (poly d(AT).
poly d(AT), poly d(IC).poly d(IC), poly d(GC).poly d(GC)). This was a

Fight-handed eight-fold double helical model which used Watson-Crick base



pairing, along with sugar puckering and conformational angles reminiscent
of the conformation of natural DNAs.
The D conformation was also observed for Na poly d(ATT).poly d(AAT)
and such patterns from this material were indexed on a hexagonal lattice
with a=b =19.8 Aand ¢c = 24.1 A [Seising et al., 1975). Leslie et al.

(1980) reported the D conformation for the following polynucleotides:

(a) Na poly d(AC).poly d(IT); indexed on a hexagonal lattice with
a=b=204 Aand c = 251 A

(b) Na poly d(AIT).poly d(ACT); indexed on a hexagonal lattice with
a=b=202 Aand c = 243 A

(c) Na poly d(AIC).poly d(ICT); indexed on a hexagonal lattice with

a=b=204 Aand c = 245 A

Leslie et al. (1980) prepared one fibre from Na poly d(AT).poly d(AT)
for which the A conformation was stable over a period of six months,
even at very high relative humidity (95%). However, they were not able
to identify the conditions which favoured the A and D forms although for
one fibre, which they described as having been made from '‘impure synthetic'
DNA they observed a D < A —+ B transition by raising the relative humidity
of the fibre environment. No indication was given either of the nature
of the impurities in the fibre, or of the quality of the patterns which
were obtained.

Gupta, Bansal and Sasisekharan (1980) have recently described a
survey of right-handed and left-handed models for A, B and D forms of
DNA In particular, they claim that both the right- and left-handed models
which they propose for the D conformation are in qualitative agreement
with the observed diffraction pattern, the residuals being very similar
for both RH and LH, and very close to the values calculated for the right-
banded models proposed by Arnott et al. (1974b). Drew et al. (1982)

proposed a new model for D-DNA which is very different from the earlier



models.
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They build a left-handed helix with seven residues per turn

by incorporating Hoogsteen base-pairs into a Z helix framework. They

claim that the X-ray intensities calculated from this novel left-handed

D model

provide a better fit to the DDNA diffraction pattern than do

intensities calculated from previously proposed D helix structures

(Drew et al., 1982).

@

(b)
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The main themes of this chapter are:
The humidity and salinity condition under which the high quality
crystalline D-form is routinely observed for Na poly d(AT).poly d(AT).
The question of whether the D-form is a sevenfold helix (as
proposed by Drew et al., 1982) or an eight-fold helix.
A re-appraisal of the models previously proposed for the D
conformation and a description of a left-handed model for which
the calculated diffraction is in substantially better agreement
with the observed than that calculated for any other previously
published model for D-DNA, whether of the right- or left-handed
type.

A detailed study of the polymorphism of poly d(AT).poly d(AT)

discussed in the following chapter.

Materials and Methods
Fibre Prepara{ion

The polynculeotides usedin this study were obtained from
Boehringer. Samples were also provided by Dr. J. Brahms of
the University of Paris. Fibres were prepared from ethanol
precipitated polynucleotides or centrifuged gels, as discussed
in Chapter 2.
Model Building

It Is not possible to solve the phase problem directly for

fibre diffraction patterns from nucleic acids. The method of



analysis used is to build a good trial model from general
considerations and then to refine it by a detailed comparison
of the observed and calculated intensities.

The preliminary structures, prior to detailed refinement were
built using wire models, which used 'shrunkenl atoms, and a representative
scale of 4 cm per A unit. A variety of such models were built and
systematically changed until there was good general agreement between the
cylindrically averaged square transform of the model, and the observed
intensities. The best wire model was then used to provide torsion
angles (see figure 1) for a starting model, which was refined using a
linked atom least squares computer program. This model building program
wes originally written by Pigram (1968), and later modified by
Goodwin (1977) and is briefly described in Chapter 2. The model building
routine also incorporates relevant stereochemical data, such as standard bond
lengths and angles obtained from single crystal work on nucleotides.
Standard sugar puckering conformations (Arnott and Hukins,1972a) have been
used, and as such, the torsion angles t*, tig have been fixed in agreement
with C2-endo sugar puckering. The twist and tilt (dyad) axes are as shown
in more detail in figure 1. The rotation and rise per residue are shown
in figure 1 by tlq, 715 respectively, and the base displacement from the
helix axis is shown as 1I¥ in figure

During the erarly stages of the refinement, only the 'backbone’
torsion angles were allowed to vary, but later on twist, tilt and base
displacement were allowed to vary as a means of eliminating bad interbase,
intra helical, and inter helical contacts. The final model was thus
optimised in terms of agreement with X-ray data, good stereochemistry and
satisfactory puckering into the tetragonal lattice. Having obtained a
final model, the structure factors and residuals were calculated and

compared with other published models.



Figure 1 Model Building of the Dinucleotide using the
= two-branch method
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4.3 Results and Discussions

The fibres used were estimated to contain a salt concentration
corresponding to about 0.5 Nat and Ci ions for every phosphate group.

At low relative humidities (33% -+ 66%), the diffraction patterns
obtained showed the A form of DNA to be predominant, but there was,
however, evidence of GDNA impurity (the presence of CDNA was indicated
by the existence of a strong meridional reflection at 3.3 A; see chapter 6).
As the humidity was increased to 75%, a highly crystalline A-form diffraction
pattern was obtained, and this pattern persisted right up until a relative
humidity of 98% However, after prolonged exposure at 9% RH diffraction
patterns were obtained which indicated first an A-DNA/8-DNA mixture, and
later on, highly crystalline D-DNA After further exposure at 9% RH, a
B-form pattern was observed. However, as the humidity environment of the
sare fibre was decreased to 95%, the D-form pattern returned and remained,
right down to relative humidities as low as 33% (figure 2). It is note-
worthy that the A-conformation was never recovered, either by remaking the
fibre or by increasing the salt content. It thus seems that the ADNA
to DDNA transition is irreversible by any means, and in agreement with
previous reports, that the D-form is a particularly stable conformation
of Na poly d(AT).poly d(AT). These observations indicate a marked tendency
for the polynucleotide ,to become "locked" into the D-form, which thereafter
appears to be resistant to large changes in the RH of the environment.

Other fibres were prepared from the same centrifuged gel, and the
diffraction patterns so obtained indicated A/C mixture (see detailed
discussion in Chapter 6) as above. However, in contradiction to earlier
reports by Davies et al. (1963) this conformational mixture remained,
even after several months at room humidity. Davies et al. (1963) had
claimed that the A-form obtained from this polynucleotide changed from

A to D conformation within a few days. The transitions observed from all
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fibres prepared subsequently from this material showed 100%reproducibility
when the fibres were treated in the same way even when they were several
months old.

When the salt concentration was increased slightly, and the
sare sequence of the humidities used, a semi-crystalline B-DNA pattern
was obtained after the A/B mixture (instead of the D-form).

The above experimental observations of fibres prepared from
Na poly d(AT).poly d(AT) at low salt concentrations lead one to two

significant conclusions

(i) Induction of the A > B transition is very difficult at low salt
concentrations. However, an intermediate A/B mixture is
obtained when a fibre is maintained at high relative humidity
for a prolonged period. Then the D-form was obtained before
semi-crystal line B form.

(i) At slightly higher salt conditions the B-form is obtained (without

difficulty) upon increase of relative humidity.

A major question relating to the structure of D-DNA, as pointed
out earlier, is that of whether the molecular contains seven or eight base
pairs per full turn of the helix. Evidence obtained in this study shows,
for the first time, that the eight-fold structure is to be preferred. By
suitable tilting of thé fibre, an eighth layer line meridional reflection
wes clearly distinguished from the neighbouring reflection (108) (figure
3). Evidence supporting this comes from Mitsui et al. (1970), and Arnott
et al. (1974b). Mitsui et al. (1970) studied D-DNA from Na poly d(IC).
Poly d(IC). Arnott et al. (1974b) studied DDNA from Na poly d(AT).poly d(AT).
Both authors favoured an eight-fold helical structure with strong seventh
layerline reflections accouted for by highly tilted bases. A recent model

proposed by Drew et al. (1982) shows a seven fold structure. However, none

°t these workers have published any clear experimental evidence to support



Figure 3 D-form Diffraction Pattern of Na poly d(AT) .poly d(AT) at
75% R.H. Fibre is appropriately tilted to resolve the
meridional reflection (008) and (108) reflection
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their contentions.

In this study, diffraction from tilted fibres shows clearly that
there is no meridional reflection on the seventh layerline (figure 4), and
that it is the 107 and 117 reflections which have been mistakenly taken for
meridionals from less oriented poor quality diffraction patterns (these
reflections are well resolved on weakly exposed patterns, and on the under-
films of normally exposed pictures (figure 4)). These considerations thus
contradict the proposal of Drew et al. (1982).

The D-form diffraction pattern shown in figure 4 was measured up,
and the helical parameters and unit cell dimensions determined. The pitch
and the base separation are 24.1 A and 3.01 A respectively. The unit cell
parameters are given by a =b =171 A, ¢ - 24.1 A The calculated and
observed p values along with the RVB deviation in p, are shown in table 1.

The pitch and the unit cell parameters are somewhat less than those previously
published in Arnott et al. (1974b).

Fibres prepared from Na poly d(IC).poly d(IC) gave D form diffraction
patterns (figure 5) up to 9% RH it was noted that the crystallinity of these
fibres was improved by thermal annealing. Although as pointed out by Arnott
et al. (1974b) the D patterns obtained from Na poly d(AT).poly d(AT) and
Na poly d(IC).poly d(IC) are similar, it is important to emphasise that there
are differences evident from a visual inspection. The 102 reflection is
essentially absent or very weak in Na poly d(AT).poly d(AT), and the 112 is of
intermediate strength; the reverse is true for poly d(IC).poly d(IC) patterns.
These striking differences, which are quite reproducibly observed, occur in a
region of the diffraction pattern for which the molecular transform can be
expected to be cylindircally symmetrical. It is thus not possible to attribute
them either to differences in molecular orientation within the unit cell, or to
differences in lattice parameters. It seems possible that these anomalies
roey occur as a result of different distribution of ions in the two

molecular species. It is unlikely that



"Table 1

Observed and calculated p-values for the D-rpattern Tn ftgure 4

RH o= 7% a = b = 171 A c =
h k | PO(A -'i POA")
1 0 0 0.0574 0.0579
1 0 1 0.0709 0.0711
2 0 1 0.1228 0.1229
1 1 2 0.1181 0,1164
2 0 2 0.1425 0.1423
1 0 3 0.1372 0.1369
2 1 3 0.1766 0.1793
1 0 4 0.1756 0,1753
1 1 4 0.1847 0.1846
2 0 4 0.2018 0.2019
2 1 4 0.2129 0.2101
1 0 6 0.2542 0.2549
1 1 6 0.2614 0,2614
2 0 6 0.2739 0.2739
2 1 6 0,2798 0.2799
1 0 7 0,2953 0.2953
1 1 7 0.3009 0.3009
2 1 7 0.3166 0.3172
1 0 8 0.3362 0.3360

The rms deviation in p = 6.2 x 10~3
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there is any major structural difference between the two polynucleotides.
In the light of these differences, it was thought preferable to study
models based around diffraction data obtained from Na poly d(AT).poly d(AT).

