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ABSTRACT

The known conformations o f DNA are b r ie f ly  reviewed. Methods 

which are developed and used to prepare DNA fib re s  are described.

A left-handed model having 8  ̂ symmetry has been proposed in  an 

attempt to expla in  the D-DNA d iffra c tio n  pa tte rn .

Conditions are described which enable, the observation o f a great 

va rie ty  of d if fe re n t conformations (C,A,B' ,B,a-D,e-D,D',D-type) from the 

synthetic polymer poly d(AT).poly d(AT). Many d iffe re n t conformations 

can be observed from su itab ly prepared sing le  fib res  o f Na poly d(AT). 

poly d(AT). The D-conformation emerges as a p a r tic u la r ly  stable s tructure . 

Transitions between B and D forms are re a d ily  reve rs ib le , but those between 

A and D are more complex. Patterns ind ica ting  'm ixtures' of d iffe re n t 

conformations (e .g . A and C, A and B) are described. The p o s s ib ility  o f 

an a lte rna ting  structure  fo r co-polymers is  ou tlined .

Conditions are also described fo r the observation o f a number o f 

d iffe re n t conformations (C,A,B'',B,S) from the synthetic polynucleotide 

poly d(GC).poly d(GC). Two d iffe re n t 'S ' conformations have been detected 

and these are designated Sj and Sj j . Left-handed models giving sa tis fac to ry  

agreement ind ices between observed and calculated data are described fo r 

these two s truc tu res . Another unique observation re la tin g  to th is  polymer 

is  the fac t some o f its  trans itions  were not only sensitive  to the re la tive  

humidity o f the f ib re  environment, but also to  the ra te  a t which th is  humidity 

was changed.

The C+A+B sequence o f trans itions was observed fo r 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 th is  sequence, especia lly with 

respect to hydration geometry has been given some speculation. Conditions 

necessary fo r  the acquisition o f the C,C',A,B and 'D -type' conformations 

are described.



F in a lly , 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 p o s s ib il ity  

homopolymers is

o f ' heteronomous1 structures occurring in  such 

perused.
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CHAPTER 1

Nucleic Acid Structure

1.1 Introduction

The genetic information o f an organism is carried by i t s  

chromosomes. Chromosomes are h ighly organized structures made up o f a 

nucleic acid component and a protein component. The nucleic acid 

component is  usually deoxyribonucleic acid (DNA) and i t  is  th is  

molecule tha t ca rries the information responsible fo r the vast array 

o f hereditary characte ris tics  found in  d if fe re n t life fo rm s.

DNA is  an unbranched polymer with a molecular weight o f many 

m illions . The repeating un it (monomer) is  the nucleotide with a 

molecular weight o f about 320. I t  consists o f a deoxyribose sugar 

covalently bonded to both a phosphate group and a purine or pyrimidine 

base. There are fou r commonly occurring bases: two purines (adenine 

and guanine) and two pyrimidines (thymine and cytosine) (figu re  1 ). In 

ribonucleic acid (RNA), an additional hydroxyl group is  bonded to €2 ' 

(figure 3) and u rac il (figu re  1) is  present instead o f thymine. Successive 

nucleotides are jo ined by a„phosphodiester linkage which jo ins  the 3' 

hydroxyl group o f the sugar o f one nucleotide to the 5' hydroxyl group 

of the next (figures 2 and 3). I t  is  the sequence o f the bases on the 

polynucleotide chain tha t carries the genetic information. By convention 

the sequence o f the bases is always w ritten  in  a 5' to 3' d ire c tion . Thus 

in  figure 2 and fig u re  3 the sequence o f the polynucleotide chain in  DNA 

is  w ritten  as ApT or AT and in  RNA ApU or AU.



Inosine Uracil

Figure 1 The Structure of Purine and Pyrimidine Bases
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Figure 2 A Section of Polynucleotide Chain in DNA



Figure 3 A Section of Polynucleotide Chain in RNA
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Early X-ray d if fra c t io n  studies o f the molecular a rch itectu re  of 

DNA was carried  out by Astbury (1947) and la te r by Franklin and Gosling 

(1953a) and W ilkins. Using th is  information and other chemical 

observations, Watson and Crick (1953) proposed that the s truc tu re  of 

the DNA molecule was double stranded and in  the form o f a right-handed 

he lix  with the two polynucleotide chains wound around the same axis and 

held together by hydrogen bonds between the bases (figu re  4 ). The sugar 

and phosphate attached a t each side o f a base-pair are related by a 

two-fold ro ta tion  axis in  the planeof the bases, and the h e lica l symmetry 

o f the molecule generates a fu r th e r set o f diad axes midway between the 

base planes.