Despite the fact that Arnott et al. (1974b) claim as good an
agreement between observed and calculated diffraction for DDNA as has been
obtained for other nucleotide structures, there are a number of ways in
which their DDNA model is inferior (in terms of agreement) to the best
models proposed for crystalline A and B-DNA. This is illustrated in figure 6,
where the calculated diffraction is shown along with the observed. It
should be noted that, as a result of the fact that Arnott et al. (1974b)

did not observe a number of reflections, most importantly (102), (113)
and (105) reflections (as in figure 5), the table comparing the observed
and calculated structure factors (Arnott et al., 1974b) is now revealed
to have a number of major discrepancies. The stereochemistry of Arnott's
model is satisfactory, with the exception of the one short contact of
2.4 A between deoxyribose & and phosphate 0.

Both the left-handed and right-handed models proposed for the
D-form Gupta et al. (1980) give poor agreement between observed and
calculated diffraction (figure 7) and whilst the intramolecular stereo-
chemistry is acceptable, the molecular model ends up in serious inter-
helical contact trouble v/hen one attempts to pack the molecule into the
observed tetragonal Iatrtice.

The problems and discrepancies outlined above relating to the
various proposed models are of particular concern since all threemodels
were obtained using sophisticated refinement procedures, and might therefore
have been expected to yield slightly better models. The question arises,
in passing, as to whether problems have arisen as a result of the intrinsic
nature of the models, or technique used to refine them.

It was, thus thought very important to have a fresh look at the

X-ray data and investigate a new unbiased analysis. Firstly, it is clear






from figure 3 and figure 4 and previous discussion, that the D-form of

the IMA is an eight-fold helix having a pitch of 24.1 A. Secondly, since
DDNA has only been observed for DVA polymers containing exclusively AT

or I/C base pairs, it seems unlikely that the base pairing should be any
other than the Watson-Crick type. Non Watson-Crick pairing would require
protonation of cytosine N in order to establish effective hydrogen bonding.
Mitsui et al. (1970), in order to justify their use of Watson-Crick base-
pairing, prepared fibres of Na poly d(IC).poly d(IC) in differing pH
conditions. The fibres initially used in this study were prepared from an
alochol precipitated material. They were rewetted with distilled water
(pH-6) and diffraction patterns taken. They also took X-ray pictures of
fibres prepared by precipitation from two other solutions (0.01 M sodium
phosphate buffer of pH 7.2, and 0.001 Mtris-maleate buffer of pH 8.2).

The diffraction patterns thus obtained, showed that although the fibres were
not as crystalline and not as well oriented as previous samples, they gave
essentially the same pattern. It therefore seems highly unlikely that

the bases in this polymer are protonated at pH 8.2. On the basis of this
argument, the Watson-Crick base pairing is much favoured to the Hoogsteen
base-pairing as used by Drew et al. (1982).

Having thus established very fundamental features of D-DNA, the
analysis then proceeded to the stage of formulating a preliminary model,
bearing in mind that ther main contributions the molecular transform would
be from the phosphate and bases. The sugar atoms have a much weaker
contribution.

The diffraction pattern of DDNA (figure 3 and figure 4) shows a
very strong 100 reflection, indicating that it falls on the principle
meximum of the transform, rather than on the 1st subsidiary maximum. At
the sane time a relative weakness of the subsidiary maximum is suggested

by the fact that the 110, 200 and 210 reflections are all absent. This



transform profile implies that the molecular structure is more of a solid
cylinder type (as in B-DNA) than a 'hollow' cylinder type (as in A-DNA)
and that the bases are quite close to the helix axis.

The next observed equatorial reflections are the 310 and the
300 reflections; these are both fairly strong as a result of contribution
from the Jg Bessel function component (the selection rule is n=1 - 8m
m= +1L implies along the equator n = £3).  The phase term associated
with this is (te - & (following equation 27 in Chapter 3) reducing to
& for a = 0 on the equator. Thus, for strong phosphate contribution in
this region, one would expect 8% to be of the order of 360°, suggesting a
phosphate phase angle of  45°.

The phosphate radius was easily fixed by adjusting the molecular
transform to fit the equatorial reflections. A number of different trial
models were constructed with phosphate radii ranging from 7.5 Ato 9.5 A
(» 0.5 A steps). The best fit was obtained for a phosphate radius of
85 A

The approximate azimuthal height of the phosphate, Zph, was chosen
by adjusting the transform to fit the lower layer line reflections. The
selection rule for an integral helix is n =i - Nm For an eight-fold
DDNA molecule, this reduces to n =i - 3m. For lower layer lines, the
dominant Bessel functions are going to be given by the above equation. Thus
when m=0, n =i. For a left-handed helix, the phase term is (le + np
(for right-handed helix (i.e - i¥), but since n=n for mA0, this then
becomes *(e + <, where e = 2nz/c-

The observed diffraction shows a strong 1st layer line in
comparison to the 2nd and 3rd, very much like the diffraction exnected from
a single stranded helical molecule. The inference is that the two chains

are fairly close together. This is shown schematically in figure 8.



Figure 8

24.0 A

On the 1st layerline, the 101 reflection is strong whereas the 111 is
absent. O the second layer line, however, the 102 reflection is absent
Cor very weak}, but the 112 is present. Since the phosphate contribution
to the transform is very significant (and sensitive to the phase variation)
in the region of the 10 reflections, it might be expected that the phase
term cos (9 + <9 is 'v 160°. This will give a negative base contribution
and tend to cause sone cancellation of the phosphate conmporent in the sane
region, thus providing the right relative magnitude for the 112 reflection.
The above mentioned phase conditions also satisfy the 3rd and 4th layer
line intensities.

The intensities of higher layer line reflections are very
sensitive to the base ti-It. FHom the helical selection rule and the
transform equations, the phase term for base contribution is (te + nrf
i-e. for strong 7th layer line, 7© — should be approximately zero (this
is for a left-handed helix). Thus 7e - $= 0, and the expected tilt can
then be calculated: e.g. for $ - 80°:

e=
C
2AXx1n

KL =4 =07 A
30 30
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Therefore the tilt = tan

During the preliminary molecular model building, it was noted
that tilting of the bases affected the position of the phosphate. In
order to attain the required tilt and maintain the phosphate position, it
wes found necessary to twist the bases. Base twisting has a very much
smaller effect on the transform than does tilting, and as such, was not
only used to restore and maintain phosphate position, but was also found

valuable in eliminating short intrahelical contacts in the final stages

of modelbuilding.

By applying these considerations to the D-DNA model, several trial
models were built and adjusted to obtain the best fit to the X-ray data.
Once this had been achieved, the models were refined to optimise the
stereochemistry (i.e. to remove the bad inter- and intra-helical contacts).
The results of the analysis has led to the derivation of the left-handed
model for the D-form in which the agreement with the X-ray data is
significantly better than that of the best right-handed model proposed
by Arnott et al. (1974b), and substantially better than that of either the
right- or left-handed models proposed by Gupta et al. (1980). It has not
proved possible to build a right-handed model which gives better agreement
with the observed data than that proposed by Arnott et al. (1974b). The
calculated diffraction of all four models is compared with the observed
diffraction in figure 5 and figure 7. The structure factors have been
calculated for the left-handed model proposed here as a function of the
orientation of the molecule in the unit cell. From these calculations the
best agreement between observed and calculated structure factors is the
dyad axis is at an angle of 15° to the unit cell 'a' axis. In order to make
as meaningful a comparison as possible of the four models, all calculations

used the atomic scattering factors, temperature factor and the scaling

procedure employed by Arnott et al. (1974b). The structure factors of these
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figure 6 The cylindrically averaged squared molecular transform and

the observed intensities (represented by filled circles) for
D-DNA. The right-handed model proposed by Arnott et al (1974)

and that proposed in this study are in dotted~line 4 full-line
respectively.
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four models are tabulated in table 2. The residuals for the left-handed
model developed here, the right-handed model proposed by Arnott et al.
(1974b), and right- and left-handed models proposed by Gupta et al. (1980)
are respectively 29%, 33%, 32 and 35%. Atomic co-ordinates of the model
proposed here are shown in table 3. The torsion angles for the four
models are tabulated in table 4. The base-pairs lie close to the helix
axis and have tilt and twist of -6° and 8.5° respectively. The adenine
and thymine nucleotides have identical conformations with an anti-orientation
about the glycosidic link and a @~endo pucker of the sugar ring. The
stereochemistry of the model is satisfactory, with no intra- or inter-
molecular non-bonded interatomic contacts more than 0.4 A less than
standard van der Waals distances. The preferred molecular orientation
from an analysis of contacts between atoms in neighbouring molecules
coincides with that determined from an analysis of X-ray data.

The fact that a left-handed model for the D-pattern of Na
poly d(AT).poly d(AT) can be constructed, having satisfactory intra-molecular
and inter-molecular stereochemistry, and being in better agreement with the
X-ray data than the currently accepted right-handed model for this
structure raises a number of issues of major conformational and biological
importance for the role of regions of DNA containing alternating adenine,
thymine sequences. While there is no great difficulty in visualising
transitions within orier;tated fibres between conformations of two-stranded
polynucleotides of the same helix sense, there are difficulties in such
visualisation when the transition is between a right-handed and le ft-
handed form or vice versa. However, encouragement of the consideration
of such a possibility comes from the observation that the oligonucleotides
dGCpPG2 Wang et al., 1979) and d(CpGpCpG) (Drew et al., 1980) both
crystallise as two stranded complexes with a left-handed helical conformation.