Rodley et al (1976) suggested tha t f ib re  d iffra c tio n  data for 

B-DNA could as readily  f i t  a side-by-side (SBS) model having the chain 

changing from r ig h t-  to left-handed helica l sense at regular in te rva ls .

The main a ttra c tio n  o f th is  model is  tha t i t  would make the unwinding 

o f the duplex during re p lic a tio n  process easier to envisage. Greenall 

et al (1979) studied th is  model and concluded that the Watson-Crick model 

was preferable.

Recently, single c rys ta l work, focussed on o ligonucleotides, 

has provided fu rthe r inform ation about DNA structure to atomic resolution. 

The oligomer d(CpGpCpGpCpG), is  known to c ry s ta llis e  in an unexpected 

left-handed conformation (Wang e t a l . ,  1979). This is  called the Z- 

conformation and has a n tip a ra lle l strands held together by Watson-Crick 

base-pairs.

The aim o f th is  thesis is  the study o f the polymorphic behaviour 

of natural DNAs and its  syn the tic  analogues. The remainder o f th is  

chapter is  devoted to a discussion of the known conformations o f  DNA and 

an ou tline  o f the content o f the pro ject.



sugar
ADENINE THYMINE

Figure 4 The Watson-Crick Base-Pairing Found in DNA
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1.2 Structural Studies o f DNA

The process by which f ib re  structures are determined involves 

t r ia l  and erro r. However, because we are dealing w ith a very long 

molecule and there is  availab le a substantial amount o f stereochemical 

information from single crysta l studies o f nucleosides and nucleotides, 

the number o f possible solutions to the observed d if fra c t io n  is  considerably 

reduced. A survey o f the bond lengths and angles observed in  single 

crysta l studies o f nucleosides and nucleotides has been published by 

Arnott (1970), and his resu lts  were used in  the s truc tu ra l studies by the 

author.

The conformational polymorphism o f DNA is  la rge ly  a re su lt o f 

v a r ia b i l i ty  in  the backbone and glycosidic torsion angles, d iffe re n t 

possible sugar puckering arrangements, and d iffe re n t base position ing 

(Altona and Sundaralingam, 1972, Sundaralingam, 1969). The g lycosid ic 

torsion angle x. is  defined by atoms C2 ' ,  C1 ', N and C2 in the case o f 

pyrimidine or in  a purine. When x - 90° the conformation is  said to

be a n ti, when x - 300° the conformation is  syn. The backbone torsion 

angles f a l l  in to  three sectors and these are conveniently used to describe 

the backbone conformation.

These sectors are:

( i ) gauche+ (g+) i f 0° A H A ro o

(1t )
r

gauche” (g” ) i f - 120° A H A O

i i i ) trans ( t ) i f ro o o

<  t  < 240(

A theoretical study led Spencer (1959) to the conclusion tha t a ll the 

sugar ring atoms were u n like ly  to be coplaner, and tha t e ithe r the C2 ' 

or the C^' atom was l ik e ly  to be displaced from the mean ring plane.

Sundarali ngair and Jenson (1965) confirmed th is  p rediction from crysta llographic 

studies o f nucleotides and nucleosides. The sugar conformation is
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designated 'endo' i f  the atom most out o f the plane C-| ' - 0 '4 -  C^' 

is  on the same side as C^', otherwise the designation is  ‘ exo1 . The 

four conformations are shown in  figu re  5.

The pos ition  and o rien ta tion  o f the bases with respect to 

the he lix  axis is  commonly defined by using three parameters (fig u re  6 ). 

These are :-

( i )  The base-pairs displacement from the helix ax is, 

denoted by the distance 1D'.

( i i )  The ' t i l t '  o f the base-pairs about the diad ax is .

( i i i )  The ' tw is t '  o f the base-pairs about the tw is t ax is ,

commonly the lin e  connecting purine Cg and pyrimidine Cg.

Several d if fe re n t forms o f DNA have been observed. Natural 

DNAs are only observed in  the A, B and C forms. Other forms are 

observed fo r  synthetic polynucleotides. DNA conformations are commonly 

characterised by ty p ic a l values fo r  p itch , number o f residues per tu rn , 

rise per residue, and the ro ta tio n  per residue. The helica l parameters 

of the observed DNA conformations in  fib res  are summarised in  table 1. 