Arnott et al. (1980) reported that a structure very similar to that
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Cylindrical

TABLE 3

Polar Coordinates for the Proposed

Left-Handed D-DNA Model

The dyad axis relating to the two nucleotides within
pair is at (r,0,0)

Atom

JR2HEREEGEEEAERzARE BRE AR BEEEE

r(A )

7.59
9.17
10.00
8.90
8.62
7.48
7.80
7.02
6.24
7.63
5.98

4.74
3.56
3.84
2.43
291
2.65
4.32
5.27
5.04
- 471
4.84
3.44
3.42
2.40
1.07
1.35
1.58
2.74
3.88

<K®)

38.0
37.9
42.2
42.3
52.5
72.0
67.0
71.8
52.8
55.9
63.7

271
17.3
-0.8
32.3
60.0
85.3
56.8
70.3
42.6
72.0
88.2
65.1
42.7
26,6
29.2
94.8
148.3
87.1
99.7

Z(A )

0.65
-1.30

0.95
-0.083
-0.33
-2.55
-1.23
-0.20
-0.72
-1.25

0.19

3.32
3.15
2.93
3.23
3.47
3.53
3.64
3.90
3.56
0.28
0.51
0.14
-0.11
-0.18
-0.06
0.19
0.32
0.29
0.53

a base-
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observed in crystals of d(CpG(pCpG)?) could, if extended to a two-
stranded polynucleotide, account for a diffraction pattern observed
from Na poly d(GC).poly d(GC) which was then designated as S. They also
observed a transition within oriented fibres from the B-form (assumed to
be right-handed) to the S-form.
The left-handed D-conformation described here differs from the Z
conformation in that both the adenine and thymine nucleotides are in
the anti conformation whereas in the Z conformation the purine nucleotide
is syn. Transition from a right-handed helix of either the DNA Aor B
type to this left-handed D conformation could occur by a simple modification
of the conformation as proposed by Wang et al. (1979) for the Bto Z
transition. This would require every base-pair to rotate through 180°
about a line parallel to the line joining Nj thymine to Ny adenine, coupled
with changes in the relative positioning of base pairs about the helix axis.
Finally, it is important to emphasise that the above discussion does
not claim to prove conclusively that the D conformation is a left-handed
helix. However, it does show that a satisfactory left-handed model can be
proposed which is in better agreement with the observed diffraction than

the hitherto accepted right-handed models.



CHAPTER 5

Polymorphism of Poly d(AT).Poly d(AT)

51 Introduction

The synthetic polynucleotide poly d(AT).poly d(AT) is of
fundamental interest in studies which aim to elucidate the relationship
between nucleic acid structure and function. In particular A-T rich
regions in DNA double-helices have been cited as centres for the control
of transcription of genetic information. Davies and Baldwin (1963)
observed that the sodium salt of poly d(AT).poly d(AT) could assume not
only the crystalline A and semi-crystal line B forms observed for naturally
occurring NeDNAs (Fuller et al., 1965, Langridge, et al., 1960b, Arnott
et al., 1972b, 1973), but also a new conformation which was designated as
D These authors also studied Li poly d(AT).poly d(AT) for which they
observed crystalline B patterns, but not the semi-crystalline C patterns
observed for naturally occurring LIDNAs (Marvin et al., 1961).

Furthermore, these authors reported that fibres of the potassium
and rubidium salts of DNA which exist in a semi-crystalline B form at high
relative humidites, exhibit transformation into a crystalline A form when
the humidity is reduced to 75% (Franklin and Gosling, 1953b). Thevclaimed
that the A form patterns (from certain NadAT fibres) contain little intensity
on the meridian at 3.4 A suggesting that the material contains only a very
small amount of B form structure. Further they reported these fibres
remained in the A conformation even at 9% relative humidity.

For NH poly d(AT).poly d(AT) Davies et al., (1963) observed a
semi-crystal line C conformation and D conformation, and reported the

aPpearance of intensity near the meridian of third and fourth layerlines.
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Arnott et al. (1974b) reported that the D form was observed under
conditions which would have favoured the A-form of natural CNAs.
Leslie et al. (1980) did however prepare one fibre for which the A
conformation was stable over a period of six months even at very high
relative humidity (95%). However, they were not able to identify the
conditions which favoured the A and D forms, although for one fibre which
they described as 'impure synthetic DNA, they observed the D+ A > B
transition by raising the relative humidity of the fibre environment.
No indication was given of the nature of the impurities in the fibre nor
of the quality of the patterns which were obtained.

In this chapter, a study of the polymorphism of poly d(AT),
poly d(AT) in the presence of LiCd, NaCfc, KF, RbA. and CsF and varying

conditions of humidity is described.

5.2 riaterials and Methods

The poly d(AT).poly d(AT) material precipitated from different
salt solutions (LiCt, NaCj,, KF and CsF) was provided by Dr. J. Brahms of
the University of Paris. The Ha poly d(AT).poly d(AT) was obtained from
Boehringer. From previous work on the polynucleotide there was evidence
that the conformation assumed was influenced by the tonic content of the
fibre. Therefore, preparative procedures were used which allowed the salt
concentration of the fibfe to be systematically varied. While the salt
content of the solution of the polynucleotide is readily varied by dialysis,
it is more difficult to control the level of salt in precipitated material
since there is variability in the amount of salt which is "brought down" with
polynucleotide. The process of centrifugation was thought to allow more
guantitative control over the salt associated with the extracted material,
for both precipitation and centrifugation the yield of polynucleotide decreased

as the ionic strength of the original solution is reduced. In this study



the poly d(AT).poly d(AT), initially precipitated from 0.1 M (or less)

salt solutions, was centrifuged at 50,000 r.p.m. from salt solutions

whose ionic strength ranged from 0.001 Mto 0.05 M. From measurements

on the supernatant it was possible to estimate the amount of salt per

PO in the extracted material (as discussed in Chapter 2). There are

likely to be considerable uncertainties in these estimates mainly because
of non-uniformity in the distribution of salt in the gel and precipitate.
Nevertheless, despite these reservations, this study and a recent parallel
study on natural DNAs (see Chapter 9) represents a much more extensive
systematic analysis of the effect of salt on the polynucleotide conformation
than has been hitherto reported (with the exception of studies in which
very much larger amounts of material were available than is normally

the case for synthetic polynucleotides (Cooper and Hamilton, 1966). X-ray
fibre diffraction patterns were recorded over a range of relative humidities

from ®oto 98%.

5.3 Results and Discussion
In this section the X-ray fibre diffraction patterns obtained from

the polynucleotide in the presence of various 'excess' ions are described
ad discussed.
53.1 Fibres which contained Li* and ci~

Fibres prepared from low salt LIiCj, precipitate or centrifuged gel
gae a semi-crystalline C-form diffraction pattern (Marvin et al., 1961) up
to Whrelative humidity (Figure 1). The semi-crystalline B-form was then
obtained at 98% relative humidities. These diffraction patterns are very
similar to those observed from natural DNAs. A new fibre was made by adding
small amounts of LiCi. solution 10 y4 of 0.02 MLICn) to these fibres,

these fibres gave a "D-type" conformation (Figure 2) up to 9% relative

humidities. The diffraction pattern was highly crystalline and fairly



Figure 1: Semi-crystalline C-form Diffraction Pattern of
Li poly d(AT).poly d(AT) at 33% R.H.
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well oriented. The strong reflection (1) and the near meridional

reflection (2) appear to be "D-like" (see Figure 2, Chapter 4). However,
apart from above similarities to the D pattern the overall intensity
distribution of this pattern is quite distinct from D-DNA. Particularly
the set of reflections (3) and (4) are uncharacteristic of the D
conformation. The set of reflections (3) are not from the same layerline,
but probably from two different layerlines. Similarly, the set of
reflections (4) is probably from three different layerlines. These observations
strongly suggest that the diffraction pattern on figure (2) indicates a
non-integral helix similar to the 'D-type' structure. The reflections

(5) and (6) in the diffraction pattern (Figure 2) show similarities to
patterns described by Davies et al. (1963) for NHAT. Their D-pattern
reported for NH\JAT is of poor quality, and is very difficult to compare
with the pattern in figure 2. However, in their description of the D-form
of NH'dAT, they reported an unusual feature in that there was a near
meridional reflection between the third and fourth layerlines. This is
similar to the reflections (5) and (6) in figure 2. Figure 2 thus bears

a greater similarity to the ammonium patterns than it does to the sodium
patterns of Arnott et al. (1974). In the present work on NadAT a very
similar pattern to figure 2 was observed (figure 3). The detail of this
work will be discussed Iarter in the chapter. It is most likely that the
pattern reported by Davies et al. (1963) for NadAT (Plate IX, Davies, et al.
1963) is very similar to that seen in figure 3. Even though the quality of
the pattern reported by Davies et al. (1963) for NadAT is poor, the set of
reflections (3) can easily be identified in the Plate IX of their report.
This set of reflections is not observed in the D-pattern reported by Arnott
et al. (1974b) nor in those presently described for NadAT (see Chapter 4).
However, since the pattern on the Plate IX (Davies, et al., 1963) is of poor
pualtiy, it is difficult to come to a firm conclusion whether their pattern

is the D-form or the "D-type” form.
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The strong region (2) is resolved in weakly exposed tilte d
fibres as the (10) and (11) reflections rather than a meridional (00).
The reflection Mis most probably the meridional reflection corresponding
to the one seen in D-DNA. Preliminary measurements showed that this is
a non-integral helix, but is close to being an eight-fold helix. The
spacing of the meridional reflection Mis 3.04 A. The layerline spacing
of the reflection (1) is 23.5 A. Therefore, the number of turns is
- 25 04 = 7-7* Tfie helix was thus determined to have 233 symmetry,
and the reflection A indexed as (103). The reflection (5) and (6) are
meridional reflections on the 8th and 12th layerlines respectively.

Similar meridional reflections are seen on even layerlines in diffraction
patterns from this sequence. From the p values of the equatorial
reflection the unit cell was decided to be tetragonal. The p values

were used to refine the unit cell parameters. The calculated and observed
values are given in table (1). The unit cell parameters are a = 16.9 A,

c =69.9 Aand the r.m.s. deviation in the p values is 0.01 A~"

In conclusion the diffraction pattern of figure 2 indicates a 233
helix with a 69.9 A pitch. These parameters are very close to those
obtained for the D-conformation. Neither this pattern, nor any D-patterns
have been reported for Li poly d(AT).poly d(AT) previously.