These DNA conformations are divided in to  three fam ilies . These are:

( i )  A -fam ily

Members o f A-fam ily are characterised by Cg'-endo sugars, 

pos itive  base displacements and large positive base t i l t s .

The sugar o rien ta tion  is  'a n t i ' w ith respect to the base.

( i i )  B -fam ily

Members o f B -fam ily (B,B' ,B",C,C',C",D,D' and E) are 

characterised by C2 '-endo (or C^'-exo) sugars, small negative 

base displacement and small negative base t i l t s .  The sugar 

o rie n ta tio n  is 'a n t i '  w ith respect to the base.

C tii)  Z -fam ily

Members o f the Z-fam ily are characterised by a lte rna ting
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Figure 5 The Four Possible Sugar Puckers: 
(i) C^-endo (ii) C^-endo

(iii) C^-exo (iv) C^-exo



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

Figure 6
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sugar conformations. Deoxycytidine is  observed in the 

'a n t i ' conformation with C2 '-endo sugar pucker ( fo r  Z 

and Z‘ ) and deoxyguanosine observed in  'syn ' conformation 

with C-i'-exo ( fo r  Z ') and Cg'-endo (fo r Z) sugar puckers 

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

1.2.1 fl-DNA

The f i r s t  c y rs ta llin e  A-DNA pattern was obtained from NaDNA 

at low re la tive  humidity (Franklin  and Gosling, 1953b). An extensive 

study by Hamilton et a l.  (1959) showed that a ll natural DNAs adopt the 

A-conformation, irrespective  o f the base composition. The A conformation 

was observed with sodium, potassium and rubidium s a lts , but not w ith 

lith ium  sa lts . Leslie e t a l . ,  (1980) reported a fte r an extensive study 

of synthetic polynucleotides tha t a ll synthetic polynucleotides containing 

guanine could adopt the A-form with the exception o f poly d(AG).poly d(CT).

A detailed conformational study was undertaken by Fu lle r 

et a l . (1965) who reported th a t A-DNA is a 11 -j he lix  w ith  28.15 A0 p itch. 

The bases are displaced 4.25 A0 in fro n t o f the h e lix  axis. The t i l t  and 

tw is t of the bases are 20° and - 8° respective ly. The sugar conformation 

was anti and had Cg'-endo sugar puckering. Arnott and his co-workers 

reported a computer refined A -structure, and i t  is a minor variant o f the
r

orig inal structure (Arnott e t a l . ,  1972b, 1980).

1.2.2.1 B-DNA

At high re la tive  humidity NaDNA exhibited a cross-shape semi

c rys ta lline  d iffra c tio n  pattern (Franklin and Gosling, 1953a). I t  was 

th is d iffra c tio n  data tha t led Watson and Crick to th e ir  proposition of 

a double he lica l model fo r  DNA. A s im ila r, but h igh ly  c rys ta llin e  pattern 

was observed fo r LiDNA and th is  was used in the deta iled  s tructura l study
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undertaken by Langridge et a l . (1960a and b). B-DNA is  a 10̂  he lix  

with a pitch o f 33.8 A0 . Arnott et a l . (1972b) reported a computer- 

refined model which has an b n t i ' sugar conformation with C^'-exo sugar 

puckering. An equally good model fo r B-DNA was reported by Arnott et 

a l . (1973) w ith  Cg'-endo sugar puckering.

The B-form has been observed fo r a l l  natural DMAs and synthetic 

polynucleotides, irrespective o f base composition and sequence. The 

highly c ry s ta llin e  B-form was commonly observed fo r the Li s a lt .  However, 

recently the c ry s ta llin e  B-form has been observed from the sodium s a lt 

of poly d(AC).poly d(GT) (Leslie e t a l . ,  1980) and polyd(AT).poly d(AT) 

(Mahendrasingam, unpublished).

1.2.2.2 B'-DNA

A rnott et al (1974a)reported that po ly  d(A).poly d(T) exists 

in a 10-| double-helix w ith p itch o f 32.4 A0. This conformation has been 

nominated B'-DNA. At low re la tive  humidity i t  was observed in an 

orthorhombic u n it  ce ll ( b-B'-DNA), and high re la t iv e  humidity i t  was 

observed in  an hexagonal u n it ce ll (a-B'-DNA). The B'-DNA conformation 

has also been observed in poly d (I) .p o ly  d(C), poly d (A I).po ly  d(CT) 

(Leslie  et a l . ,  1980) and poly d(AT).poly d(AT) (Mahendrasingam et a l . ,  

1983a). r

1.2.2.3 B"-DNA

B"-DNA has been observed fo r poly d(GC).poly d(GC) at low 

re la tive  humidity (Mahendrasingam et a l . ,  1983b). The in ten s ity  

d is tr ib u tio n  o f th is  pattern is quite d is t in c t from B'-DNA or B-DNA and 

the pitch is  33.4 A0.



1.2.3.1 C-DNA

The C-form was observed fo r  LiDNA at low re la tive  humidity. 

Marvin e t a l . (1961) proposed tha t C-DNA was a 283 he lix  w ith pitch o f 

93.0 A0 . I t  has been observed fo r  the lith ium  s a lt o f a ll natural DNAs 

irrespective  o f the base composition. For NaDNA, the C-form was regarded 

as an intermediate state in  the A -*• B tra ns ition  (Arnott et a l . ,  1975). 

Recently, Rhodes e t a l . (1982) showed that the A-conformation is  an in te r 

mediate state in the C ■> B tra n s itio n . The C-conformation was observed 

fo r NaDNA at low s a lt  and low re la tiv e  humidity (Rhodes et a l . ,  1982).

The above results were confirmed by synthetic polynucleotide studies on 

poly d(AC).poly d(GT) (Rhodes e t a l . ,  1982) and poly d(AT).poly d(AT) 

(Mahendrasingam et a l . ,  1983a).

1.2.3.2 C'-DNA

C'-DNA has only been observed fo r the synthetic polynculeotides 

poly d(AGC).poly d(GCT), poly d(GGT).poly d(ACC) (Leslie  et a l . ,  1980) 

and poly d(AC).poly d(GT) (Rhodes and Mahendrasingam, unpublished) in 

the presence of L i+ ions. C'-DNA has 9-j he lica l symmetry w ith a p itch of

29.5 A0 . The c ry s ta ll in ity  o f these pattersn is  much bette r than C-DNA 

patterns.

9

1.2.3.3 C"-DNA

C"-DNA has been observed fo r  Na poly d(AG).poly d(CT) and 

has h e lica l symmetry o f 92 w ith p itch o f 58.2 A0 ( i .e .  9 d inucleotide 

pairs per p itch ).

1.2.4.1 D-DNA

D-DNA patterns have been reported fo r Na poly d(AT).poly d(AT) 

by Davies et a l. (1963), Arnott e t a l . (1974b) and Mahendrasingam et a l . 

(1983a). A s im ila r pattern was also reported fo r poly d(IC ).poly d(IC)
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(Mitsui et a l . ,  1970 and Ramaswamy et a l . ,  1982). The pattern was 

indexed on a tetragonal la t t ic e  and called a-D-DNA. Seising et a l.

(1975) reported a s im ila r conformation fo r poly d(ATT).poly d(AAT), 

but the molecules were arranged in  the hexagonal u n it ce ll ( b-D-DNA). 

Further, they claimed tha t the molecular conformation is  the same in 

a-D-DNA and b-D-DNA. I t  was observed that a t low re la tive  humidity,

K poly d(AT).poly d(AT) fib res  gave a-D-DNA and reversib ly changed 

in to  b-D-DNA a t 92% re la tiv e  humidity (Mahendrasingam, unpublished).

The D-form has also been observed in a hexagonal la t t ic e  fo r the poly

nucleotides poly d(AC) .poly d ( IT ) , poly d(A IT).poly d(ACT) and 

poly d(AIC)poly d(ICT).

1.2.4.2 D'-DNA

D‘ -DNA has been observed fo r high s a lt  Cs poly d(AT).poly d(AT) 

with pitch o f 24.0 A° (Mahendrasingam, unpublished). The he lica l symmetry 

o f th is  conformation is  4-| w ith a dinucleotide as the repeating u n it.

1.2.5 E-DNA

This conformation has been observed fo r poly d (IIT ).p o ly  d(ACC) 

by Leslie et a l . ,  (1980). The molecular asymmetric u n it appears to contain 

fiv e  nucleotides with a mean r ise  per residue and ro ta tion  per residue 

per asymmetric un it o f 3.25 A0 and 48° respective ly. Hence the structure 

is  approximately a 152 h e lix .

1.2.6 S-DHA

The S-conformation has been observed fo r poly d(GC).poly d(GC) 

and poly d(AC).poly d(GT) by Arnott et a l . (1980). I t  has a helical 

symmetry o f 6g with a p itch  o f 43.5 A0, and the repeating u n it is  a 

dinucleotide. The molecules are packed in  a hexagonal un it c e ll.
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1.3 The Objective o f the Present Project

The objective o f th is  work is  to investinate the e ffe c t o f the 

fo llow ing factors on DNA polymorphism:

(a) base composition
(b) base modification
(c) base sequence
(d) 'type ' and 'concentration' o f  p revailing ions
(e) re la tive  humidity o f the f ib re  environment.