Further increases in the salt content of the above figures gave
a pattern which was found to be very similar to the pattern in figure 2
at low relative humidities. However, the reflection (1) is weak (see
figure 2) compared to the equatorial reflection (100) from this diffraction
pattern (similar observations were noted in the diffraction photographs
obtained from Na poly d(IC).poly d(IC) fibres (see Chapter 4, figure 5)).
At higher humidities (i.e. above 92%) a semi-crystalline B pattern was
obtained. Further additions of salt to this fibre gave a semi-crystalline

B-form even at lower humidities. 'Medium' salt fibres gave a crystalline



Table 1

Observed and calculated p values for the "D-type" pattern used in figure 2

H = 2% 16.9 A 69.9 A
h k a B PC(A "
1 0 0 0.059 0.059
2 1 0 0.135 0.133
2 2 0 0.170 0.168
3 1 0 0.190 0.188
3 2 0 0.216 0.214
4 1 0 0.240 0.245
3 3 0 0.254 0.252
4 2 0 0.268 0.265
5 1 0 0.301 0.303
1 0 3 0.073 0.073
2 0 3 0.127 0.126
1 1 6 0.119 0.120
1 0 9 0.139 0.142
1 0 10 0.150 0.155
2 0 11 0.193 0.197
1 1 12 0.186 0.191
2 0 12 0.203 0.209
2 1 12 0.214 0.217
1 1 13 0.198 0.204
2 1 13 0.224 0.229
1 0 17 0.259 0.250
1 1 17 0.265 0.257
2 1 17 0.282 0.277
2 1 21 0.331 0.329



B form (figure 4) at 92 relative humidity. The crystalline B-pattern
wes very similar to the crystalline B-form of Li DNA. The 8 pattern

obtained at 9% relative humidity was a semi-crystal line B-form (figure
5). The detailed analysis of the crystalline B pattern is in progress

in this laboratory.

5.3.2 Fibres which contained Nat and cz-

The general method of preparation and estimation of Nat+ Cjf
ions per phosphate in the fibres is described in Chapter 2.

Very low salt fibres prepared from centrifuged gel (typically
containing less than 0.2 Nat+, Cjf ions per P04) gave the C conformation
(figure 6) at lower relative humidities (typically up to 7 or 95%),
above which they changed reversibly into the 3-form. Fibres containing
slightly higher than 0.2 Na+ + c1 per P4 gave a C pattern at lower
relative humidities (typically from 33% to 92%). At higher humidities
(typically 95%) these fibres gave an A-form and then a crystalline B-form
(figure 7). Further humidification of these fibres gave the semi-
crystalline B-form at 9% relative humidity. However, some of these fibres

did not give an A-form, but the following sequence of conformations:
Cform % crystalline B-form msemi-crystalline B-form

All these transitions were reversible with respect to relative humidity.
This is the first time the crystalline B-form has been observed in fibres
of Na poly d(AT).poly d(AT) - the only other report was published by
Leslie et al. (1980) for fibres obtained from poly d(AC).poly d(GT). The
Packing of the crystalline B-form for Na poly d(AT).poly d(AT) appears to
he different from crystalline B-forms of Li DNA Further analysis of this
Pattern is in progress in our laboratory. Fibres estimated to contain

ab’ut 0.6 Nat and G-~ pairs per P04 gave an A pattern at low relative



Figure 4: Crystalline B-form Diffraction Pattern of
Li poly d(AT).poly d(AT) at 92% R.H.

* /N

Figure 5: Semi-crystalline B-form Diffraction Pattern of
Li poly d(AT).poly d(AT) at 98% R.H.






humidities (typically from 33% to 75%), but such patterns did show
evidence of the C conformation. At higher relative humidities (typically
86%to 95%), patterns showed a mixture of the A and B forms (figure 8).
In these patterns, the two components of the mixture are both very much
more clearly defined within the one diffraction pattern than has been
reported previously. The B component on these patterns is somewhat
different from the B form observed from calf thymus DNA The base
separation or rise per nucleotide, the pitch and the inter-molecular
separation are 3.28 A, 32.8 A, 24.2 A respectively. These parameters
are very similar to those of B-DNA which was reported for the homopolymer
poly (dA).poly (dT) (Arnott et al., 1974a and this work (Chapter 10)).
Prolonged exposure at higher relative humidities (typically
9% resulted in the polynucleotide undergoing a transition to the D-form.
Exposure at humidities (98%) resulted in a transition from the D-form to
the B-form. Reduction of the relative humidity below 98% resulted in a
reversion to the D-form which then persisted even when the relative
humidity was reduced to 33% Other fibres with concentrations of NaCx
in this range assumed the D-form over a period of a few months without
being exposed to high humidities. For fibres estimated as containing rather
smaller amounts of NaG. (typically 0.4 Na+ and GT ions per POY) the
sequence of transitions 9s a function of relative humidity was rather
similar, except that at low relative humidities the pattern obtained was
a mixture of A and Ctypes (figure 9a) which then changed to an A pattern
(figure 9b) at relative humidities in the range of 66%to 75%. A transition
from an A pattern to a mixture of A and B patterns also occurred at rather
higher relative humidities. As stated, at lower humidities (typically 3%
to 57%) an A/IC mixture type diffraction pattern was obtained (figure 10)
from low salt fibres. The diffraction photographs were thought to indicate

two ‘phases’ (A and Cin roughly equal amounts within the fibre, see









- 56 -

Chpater 6). The relative 'concentration' of the A-form was seen to
increase (at the expense of the C-form) as the salt concentration was
increased. The effect is clear when one compares figure 10 (low salt)
to figure 9a (slightly higher salt).

Oe of the fibres prepared from low salt concentrations (just
above 0.3 Na+, C«T per POV gave very interesting conformational changes
with relative humidity. The C-form diffraction (figure 1l1a) pattern
wes observed at 33% relative humidity. This pattern indicates a pitch
of 31.0 A, and the innermost region of the first layerline is weak as
expected for the C-conformation. As the relative humidity of the
environment was increased, a continuous reduction in the pitch of the helix
wes noticed, along with a simultaneous increase in the intensity of the first
layerline reflection. At 9% relative humidity the pitch of the pattern
is 26.5 A (figure lib), and the pattern is semi-crystalline. The next
exposure at 9% relative humidity gave a diffraction pattern indicating an
AB mixture (similar to figure 8). A well oriented and highly crystalline
D-form was obtained in the very next exposure at 9% relative humidity
(see figure 4, Chapter 4). The fibre remained in the D-form even when the
relative humidity was reduced from 9% to 33% The diffraction pattern
of figure lib shows yet another morphological strain associated with
poly d(AT).poly d(AT) fribres. It is very closely related to the Cor D
conformations, although the information provided by this pattern does
not afford a clear classification of the conformation. A similar pattern
to figure 8 was also obtained by Dr. N.J. Rhodes in this laboratory
(figure 12) for Na poly d(AT).poly d(AT) at 9% relative humidity. However,
this pattern has much more detail than the previous pattern (figure 8)
and simultaneously shows the presence of the A, B and B' conformations
reference to the equator of this pattern shows reflections indicating

spacings of 21.5 A (characteristic of B'-DNA), and of 24.6 A (characteristic












of B-DNA). The next exposure obtained from this fibre (SP16) at
B relative humidity gave a semi-crystalline B-form. The equatorial
spacing on this pattern is 25.7 A. \When the relative humidity of the
fibre was reduced to 9% a well characterised B'-pattern was obtained
(figure 13). Reduction of the relative humidity to 9% gave an AB
mixture diffraction pattern very similar to the pattern in figure 8. In
the following exposure an A pattern was obtained at the same relative
humidity. This fibre stayed in the A conformation even after a few
months. The fibre was lost during rewetting. No D-form was observed
from the above fibre (this material was precipitated by ethanol from
0.1 MNaCt solution). Another fibre was prepared from material which
wes dialysised against 10 4 M NaCi, solution. A D-pattern was obtained
from this fibre (SP14) after a few months. Therefore, it is reasonable
to say that the A-form is stable in the salt conditions which prevailed
for the fibre SP16.

It is thought possible that the A-form changed to the D-form
in the fibre SP14 because the amount of salt was reduced in dialysis,
causing destabilisation of the A-form in the fibre. The following
experiment was carried out to verify this idea. A small portion of the
material was le ft after making the fibre SP16. Since the material was just
enough to meke a fibre it is difficult to remove the excess salt by
Precipitation or centrifugation. Therefore, a new fibre SS15 was made by
adding a low salt centrifuged gel from a different batch of Na poly d(AT).
Poly d(AT). Thus the Nat+ + Ct~ per PM in the fibre was thought to be
lower in this sample as compared with the original material. The
conformational transitions seen in the fibre (observed as a function of
relative humidity) were noted to be very similar to those associated with
the fibres described earlier in this section, which were believed to

contain \ 0.5 Na + Ci. per PO® i.e. the transitions seen were:-



Figure 13: Semi-crystalline B"-form. Diffraction Pattern of
Na poly dCAT).poly d(AT) at 95% R.H.
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(AIC) » A CAB)» D % B

The observation of the B' conformation for poly d(AT).poly d(AT)
is of significance in the explanation of the semi-crystalline B-form
associated with A-T rich DNAs. The intensity of the first and third
layerlines on the 3' pattern observed for Ma poly d(AT).poly d(AT)

(figure 13) are enhanced as compared with the second layerline but this
is reversed for the semi-crystalline B pattern of calf thymus DNA . The
variation in the X-ray pattern intensities for the B-form have been
correlated with the base composition (Bram (1973)). After a detailed
study Premilat et al. (1975) concluded that the conformation of the sugar-
phosphate chain is not affected by the base composition and that the
proportion of (G+C) bases cannot be detected by X-ray analysis. Leslie
et al. (1980) reported that they did observe intensity variation analogous
to those reported by Bram and Tougard (1972) in B patterns from specimens
which are oriented. Further, they explained that the different semi-crystalline
packing arrangements of isomorphous molecules would produce the observed
modulation of intensity. However, from the present work, it is possible
to provide an explanation for these observations. The A-T rich DNAs
probably have long segments of alternating sequence, and thus are more
likely to attain the B' conformation in these regions, as occurs in
Na poly d(AT).poly d(AT), Therefore this sort of pattern could end up
being superimposed on the normal B pattern. As the A-T content in the DNA
increases the contribution from the B' conformation to the semi-crystalline
B patterns (from these DNAs) is likely to increase. Therefore, it is
conceiveahle that as the A-T content in these DNAs increase, the intensity
on the first and third layerlines, as compared to the second layerline
will also increase with a simultaneous decrease in the pitch towards * 33 A
In conclusion, the intensity variation in A-T rich DNAs is more

likely to be due to the structural variation associated with alternating



- 59 -

AT rich regions as reported by Bram (1973), Bram and Tougard (1972),
David Goodwin (1977) and Dr. C. Nave (unpublished) rather than to the
molecular packing as suggested by Leslie et al. (1980).