Further, an attempt has been made to obtain answers to the follow ing 

questions:-

( i )  ! 'hat is  the re la tionship  between DNA polymorphism, s a lt
concentration and re la tive  humidity o f the fib re  environment?

( i i )  How does the rate o f change o f  the environmental re la tive  
humidity a ffe c t DNA polymorphism?

( t i t )  Do left-handed structures e x is t in  DNA fibres?

Experimental techniques used in th is  study are discussed in 

Chapter 2. In view o f the recent developments in  our knowledge o f DNA, 

i t  was decided to re-examine the assumed molecular structure o f D-DNA.

This is  discussed in Chapter 4. An extensive study o f the polymorphism 

o f poly d(AT).poly d(AT), is  discussed in  Chapter 5. Mixtures o f (A/C) 

and (A/B) conformations, as observed in  natural and synthetic polynucleotides 

are discussed in  Chapter 6 . The p o s s ib il ity  o f an a lte rna ting  molecular 

structure in various co-polymers is  discussed in  Chapter 7. An extensive 

study o f poly d(GC).poly d(GC) and the possible left-handed models 

fo r S-DNA are discussed in Chapter 8 . An extensive study o f natural 

DNAs and the conformational trans itions  between the A, B and C forms are 

discussed in Chapter 9. The p o s s ib il ity  o f a heteronomous structure 

(Arnott et a l . ,  1983) in  homopolymers is  discussed in  Chapter 10. A 

polymorphic study o f poly d(AC).poly d(GT) and the s im ila r it ie s  i t  shows
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with poly d(AT).poly d(AT), and poly d(GC).poly d(GC) are discussed 

in Chapter 11.

F in a lly , the la s t chapter concludes the thesis w ith a summary 

of the work undertaken and a few suggestions fo r fu rthe r work.



CHAPTER 2

Materials and Methods

2.1 P urifica tion  o f DNA

Both natural and synthetic DNAs have been obtained from a 

variety o f sources. I t  is  desirable to subject them to a p u r if ic a tio n  

process in order to extract RNA, protein and excess inorganic s a lt.

This can be achieved e ithe r by p re c ip ita tio n  or centrifugation . In some 

cases phenol extraction (Massie and Zimm, 1965) was performed in order 

to remove proteins from samples o f DNA.

In the p u r if ic a tio n  stage i t  is  desirable to use low sa lt 

concentrations since DNA dissolves very slowly i f  the ionic strength 

is high. Nevertheless, DNA is  denatured i f  the s a lt  concentration is  

too low. Typical s a lt  concentrations o f such solutions were % 2 mM, 

in which the concentration o f DNA was approximately 1 mg/mi..

P recip ita tion o f DNA from its  solution was achieved by adding 

cold ethanol and s a lt solution [concentration % 0.1 M). This method, 

however, has the follow ing disadvantages

1- The amount o f s a lt brought down w ith  the DNA is  d i f f i c u l t  to

control and estimation o f s a lt concentration in  fib res  is  d i f f i c u l t .

2 To increase the y ie ld  o f DNA p re c ip ita tio n , concentrated s a lt 

solutions have to be used. As a re su lt, fib res  made by th is  

method contain more s a lt  than may be desired.

3 The p rec ip ita tion  method requires re la t iv e ly  large amounts o f 

DNA. Whilst such quantities are read ily  available fo r  native DNAs, 

synthetic forms are fa r  more expensive and are supplied in  fa r

smaller quan tities .
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2-2 Extraction o f DNA from solutions and ion exchange by p rec ip ita tion  

Most DNAs (natural and synthetic) obtained from commercial 

sources are precipitated from NaC* so lu tions. The exchange o f sodium 

with another ion was accomplished in the fo llow ing way:

(a) The DNA was dissolved in ^  2 mM NaCi, so lu tion .

(b) The s a lt solution containing the new ion (0.1 M) was added, 

along with cold ethanol (^ 4° C) to the above so lu tion . The 

DNA precip ita te  was collected on a glass rod.

(c) The collected p re c ip ita te  was redissolved in  a 2 mM solution 

of the new s a lt and dialysed against a 0.1 M so lu tion  o f the 

same s a lt.

(d) The DNA was f in a l ly  p recip ita ted using cold ethanol and s a lt 

so lu tion.

(e) The purity  o f the m aterial thus obtained was tested in a flame 

emission spectrometer.

2,3 Extraction o f 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 o f DNA samples. The procedure adopted was:-

(a) DNA was dissolved in '-v  2 mM NaCs. so lu tion  or in  deionized water.

(b) The solution was centrifuged fo r  12 hours a t 50,000 r.p.m.

During th is  process, the heavy DNA was brought down to the bottom 

o f the tube in the form o f a g e l. A lo t  o f the excess s a lt  and 

low molecular weight im purity was le f t  in  the supernatant.

(c) The supernatant was decanted with care and some o f the residual 

gel was used to make fib re s .

(d) The s a lt concentration o f the gel could, i f  necessary, be raised
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by redissolving the gel in an appropriate s a lt  so lu tion . 

Subsequent centrifugation  enabled re-extraction  o f the ge l.

(e) The s a lt concentration o f the gel could, i f  necessary be 

lowered by redissolving the gel in deionized water and by 

its  subsequent centrifugation .

( f)  Further ion exchange, i f  necessary, was accomplished by 

d ia lys is  involving the appropriate so lu tions. Centrifugation 

was again used to extract the f in a l gel.

This method enabled a varie ty  o f fib res  having d iffe re n t 

sa lt contents to be made. The amount o f DMA in the gel was determined 

by measurement o f the optica l density at 260 nm fo r the o rig ina l solution 

and the supernatant. Subsequent calculations yielded a fa i r  idea o f the 

sa lt conditions inside the fib res  made. Such calculations are described 

below.

2.4 Estimation o f s a lt  content in  fib res

1. Before cen trifuga tion , the UV absorption at 260 nm was measured.

The concentration o f DNA (say C-] mM) was calculated from the 

following equation:-

Concentration o f DNA (in  mM) AMP x SCA x DIF 
ABCF x M

2 .

AMP -  Amplitude, SCA -  Scale, DIF -  D ilu tion  Factor,

ABCF -  Absorbance C oe ffic ien t, M -  Molecular weight o f nucleotide 

I t  is  important to note that DNA concentration implies the nucleotide 

molar concentration (PO  ̂ molar concentration). The above measurement 

was repeated fo r the supernatant: thus the DNA concentration in 

the supernatant was calculated (say C2 mM).

The volumes o f the s ta rting  solution (say V̂ mJi) and the supernatant 

(say V2 mi,) were measured.
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3. The amount o f DNA in  the gel was estimated as fo llow s : the 

amount o f DNA in  the o rig ina l solution is  C-,1^, the amount o f 

DNA le f t  in  the supernatant is  C2V2, and therefore the amount 

o f DNA in  the gel is  C1V1 -  C2V2.

4. The amount o f s a lt  in  the gel was estimated by assuming tha t 

the s a lt is  d is tribu ted  uniform ly in the so lu tion  before and 

a fte r cen trifuga tion .

Let the in i t ia l  concentration o f s a lt in  the DNA so lu tion be 

X mil.

Hence the amount o f s a lt  (s a lt  per PÔ ) in the gel is :

= J L  x (Vl - V2) 
iooo  ( c1v1 -  c2v2 )

The quantity X was determined e ithe r from o rig in a l d ia lys is  data 

or by use o f a flameemission spectrometer. The use o f the flame 

emission spectrometer was often made d i f f i c u l t  by the non-linear 

response o f the device over a wide range o f concentrations. Two 

d iffe re n t ca lib ra tion  curves had to be constructed. These 

ca lib ra tion  curves are shown in  figures 1 and 2.

2-5 The Fibre Preparation

The fib res  were prepared in  the manner described by F u lle r et a l. 

(1967). Two glass rods o f diameter ^ 200 micro-metres are mounted using 

p lastic ine inside a c irc u la r frame as shown in figure  3. (The distance between 

the glass rods can be adjusted). A drop o f DNA gel is  then placed between 

the two glass rods, and allowed to dry to form a f ib re . When the f ib re  

had dried down to a s lig h t ly  la rger diameter than that o f the glass rod 

(^ 300 micro-metres), tension was applied to the specimen by increasing 

the separation between the glass rods. The fin a l diameter o f fib res  was 

^ 150 micro-metres. Birefringence was measured with Zeiss ro tary compensator
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in order to determine the degree o f o rien ta tion  in  DNA fib res  before 

taking X-ray d iffra c tio n  photographs.