Further work was done on Na poly d(AT).poly d(AT) fibres with
increased salt content in the fibres. A new fibre was made by adding
5m of 0.01 M NaCt solution to a fibre which was prepared from ethanol
precipitated material (from 0.1 M NaCt solution). The original fibre
gave an A conformation at low humidity, but the new fibre gave a D-type"
diffraction pattern with a strong NaCt diffraction ring (figure 3). As
discussed earlier this diffraction pattern is very closely related to D-
pattern. However, the whole intensity distribution is quite different
from D, and suggests that structure is a non-integral helix. The helical
parameters of these patterns are very similar to the "D-type" pattern
which is observed for Li poly d(AT).poly d(AT) (figure 2). The crystallinity
of the Li dAT pattern is much better than the NadAT pattern. The fibre
remained in the "D-type" pattern up to 86%relative humidity. As the
relative humidity was increased the intensity of the diffracted salt
ring decreased. This observation strongly suggests that the excess salt
crystallites on the fibre surface gradually migrated into the fibre and
thus increased the salt distribution inside the fibre. At 92 and 9%
relative humidities a mixture of A and "D-type" patterns were observed
(figure 14) with no salt ring. Further humidification at 9% gave an A
pattern and then a B pattern. As the relative humidity was reduced
gradually to 33%, neither the salt ring nor the "D-type" diffraction
pattern were restored. The fibre remained in the A-conformation. This
Provides evidence that the "D-type" conformation is favoured in the lower
salinity conditions than the A conformation. The "D-type" pattern and the
salt ring were recovered when the fibre was re-wetted and the new fibre

wes drawn. However, this time the fibre was not taken to higher humidities,



iHre 14: Mixture of A and "D-type" forms. Diffraction Pattern of
Na poly d(AT).poly d(AT) at 92% R.H.



but left for a few days at room humidity before a diffraction pattern

wes taken. The pattern was an A pattern with no salt ring. This
observation implies that even at room humidity the excess salt slowly
migrated into the fibre and induced the transition from "D-type"
conformation to 'A" conformation. Another fibre was prepared from a

small fraction of the same precipitated material by adding 2.5 vi of

0.1 M Ned, solution. The diffraction pattern from this fibre was taken
after a few days. It showed a mixture of A-pattern and "D-type"

pattern, and had a weak NaCi, salt ring. As the relative humidity was
increased the crystallinity of the pattern improved and a well characterised,
crystalline mixture of the A-pattern and the "D-type" pattern was obtained
at B relative humidity (figure 14). in this pattern the strong near
meridional reflection of the "D-type" pattern is well resolved and clearly
indicates that this reflection is the (10) rather than (00). Further

humidification of the fibre gave an A-pattern and then a semi-crystalline

B pattern.

5-3-3 Fibres which contain K+ and F~

The general method of preparation of fibres has already been
described in Chapter 2.

The fibres were prepared from material which was precipitated
from 0.1 MKF solution. A crystalline A pattern was observed up to 7%
relative humidity and further humidification at 92% and 95% gave a
Pattern showing an A/B mixture. A semi-crystal line B form was observed
at Vo relative humidity. All these transitions were found to be
eversible with relative humidity. The general polymorphic behaviour of
KPoly d(AT).poly d(AT) is very similar to that described for NaC fibres,
owever, some fibres gave a crystalline D-form having a tetragonal unit

cell (figure 15) for relative humidities up to 75%. At 9%% relative
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humidity, the D-form was observed with hexagonal unit cell (figure 16).
Asemi-crystalline B pattern (figure 17) was observed at 9% relative
humidity. All these transitions were found to be reversible. Apart
from the hexagonal D pattern, all the other patterns are identical to
patterns obtained from Na poly d(AT).poly d(AT). At 8% relative
humidity a mixture of two types of D pattern was obtained, and it was
found that the layerline spacing of these two D patterns are slightly
different. The two types of pattern were measured up.

The pitch and the unit cell parameters of the tetragonal D-form
were found to be 24.0 A, a = 17.2 A and c = 24.0 Arespectively. This is
the first report of a hexagonal D-form from poly d(AT).poly d(AT). Earlier
it has been reported for poly d(AAT).poly d(ATT), (Seising et al., 1975),
poly d(AC).poly d(IT), poly d(AIT).poly d(ACT) and poly d(AIC).poly d(ICT)
(Leslie et al., 1980). The pitch and the unit cell parameters of the
hexagonal D-form are 25.7 Aa =21 .4 A, ¢ = 25.7 Arespectively. The
observed and calculated p values for the tetragonal D-form and the hexagonal
D-form are given in tables 2 and 3 respectively. Further detailed
analysis is needed to establish the structural similarities of these two

D-patterns.

5-3-4 Fibres which contain Rb+ and Ct~

These fibres were prepared as described in Chapter 2.

The polymorphic behaviour of the fibres prepared from RboCa were
remarkably different from that of the Na poly d(AT).poly d(AT) fibres.
Neither the C nor the A forms were observed for Rb poly d(AT).poly d(AT)
fibres. Only the D-pattern (figure 19) was observed for relative humidities
WP to P and a semi-crystalline B-form (figure 18) was observed at
B relative humidity. However, the qualtiy of the D-pattern was reduced
upon reversal. The D-pattern was found to be stable in a wide range of

salt concentrations. It was evident that some of the D-patterns contained



Table 2

Observed and calculated p-values for the tetragonal D-DNA pattern used

in figure 15

RH = ™% 17.2 A 240 A
h k J fo B PC(A
1 0 0 0.057 0.058
2 0 0 0.116 0.116
1 0 1 0.071 0.071
1 T 1 0.094 0.092
2 0 1 0.123 0.123
1 2 1 0.136 0.136
0 0 2 0.083 0.083
1 0 2 0.102 0.101
1 1 2 0.118 0.117
2 0 2 0.142 0.143
4 0 2 0.243 0.247
1 0 3 0.137 0.138
1 1 3 0.149 0.149
3 0 3 0.217 0.214
3 1 3 0.225 0.222
0 0 4 0.166 0.167
1 0 4 0.175 0.176
1 1 4 0.185 0.186

Table 3
Observed and calculated p-values for the hexagonal D-DNA pattern used
in figure 16

R D%
h k £ PC(A
1 0 0 0.053 0.054
1 0, 1 0.066 0.066
1 1 1 0.101 0.101
2 0 1 0.115 0.115
1 0 2 0.093 0.095
1 1 2 0.121 0.121
2 0 2 0.136 0.132
1 0 3 0.129 0.128
1 1 3 0.149 0.149
2 0 3 0.158 0.159



Figure 16: Hexagonal D-fonn. Diffraction Pattern of
K poly d(AT).poly d(AT) at 92% R,H,



Figure_1I_7: Semi-crystalline B-form. Diffraction Pattern of
K poly d(AT) .poly d(AT) at 98% R.H.

Semi-crystalline B-form. Diffraction Pattern of
Rb poly d(AT).poly d(AT) at 98% R.H.
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the RG« diffraction rings even at the higher relative humidities.

The crystallinity and the orientation of the D pattern was very good
and it is possible to see Bragg reflections up to 2.5 A. The D-patterns
from Na poly d(AT).poly d(AT) and Ro poly d(AT).poly d(AT) are very
similar. Therefore, it may be possible to locate the position of Rot+
in the D-structure by comparing the diffracted intensities of the two
D-patterns. A similar technique was used to study the position of Cs+
in the B-DNA structure by Skuratovskii and his co-workers (Skuratovskii

et al., 1979).

5.3.5 Fibres which contain Cst and F~

These fibres were prepared as described in Chapter 2.

The polymorphic behaviour of G poly d(AT).poly d(AT) fibres
wes found to be very similar to Rb poly d(AT).poly d(AT). However, high
salt fibres gave a new type of D-pattern for relative humidities up to
9% and a semi-crystalline B pattern was observed at 98% relative
humidity, and this transition was found to be reversible. The new D-pattern
hes been called D-DNA (figure 3, Chapter 7) and is discussed in Chapter 7.

The low salt fibres gave D patterns which are similar to the D
pattern obtained for Na poly d(AT).poly d(AT) up to relative humidities of
%% A semi-crystalline.B pattern was obtained at 98% relative humidity.
This transition was found to be reversible.

In the present work, the A form was not observed for either
b poly d(AT).poly d(AT) or Gs poly d(AT).poly d(AT). It was found that
the D-form was stable in the presence of the heavy ions such as Rb+ and
G . Therefore, it may be possible that in biological systems the
positively charged large protein groups provide similar environments in
such a way that the molecules adopt the D-conformation. Therefore, the

Dform may be a biologically important conformation.



CHAPTER 6

The Mixture of (A/C) and (A/B) Conformations

6.1 Introduction

DNA and its synthetic analogues can assume a number of distinct
and regular conformations. X-ray diffraction studies on oriented fibres
have shown the conformational variations induced by changes in ambient
relative humidity, the cation species present and the amount of retained
salt. In the first systematic study of the effect of ambient relative
humidity on the X-ray diffraction patterns of fibres of NeDNA (Franklin
and Gosling, 1953b), it was found that the patterns of the sodium salt of
ONA changed reversibly with changes in the water content of the fibres.
Ahighly crystalline form (figure 1) was observed at 75% relative humidity
ad a semi-crystalline B-form was observed at 9% relative humidity and
above. The first molecular model of the A-form was also observed for the
synthetic polynucleotides containing guanine except poly d(A-C).poly d(C-T)
(Leslie et al., 1980). Most of the A patterns published up to now
are very similar to figure 1.

In figure 1 thé equatorial reflection X (at % 0.054 A~) and
meridional reflection M (at ~ 0.3 A ") were regarded as being due to an
impurity (or mixture) of the B-form (which is a higher humidity and higher
salt form than the A-form). Recently, systematic studies on a wide
variety of natural DNAs and synthetic polynucleotide poly d(AC).poly d(GT)
revealed that three conformations C m A #mB could be induced in the same
Tibre by increasing the humidity environment of the fibre when the prevailing
counter-ion was sodium (Rhodes et al., 1982). It has also been observed

that the C-form is a lower salt conformation than the A (Rhodes et al.,
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1982). The C-form has a meridional reflection Mat %0.30 and an
equatorial reflection (110) at v 0.054 A ~ (for hexagonal packing).

The observations now raise the question of whether these
reflections X and 2 on figure 1 are from either the B-form or the C-form.
Ws the first sign of the C-form for NeDNA seen twenty-five years ago?