2.6 Obtaining the X-ray Fibre D iffra c tio n  Photographs

Pinhole and Searle cameras were used to obtain d iffra c tio n  

photographs. Pinhole cameras with a set o f three gold apertures to 

collim ate the X-ray beam, were made in  the workshop o f the Department o f 

Physics, University o f Keele and were s im ila r in  design to those described 

by Chesley (1947), and Langridge et a l . (1960). The specimen to film  

distance in th is  camera was about 3 cm.

The Searle camera was operated using to ro ida l optics (E l l io t ,

1965) fo r the m ajority o f the fib re s . Franks optics (Frank, 1958) were 

used specia lly  fo r  th in  fib re s . The exposure time fo r  the Frank's optics 

is la rge r than tha t fo r the toro ida l op tics . The specimen to f ilm  distance 

of about 4 cm was used in  the Searle camera. A ll d iffra c tio n  photographs 

were taken using nickel f i l te re d  Cu Ka radiation (x = 1.5418 A0) generated 

e ith e r by a H ilger and Watts microfocus or by an E l l io t  Gx6 ro ta ting  anode 

generator. The H ilger and Watts machines were operated at 35 kv and at a 

tube current o f 3.0 mA. The E ll io t  Gx6 was operated a t 35 kv and at a tube 

current o f 56 mA.

Alignment o f fib res  in  pinhole earners was performed on an optical 

bench. The Searle camera was aligned in  the manner described in  the relevant 

manuals.

Before s ta rting  exposures cameras were flushed out w ith helium 

gas to  eliminate a ir  sca tte r. The re la tiv e  humidity o f the f ib re  

environment was contro lled by passing th is  helium through a saturated 

so lu tion  o f a p a rticu la r s a lt .  The sa lts  used and the re la tive  humidity 

associated with th e ir  saturated solutions (a t 20°C) are lis te d  on the 

fo llow ing page (O 'Brien, 1948).
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S alt R.H. (%)

Calcium Chloride 33

Potassium Carbonate 44

Sodium Bromide 57

Sodium N it r i te 66

Sodium Chlorate 75

Potassium Chloride 86

Sodium Tartrate 92

Sodium Sulphite 95

Potassium Chlorate 98

2.7 Measurements o f X-ray Fibre D iffra c tio n  Patterns

X-ray d iffra c tio n  patterns were measured in order to obtain 

reciprocal space co-ordinates and d iffrac te d  in te n s itie s  o f the observed 

re flec tions. This is  discussed in sections 3.2.3 to 3.2.5,

2.8 Computer Programs

The model build ing program described by Pigram (1968), and la te r 

modified by Goodwin (1977), was used in the present work. This program was 

executed on the CDC 7600 machine a t the U n ivers ity  o f Manchester regional 

computer centre. The flow diagram o f the model bu ild ing  program is shown below

Data Input

4
Calculation o f Atomic Coordinates 

and Derivatives

1
Form Constraint Equations

i
Least Squares Solution

1
L  Test Change in  the Energy o f Model 

from previous cycle

Output co-ordinates o f the model
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Other software was w ritten  on a va rie ty  o f machines (ITT 2020, PDP 11/23, 

GEC 4190), but throughout the p ro jec t, some e ffo r t  was put in to  maintaining 

a 'user fr ie n d ly ' co llec tion  o f packages. 'Fortran 66' was la rge ly used 

because of i t s  'machine independence’ . Programs are now being updated to 

'Fortran 77'. Programs were w ritten  to ca lcu la te :-

(a) C y lind rica lly  averaged squared fo u rie r transform (CAST.FOR).

(b) Structure factors from an array o f he lica l molecules (SF.FOR).

(c) In te rhe lica l contact distances (IHC.FOR).



CHAPTER 3

X-ray D iffra c tio n  as a Means o f Structure Determination

3.1 General Theory o f X-ray D iffra c tio n

3.1.1 Introduction

X-ray d iffra c tio n  is  the most powerful technique currently  

available fo r study o f the structure  o f large molecules, and has been 

used to establish many features perta in ing to l iv in g  systems the knowledge 

of which we now take fo r granted. These so rt o f advances could not have 

been made w ithout crucia l evidence obtained from X-ray crysta llography.