To answer this question, systematic observations and analyses have been
nece using a wide variety of natural DNAs, as well as poly d(AC).poly d(GT)

and poly d(AT).poly d(AT), and the results are discussed in this chapter.

6.2 Materials and Method

All the natural DNAs were obtained from Sigma. 4w-l14 was
provided by Dr. R.A.J. Warren from the University of British Columbia,
Canada.

The synthetic polynucleotides poly d(AC).poly d(GT) and
poly d(AT).poly d(AT) were provided by Dr. J. Brahms at the Universite
Paris VII, France and also bought from Boehringer. The final stage of
purification of these materials was either by ethanol precipitation from
solutions containing 0.1 Mor less NaCs, or by centrifugation at 50,000
i"p.m. from solutions for which the NaCt concentration was 0.005 M Fibres
were drawn from either the precipitated material or from the concentrated
gel at the bottom of the'centrifuge tube. X-ray diffraction patterns were

obtained over a range of relative humidities of the fibre environment from

®b6to 98%

5-3 Results and Discussion

X, Xj are the equatorial reflections (see figure 1). M, M' are
the meridonal reflections (see figure 1). A, Al are the (130) reflections
of the A-form (see figure 1). The reciprocal space radii of these

roflections are %0.0860 A (Fuller, 1961). fs the reciprocal space



Figure 1:

A-fonn Diffraction Pattern of NaDNA at 75% R.H.
M and Mj (not shown) are the meridional reflections
from B or C forms. X and Xj are the first equatorial

reflections (from the centre of the pattern) from
B or C forms.

A and Aj are the first equatorial reflections (from
the centre »of the pattern) from A-form

(From Fuller et al., 1965)
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radius of the reflections X,
is thereciprocalspace radii of the reflections A,
Ix is theintensity of thereflections X, X~.
1" is theintensity of thereflections A, A
IMis theintensity of thereflections M, ML..
Intensities were obtained by measuring a radial densitometer
trace across each diffraction arc (Langridge et al., 1960a). The trace area
is corrected using the equation | = ApE where A is the area under the radial
densitometer trace across the spot in the fibre diagram and i is the
distance of the reciprocal lattice point from the c* axis, p is the
reciprocal radii.
Low humidity diffraction patterns from poly d(A-T).poly d(A-T),
poly d(A-C).poly d(G-T) and natural DNAs are shown in figure 2, figure 3
and figure 4 respectively. |If the reflections X, X] and M are due to the
B-form (which is a high humidity and high salt form) we would expect an

increase in the ratios iii and fi with an increase in the relative humidity

A A
on the fibre environment. The experimental observations are shown

schematically in figure 5. There is a decrease in the intensity ratio,
and then an increase at an intermediate relative humidity 75%) as the
relative humidity increases from 33% The calculated intensity ratios
are tabulated (see table'l and table 2) for two different fibres from
poly d(AT).poly d(AT). The diffraction patterns used in table 2 were
taken by Dr. N.J. Rhodes in this laboratory.

The relative humidity for the minimum point is dependent on the
amount of salt retained in the fibre. The lower the salt content in the
fibre the higher the relative humidity required to obtain the pure
crystalline A-form.

The above experimental observation could be explained either by

a change in molecular transform or by a gradual change in dimensions of
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Figure 2: Mixture of A and C forms. Diffraction Pattern of
Na poly d(AT).poly d(AT) at 57% R.H.



Figure 3: Mixture of A and C forms. Diffraction Pattern of
Na poly d(AC) .poly d(GT) at 66% R.H.
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the unit cell. This may be schematically shown in figure 6.

Supposing, for the sake of argument, we assume as shown in
figure 6, that at low humidity the (110) plane samples the molecular
transform at point (1) (see figure 6). This will give a medium-strong
intensity I-| to the (110) reflection. Further increase in humidity
moves the (110) plane towards the centre of the transform and at an
intermediate humidity it samples the molecular transform at point (2)

(see figure 6) of the transform. This will give a zero or very weak
intensity for the (110) reflection. At high humidities the (110) plane
samples the transform in the principle maximum. This will give a very
strong (110) reflection. This explains the intensity changes of the
10 reflection with humidity.

The intensity changes of the meridional reflections and M
are schematically shown in figure 5 and tabulated in table 1 and table
2. The intensities of the meridional reflections are not going to be
affected by sampling as for the equatorial reflections. Thus it must
be due to a change in the molecular transform. That is, the low humidity
diffraction pattern is from an (A/C) mixture. As the humidity is increased,
at an intermediate relative humidity all the residual 'C' form changes to
the crystalline A form. Further increases in the relative humidity of the
fibre environment result* in the crystalline A form changing to the semi-
crystlaline B-form via an (A/B) mixture state. This explains the observed
intensity variations of the reflections X, X[t Mand M with humidity.

The transitions between the A, B and C conformations and their
intermediate states may be explained by either "temporal" effects or
spatial effects or both. The term "temporal" refers to the process
whereby humidity changes exert their effects more rapidly on the fibre surface
than they do on the interior. The phenomenon is of increasing significance

& the humidity increases. A schematic representation is shown in figure 7,
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where T-j, T~ and T3 are indicating the time duration. Thus, conformational
changes 'migrate' from the surface of the fibre towards the centre of

the fibre. Such 'migration’ within the fibre is schematically illustrated
in figure 3. With reference to figure 8, it is noted that the formation
of a pure crystalline intermediate A form (see table 2) crucially depends
on the amount of salt present in the fibre. For a lower salt concentration
than the above case (table 2) the intermediate A form may contain a very
small fraction of B or Cconformations. This is shown schematically in
figure 9.

When pulling a fibre from the material in use, the piece of DVA
wes added to the solute (of known concentration) which was held between
two very fine glass rods. A gel was thus formed. Sometimes, whilst
observing the suspension under a microscope, it was noted that two phases
of the DNA solute mixture seemed to be present, and as the gel dried to a
fibre, the nicrocrystals of salt were observed on the fibre surface. This
effect was observed to be prominent in poly d(AC).poly d(GT). The
diffraction pattern from this type of fibre, at low humidity, was similar
figure 10 and had a strong salt ring. When the humidity was increased,
the salt ring disappeared from the diffraction pattern and did not re-appear
when the environmental humidity of the fibre was again lowered. The above
observations suggest that the distribution of the excess salt in the fibre
ney not be uniform. In the discussion this will be referred to as "the
spatial effect". As a result of this some DMA molecules (or different
sections of the same DNA molecule) have more neighbouring ions present than
the rest. This may lead to a non-uniform hydration of the fibre and thus
a non-uniform distribution of the polar environment in the fibre. Under
these circumstances the A conformation contains an impurity (or mixture)

either B or Cor both. It was also observed that the low salt very

high humidity and high salt low humidity fibres both gave the semi-
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Figure 10: Semi-crystalline C-form Diffraction Pattern of
Na poly d(AC).poly d(GT) at 57% R.H.
Strong NaCt. diffraction ring of 2.81A° spacing.
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crystalline B form. This may be explained by suggesting that the hydration
mechanism in the two cases is different. In high salt fibres at low
humidity there will be more water "grasping" centres present than in low
salt fibres at the same humidity. In time the high salt fibre will grasp
a sufficient amount of water molecules to produce a transition to the B
form. The low salt fibre, however, may remain in the C-form, or in an
(A/IC) mixture for many months, if not permanently. Hater taken into the
fibre is limited by the number of water "grasping" centres (i.e. ions)
within fibre. However, low salt fibres gave a B conformation at very high
humidity. This is possibly a result of migration of water molecules from
the environment into the fibre and in this case the ‘temporal' effect may
be the predominant one. Further evidence relating to these transitions has
been obtained by measurement of the change in p-values of the reflections
X X+, tt| and Mwith relative humidity.

At low humidity for the C conformation the ratio A Py is
A

0.0866

0,
0.0341 1.6 (57% R

for the semi-crystalline B-form the ratio is:

is 0.0866
PX 0.0375

2.3 (98% RH)

Sne examples of the experimental observations of these ratios are tabulated
in table 1 and table 2. 'rl'hese can be schematically shown in figure 11, which
indicates a small increase in the ratio Apx up to the intermediate humidity
ad then a sharp increase as higher humidities are apnroached.

The low humidity F’a/px ratio indicates that the reflection X must
ke from the Cconformation. The ratio A/ P( was calculated for the A pattern
Published by previous workers (e.g. Langridge et al., 1957, see figure 1,
ri‘anklin and Gosling, 1953b). In most of the cases the ratio is 1.6-1.7.
bis suggests that the reflection X is probably from the C conformation

rather than B-conformation. The ratios °Al px 'For an (A/C) mixture from



Figure 11: Pa/px Vs relative humidity is shown schematically
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natural DNAs and poly d(AC).poly d(GT) are also consistent with above
results.

In poly d(AC).poly d(GT) at low humidity an (A/C) mixture was
observed (see figure 3). When the humidity was increased the reflections
X and M became weaker. At an intermediate humidity a fully crystalline A
form waes observed with no equatorial reflection X, X and meridional
reflections M, ML (see figure 12). A further increase in the environmental
humidity gave a semi-crystal line B-form via an (A/B) mixture. When
reducing the humidity the crystalline A-form was observed. There was no
sign of either the meridional reflection Mor equatorial reflection X even
at very low humidities. From the work in this laboratory on poly d(AC).
poly d(GT) (Rhodes et al., 1982) it was found that under the salt conditions
which have been studied the C-mA transition was irreversible and the A mB
transition was reversible for this polynucleotide. These observations
strongly suggest that at low humidities the reflections X and Mmust be
from the C-conformation rather than the B conformation.

The layerline spacinas for the A and C forms are very close, and
both are distinct from more than that of the B-form. Thus in the (A/C)
mixture diffraction pattern at low humidity the |s* and 2nc¢* layerline
reflections from both components tend to overlap, and are hence difficult
to resolve (see figure 3). However, the equatorial reflection X and
meridional reflection Mrare visible on the A-form patterns. Tt is observed
that the central part of the C-form pattern is much more crystalline than
the semi-crystalline B-form. That is, the reflections in the C-form are
much sharper (well sampled) than in the B-form. The reflection X on the
A form (see figure 1) at low humidity is highly crystalline and shows no
sign of the broadening so characteristic of continuous diffraction. However,
at high humidity this reflection X is broadened (that is, the diffraction

tends to become more continuous). Again these observations suggest that the

reflections X and Mat low humidity are more likely to originate from the
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C-form rather than the B-form.

6.4 Conclusion

The discussion in this chpater clearly indicates that the
reflections X and Mat low humidity for low salt fibres are from the C-form
rather than the B-form. At high humidities corresponding reflections are
from the B-form and hence it seems that the first sign of the C-form of

NeDNA was actually observed twenty years ago!l!
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C-form rather than the B-form.

6.4 Conclusion

The discussion in this chpater clearly indicates that the
reflections X and Mat low humidity for low salt fibres are from the C-form
rather than the B-form. At high humidities corresponding reflections are
from the B-form and hence it seems that the first sign of the C-form of

NCNAwas actually observed twenty years ago!l.



CHAPTER 7
Alternating DNA Conformations

71 Introduction

W till fairly recently, the study of DNA has been restricted
to natural ‘random sequence’ DNA The 'A' and 1B' forms of DNA were
solved and there was speculation as to the possible significance of the
two forms. What is now proving to be increasingly significant is the
examination of the various synthetic polynucleotides that have since
become available. The polynucleotides have been made in such a way as to
have a regularly repeating sequence of bases as well as a faithfully
repeating asymmetric unit (which may be mono, dinucleotide, or other).

Natural DNA is known to have regions where the base coding repeats
itself over a considerable length of the molecule, and it now becomes
apparent that the study of synthetic polynucleotides is of great importance
in the development of contemporary ideas about native DNA as a whole.

The possibility of DNA exisiting in a variety of different forms,
each suited to a particular function, or biochemical environment is evident
as is the possibility of €NA structure being not only a function of salt
ad water content, but also of base sequence. Frams (1971) has explored
the idea of recognition of certain regulatory proteins, such as repressors
by special types of DNA

An assumption that has been mede widely throughout the earlier
considerations of DNA is that the asymmetric unit is one nucleotide in
extent, repeating itself along the molecule with identical sugar puckering
end conformational angles. Recent experimental work on synthetic

polynucleotides has, however, produced evidence to support the idea of



slightly more complex asymétrie units within the structure of the
macromolecule. Viswamitra et al. (1978) have reported an alternating
variation in the sugar puckering and phosphodiester geometry of the
tetranucleotide (dA-dT”. The sugar puckering was proposed to be C/-endo
when attached to purine and C”-endo when attached to pyrimidine. Although
this tetranucleotide forms a 'bent' structure rather than a complementary
duplex, Klug et al., (1979) speculated that such an alternating backbone
structure could exist in double helical poly d(AT).poly d(AT), and that
this structure might have specific biological properties. They point out
two observations in support of their hypothesis. Firstly, that the ‘'lac’
repressor protein of E.Coli binds about 100-1000 times more strongly to
poly d(AT).poly d(AT) than to calf thymus DNA (Riggs et al,, 1972). Secondly
they note that when synthetic poly d(AT).poly d(AT) was digested
(Scheffler et al., 1968) with pancreatic DNA-ase |, it was found that the
oligonucleotides thus formed had thymine at their 5' ends, and that successive
oligomers differed in length by two nucleotides (or a multiple of thereof).
No fragments were detected that either consisted of odd numbers of nucleotides,
or that started with adenine. It was later shown that the enzyme caused
cleavage at the 0"-P bond, leaving a 5' terminal phosphate (Laskowski, 1971).
Recent experiments on random sequence DNA have tended to support these
results (Lutter, 1977).

Another alternating structure has been described by Hang et al.,
(1979). They have studied an hexanucleotide d(CpGpCpGpCpG) which is believed
to crystallise into a left-handed double helix with Watson-Crick base pairing
tut with a 'zig-zag' phosphate backbone having a dinculeoti.de asymétrie unit.
They termed this structure 'Z-DNA'. Leslie et al. (1980) have reported a
left-handed alternating structure (called S-DNA) for fibres obtained from
P°ly d(GC).poly d(GC) and poly d(AC).poly d(GT). They also reported a

Cform structure from poly d(AG).poly d(CT), which has a dinucleotide repeat.
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The remainder of this chapter will be devoted to assessing the
evidence for the existence of alternating structures as related to X-ray
diffraction photographs taken from poly d(AT).poly d(AT), poly d(GC),poly d(GC),
poly d(A-BrU).poly d(A-BrU) and poly d(A-1U).poly d(A-IU).

7.2 Materials and Methods

All the polynucleotides were provided by Dr. J. Brahms of the
University of Paris. The polynucleotides poly d(AT).poly d(AT),
poly d(GC).poly d(GC) and poly d(AC).poly d(GT) were obtained from
Boehringer. The purification of the polynucleotides and the preparation
of the fibres was performed in the same manner as described in Chapter 2.

All the fibres were prepared from the sodium salt unless otherwise stated.

7.3 Results ard Discussion

The poly d(AT).poly d(AT) fibres were prepared by precipitation
from 0.1 M CsF, 0.2 M CsF solutions. The estimated values of the F/PO”
ratio in these fibres were 0.3 and 0.6 respectively. The diffraction
patterns were obtained in an environment having known humidity. The
diffraction pattern shown in figure 1, D-DNA, was observed at humidities
ranging from 33% to 92% and was very similar to patterns previously
obtained for Na poly d(AT).poly d(AT) (Davies et al,, 1963, Arnott et al,,
1974b, the present work by the author). The same fibre gave the classical
Bform (i.e. tenfold helix with pitch of 24.0 A) at 93% relative humidity
(figure 2). The Dto B transition was found to be reversible. At higher
lonic concentrations the diffraction pattern obtained at low relative
humidities (figure 3) was very different to the D-form described above.
The observed diffraction indicated an eightfold helix with 24,0 A pitch,
designated as the D' conformation. The same fibre gave a B' conformation

at relative humidities of 926 and 98%. The B' conformation was also



Figure 1 : D-form Diffraction Pattern of
Cs poly d(AT).poly d(AT) at 66% R.H.

Figure 2 : Semi-crystalline B-form Diffraction Pattern
of Cs poly d(AT).poly d(AT) at 98% R.H.



Figure 3 : D™-form Diffraction Pattern of
Cs poly d(AT).poly d(AT) at 66% R.H.
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observed for NadAT fibres, although this was not a crystalline form as
observed for the homopolymer poly d(A).poly d(T) (Arnott et al., 1974a,
and in the present work by the author). A well characterised B' pattern
wes also observed for Na poly d(AT).poly d(AT) by Dr. N.J. Rhodes in this
laboratory (figure 4). Further humidification of this fibre induced a
transition from B' to B-DNA. The important differences between D-DNA

and DDNA are:

(@ In DDNA the molecules are packed in the tetragonal unit cell
with cell dimensions:
a=171 A ¢c =241 A
In D-DNA the molecules are packed in the hexagonal unit cell
with cell dimensions:

a=205A c =240 A

(b) The overall intensity distribution in each diffraction pattern is
very different, even when lattice sampling differences have been
accounted for. The above observation suggests that these molecular
conformations of D-DNA and D-DNA are distinct from each other.

The interesting feature of DDNA is the strong meridional
reflection on the even numbered layerlines. These are probably
due to the alternating base sequence of the polynucleotide, The
strong meridional reflection of the 4th layerline of D-DNA strongly
suggests that the sugar-phosphate backbone conformation is
alternating rather than regular. It thus seems that D-DNA has
4| symmetry and a dinucleotide asymetric unit. This is convincing
experimental evidence from the fibre diffraction studies that there
is an alternating backbone structure in some poly d(AT).poly d(AT)
samples.

The fact that the D¥ B’ transition was reversible with humidity

coupled with the supposed alternating structure of D-DNA suggests that the
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B'-form may also be an alternating structure. The proposition creates a
problem - where is the fifth layerline meridional reflection on the B'DNA
patterns? QOre possible reason is that, since crystallinity is poor in the
B'pattern, the reflection may be masked by diffuse scattering. Another
reason is evident from the work of Klug et al, (1979), who proposed that

in poly d(AT).poly d(AT) thymine is more tightly stacked over adenine

than it is in natural DNA and coversely adenine stacked less over thymine.
Further they point out that this would explain the n.m.r. spectra obtained
by Patel et al. (1974). Because of the different stacking between thymine
and adenine it is thought that the backbone may become distorted. The extent
of this distortion depends, however, on the rotation oer residue; the
larger the rotation, the more significant will be the distortion. This
then implies that the nucleotide repeat in B-DNA (rotation = 36°) may well
be less pronounced than that of D-DNA (rotation = 45°). If this assertion
is true then the fifth layerline meridional may be present, but is possibly
s0 weak that it is very easily obscurred by non-crystalline diffraction.

The comparison of the diffraction patterns from B-DNA (from
N poly d(AT).poly d(AT)) and B-DNA (random sequence) shows that in B-DNA
the higher order even numbered layerlines are generally stronger in intensity
(i=6, n=8) than the odd-numbered layerlines. This fits with the idea of a
dinucleotide repeat.

It may be argued that this effect is actually introduced by the
presence of an alternating A-T sequence, rather than the presence of an
alternating sugar phosphate backbone conformation. However, if this was
the case, one might expect the same sort of intensity enhancement on the
higher layerlines of the A patterns, as seen on those of the B' patterns.
These observations, along with the fact that in strongly exposed A patterns
(figure 5) there is evidence of dinucleotide repeat (5.15 A meridional and

week reflections between 7/8, 8/9, 9/10 layerlines) not only suggest that it
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is an alternating backbone conformation which is responsible for the
observed B' patterns, but also that there is some sort of conformational
dinucleotide irregularity (however mild) in the A-structures observed from
poly d(AT).poly d(AT).

The fact that the pitch of B-DNA is smaller than B-DNA (from
random sequence DNA) may also be due to the stacking system envisaged in
the alternating structure. Further support for this idea of an
alternating backbone structure in poly d(AT).poly d(AT) is obtained from
Raren spectroscopic studies. Shindo et al. (1979) studied a 145 base-pair
length of poly d(AT).poly d(AT) using n.m.r. The results showed two
distinct phosphorous-31 n.m.r. signals of approximately equal area at low
salt concentrations (up to 0.1 M). This appears to be further direct
evidence that there are two conformations in the phosphate diester back-
bone. Further, they point out that the calculation of magnetic shielding
from the bases show that the bases alone cannot be held responsible for
these results. The two signals collapsed into a singlet when the 145 base
pair oligomer was heated above its melting temperature, but the doublet
wes regenerated on cooling to the room temperature, and it was concluded
that in solution poly d(AT).poly d(AT) does exhibit an alternating sequence
dependent on conformationa variation (Shindo et al., 1979). Since the
properties of BDNA (as implied by fibre diffraction studies) are thought
likely to be very similar in outline of those of DNA found in free solution
(Finch et al., 1977), the above n.m.r. solution study further supports the
alternating structure. Also, solid state phosnhorous-31 n.m.r. techniques
were used by Shindo et al. (1981) to study DNA fibres and poly d(AT).poly d(AT)
(Shindo et al., 1980) and provide further support for this conclusion.
Similar fibres were prepared from the sane precipitate and subjected to
X-ray diffraction and Ramen spectroscopic studies. The Raren spectroscopice

studies were carried out in the University of Paris by Dr. J. Brahms and
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his colleagues. Their experimental observations of fibres and solutions

further supports the idea of an alternating conformation for co-polymers

poly d(AT).poly d(AT), poly d(A-Brl)).poly d(A-BrU) and poly d(A-IU).

poly d(A-1U). Their work implies that the alternating conformation is

formed by alternate Q~endo and Cg-endo sugar ring puckering conformations.
The diffraction work on poly d(AT).poly d(AT) has been discussed

in the previous sections and work on poly d(A-BrU) .poly d(A-Brll) and

poly d(A-1U).poly d(A-IU) is going to be discussed in the following

section.

Fibres were made from precipitated or centrifuged gel of
poly d(A-Brll).poly d(A-BrU) and poly d(A-l1U).poly d(A-IU) (both were from
NaCt solution). X-ray diffraction patterns were obtained in the relative
humidity range from 33% to 98%

The information given by the low humidity diffraction patterns
wes too poor even to clearly identify the conformation of the DNA  The
medium strong equatorial and the strong meridional reflections are very
similar to those from the C-form, and measurements confirm that these are
Cpatterns. The same fibre gave well characterised B-form diffraction
patterns at 98% relative humidity (figure 6), The diffraction pattern
obtained from poly d(A-BrU).poly d(A-BrU) and noly d(A-1U).poly d(A-1U)
were very similar. The B conformation observed for these polynucleotides
has a meridional reflection on the fifth layerline, and the intensities
of even numbered layerline reflections is much enhanced. This suggests
that the B-DNA conformation may have 5 symmetry with a dinucleotide
asymmetric unit. For the lithium salt of the poly d(A-BrU).poly d(A-BrU)
a B conformation has been observed (Davies and Baldwin, 1963) but the quality
of the pattern is not sufficient to obtain detailed information about the
structure. The diffraction patterns at 9% relative humidity from poly

d(AT).poly d(AT) and poly d(A-BrU) .poly d(A-BrU) or poly d(A-1U).poly d(A-IU)






- 78 -

were all semi-crystalline. Even though the diffraction pattern of

poly d(A-BrU).poly d(A-BrU) fibre is semi-crystalline at 98 relative
humidity, it shows a meridional reflection clearly on the fifth layerline.
This was not observed for poly d(AT).poly d(AT). This suggests that the
backbone variation in poly d(A-BrU).poly d(A-BrU) is much greater than

in poly d(AT).poly d(AT).

Riggs and his colleagues (Lin and Riggs, 1971, 1972, Riggs et
al., 1972) have shown that lac repressor protein can bind with much
higher affinity to certain synthetic DNAs of defined sequence than it does
to natural non-operator DNA For example there is a 100 fold difference in
the affinity of lac repressor for poly d(AU).poly d(AU) derivatives
substituted at the fifth position of Uracil. This cannot be explained in
terms of specific interactions in the major (or minor) groove of the DNA
double-helix. The replacement of the 5th hydrogen of Uracil by a fifth -
methyl group (i.e. in thymine) enhances repressor affinity twenty-fold,
and replacement of the fifth-CHg by a fifth-bromine increases affinity
by a similar factor (Lin and Riggs, 1971). The binding studies on
poly d(A-U(Hg-DTT)) (where DITT is, dithiothreitol) (Richmond and Steitz,
1976) ruled out the possibility of an alternative explanation in terms
of a favourable hydrophobic interaction between the 5th position of the
substituted Uracil and the repressor. Therefore, the difference in the
affinity of the lac repressor to these co-polymers must be due to the
variation in the backbone conformation. The enhanced behaviour of poly
d(A-BrU).poly d(A-BrU) in lac repressor binding as compared with
poly d(AT).poly d(AT) is probably due to the enhanced backbone variation
in poly d(A-BrU).poly d(A-BrU). (This is seen in figures 4 and 6).

Furthermore Klug et al. (1979) suggested that it is the overlap
which makes the alternating structure particularly stable (by considering

the cases where methyl group is absent or replaced it with a group such as
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bromine atom, which would enhance the stacking). This poly d(A-BrU).
poly d(A-BrU) melts at a temperature 9°C higher than does poly d(AT),
poly d(AT) and the increased stability cannot be attributed to an increase

in the net hydrogen bonding strength (Inman and Baldwin, 1962).

The next section describes a study on poly d(GC),poly d(GC).

A small fraction of the original material poly d(GC).poly d(GC)
wes used to make a fibre (i.e. before the centrifugation procedure, which
is discussed in Chapter 2). When the fibre was viewed through the micro-
scope, the excess salt crystallites were visible on the fibre surface. The
diffraction pattern obtained from this fibre only contained salt rings.
Therefore, the centrifugation process was used to remove excess salt.

The fibre made from centrifuged gel was used to take the diffraction
photograph for the relative humidity range from 33% to 98%. The diffraction
pattern obtained at 33% was not strongly characterised because of the

poor quality of the material. It was, however, sufficient to measure the
helical parameters of the conformation. The base separation is 3.32 A and
the pitch is 33.4 A. The values of the base separation and pitch are very
similar to the p-type conformation. In a systematic polymorphic study of
Kpoly d(GC).poly d(GC), a very similar, but well characterised pattern

wes observed (detail v/ill be discussed in Chapter 8). This pattern (see
figure 7) has a meridional reflection on the fifth layerline which suggests
that the sugar phosphate backbone conformation is an alternating conformation
rather than a regular conformation. It thus seems that the DNA conformation
hes '5' symmetry and a dinucleotide asymmetric unit. This is another

piece of convincing experimental evidence from fibre diffraction studies
that indicates that there is an alternating backbone structure in poly
d(GC).poly d(GC) conformations. Further humidification of these fibres gave

an s conformation (Arnott et al., 1980), which is regarded as a left-handed

conformation. There is strong meridional reflection on layerline 6,



Figure 7 s Semi-crystalline B"-form Diffraction Pattern
of K poly d(GC).poly d(GC) at 66% R.H.
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reflecting the dinucleotide repeat, and a very strong meridional
reflection on the 12th layerline, due to the stacking of bases (discussed
in detail in Chapter 8). Therefore, the S conformation has a 6, symmetry
with a dinculeotide repeat.

Finally, in conclusion, the above ideas are summarised in terms
of the features of polynucleotide fibres which are most likely to affect
backbone conformation.

1 The base sequence:

It is evident from the above discussion the (GC) alternating
sequence gave the S conformation and B" conformation; both have an
alternating backbone conformation. In (AT) alternating sequence the B'
and D' conformations are also likely to have an alternating conformation.
2. The ion concentration of the fibre is an important factor
relating to backbone conformation. High salt concentrations are one
of the favourable conditions for the alternating conformation.

3. The fifth position of thymine might be an important factor in
alternating (AT) sequence. When this is replaced by H, CGH and Br (or 1),
the base stacking between T and A might be enhanced respectively. This
might be the reason for the afinity of protein binding, or why enzyme
activity is enhanced when the fifth position of thymine is replaced by

H G and Br (or 1) respectively.

4, Both the sequence of the polynucleotides and the conformational
variation of the backbone might be key factors relating to the different

behaviours of the alternating copolymers in their activities.



CHAPTER 8

Polymorphism of Poly d(GC).poly d(GC)

8.1 Introduction

The DNA polymer containing guanine and cytosine residues,
poly d(GC).poly d(GC) can exist in different forms. These conformational
variations in the structure of the nucleic acid duplex may play a funda-
metnal role in the recognition of specific DNA sequences by proteins. The
observation by Wang et al. (1979) that the oligonucleotide dCpGCpCpG*
crystallises as a two-stranded complex with a left-handed helical conforma-
tion has had a major impact on thinking about the structure of DVA The
three dimensional structure of the above crystal was solved to atomic
resolution and it revealed an unusual conformation of the DNA double helix
in which the guanine and crytosine residues form the usual Watson-Crick
base-pairs, and the sugar phosphate backbone pursues an irregular, 'zig-
zag' anti-parallel chain. Thus this is called Z-DNA. Studies by Pohl
and co-workers (Pohl and Jovin, 1972; Pohl et al., 1972, Pohl et al., 1973;
Pohl, 1976) had previously shown that in solution the poly d(GC).poly d(GC)
double-helix underwent a'Cooperative transition with increasing ionic
strength from a conformation designated as Rwhich was identified with the
nigh-handed B form, to a quite distinct form designated as L. The
symbols Rand L reflect the fact that there is a near inversion of the
circular dichroism spectrum following the Rw L transition. A number of
possible origins for this inversion were suggested including a change from
anti- to syn in the sugar-base conformation and a change in handedness of
the helix from right to left (Pohl and Jovin, 1972). The studies by Wang

et al.,(1979) and subsequent studies by Drew et al., (1980) of the
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crystal structure of the olignonucleotide d(CpGpCpG) allowed the direct
visualisation of the left-handed double helices, and as such, could be
used to account for observations from the poly d(GC).poly d(GC) duplex.

In particular, Arnott et al. (1980) reported that a structure very similar
to that observed in crystals of dCpG(pCpG)2 could, if extended to form a
two-stranded polynucleotide, account for an X-ray fibre diffraction pattern
observed from Na poly d(GC).poly d(GC) which they designated as the S form.
Wag et al. (1981) emphasised that the Z form should be regarded as a
family of similar structures rather than a single conformation. They
analysed the various Z type structures observed in oligonucleotide single
crystals in terms of varying contributions from two conformations which
they nominated Zj and Zjj. They suggested that the relative contribution
of the two forms was related to the ionic environment of the oligonucleotide
ad showed that the Fourier transform calculated for the Zj conformation
wes in reasonable agreement with the observed fibre diffraction for the
S-form. Parallel laser-Raman studies (Thamann et al., 1981) on crystals

of d(CpGpCpGpCpG) and on solutions of poly d(GC).poly d(GC) in low and

high ionic strength provide direct evidence for identifying the Z-form

in crystals with the L-form in solution.

X-ray fibre diffraction studies of poly