In many cases, X-ray d iffra c tio n  studies on prote in or nucleic acid 

crystals have yie lded complete te r t ia r y  structures to 3 A0 resolution or 

better. Even i f  the sample is  not a very ordered one (such as an 

'o r ie n te d 'fib re ), X-ray d if fra c t io n  s t i l l  provides a wealth o f s tructura l 

information. Though sometimes in s u ff ic ie n t to determine a structure 

uniquely, the information in  many cases can be used to provide decisive 

tests o f s truc tu ra l models, but there are some lim ita tio n s  and shortcomings 

of the method. Normally, atoms are treated as motionless, even though in 

crystals there is  appreciable motion at f in i t e  temperature. The crysta ls 

may actua lly be ordered only in loca l domains, but they are treated as 

perfectly ordered arrays. X -radiation is  treated as monochromatic, even 

though a certain bandwidth is  inev itab le . The d if fra c t io n  data are 

considered very precise even though experimental e rror is  often a s ig n ifica n t 

problem in re a lity .

3-1-2 Theory o f X-ray Scattering

In figu re  1, represents the inc ident beam, and s  ̂ the d iffrac ted  

beam, 'wo scattering centres P and Q are separated by a vector r .  The
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path difference = -  _r._sQ = £• (s-i“ ^ ) . I f  we consider e la s tic

scattering o f the X-rays only, the wavelength o f the incident and 

scattered radiation is  the same. Let us define a new vector £  called 

the scattering vector, such that

s i S o
£  = —  - —  and, | £  | = — sin e (1)

x x  x

The vector £  is  defined in  terms o f reciprocal distance un its , and 

corresponds to the reciprocal space vector necessary fo r  Bragg 

re flection  to occur. In figu re  1, the inc ident beam s^ is  scattered 

by an electron at P and by another one a t Q such tha t P and Q are 

separated by r .  The path d ifference is  ( r .s ^  -  r .s ^ ) = _r.£. Thus 

i f  the radiation scattered by an electron a t the o rig in  is  E(s_), moving 

the electron from the o rig in  to a position r  simply causes a phase s h i f t  

° f  £•£. The scattered rad ia tion  is :  E(s) exp(2TH£.r). In general, 

because electrons are not localised i t  is  be tte r to describe an electron 

density p(r) in  a volume element dj* located a t r \  The scattering is  

proportional to p(r^) dr .̂ For a continuous electron density at pos ition  r ,  

the scattered rad iation  is  described by:-

dE(s) = p (r) exp (2 iri£ .r) dr (2a)

where p(£) dr is  the number o f electrons in  the volume element. For a 

continous electron d is tr ib u tio n  the to ta l scattered rad ia tion  is  given 

by following equation:

E(s) = p(r) exp ( 2uir.£)  dr (2b)

1  volume
The physical meaning o f th is  equation is  tha t the scattered rad ia tion  is  

the Fourier transform o f the object. The Fourier transform o f p (r) is  

E(sj and therefore the inverse Fourier transform gives the electron d is t r i 

bution function, p ( r ) ,  so tha t:
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p (r) = E(s) exp(-2iri s . r )  d£ (3)

The detailed pattern o f e lectron density around an individual atom depends 

on the prevailing bonding conditions. However, in  almost a ll X-ray 

d iffra c tio n  experiments, the resolution is  not high enough to detect th is  

detailed electron d is tr ib u tio n . Thus i t  is  a good approximation to model 

the electron d is tr ib u tio n  o f an atom as spherica lly symmetric. Then p(r)

becomes p (r) . I f  we express equation 2(b) in spherical polar coordinates 

(see figure 2)

The function f(s )  is  defined as the atomic scattering facto r (see figure 

3). The atomic scattering fa c to r given by equation (4) can be evaluated 

provided that the charge density P(r) o f the atom is  known. Equation (4)

symmetric and provided tha t the energy o f the X-rays is  not close to an 

absorption edge o f the atom. A b rie f discussion o f the procedures employed 

in evaluating scattering fa c to rs , along w ith complete tables o f scattering 

facto r values currently  believed to be most re lia b le  can be found in  volume 

3 of the International Tables fo r  X-ray Crystallography.

Consider an atom position a t r^ w ith reSpect  to the coordinate

rmax
E(s) - 4tt

O'
p (r)  r 2 dr Sfn (2* rs ) 

(2irrs)
f(s )  (4)

IS strictly correct only when the charge distribution is spherically



Figure 2 S p h e r ic a l  p o la r  c o o r d in a te s  i n  r e l a t i o n  t o  
a n  o r th o g o n a l c a r t e s ia n  s y s te m
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system o rig in  (see figure  4 ). Then the scattered rad ia tion  is  given
m

by:

E(s) = d(R p (R + r  ) -n '
e27riS.(R+l^)

where r  is  a constant, since d(R + r  ) = dR e^ i£ -(R + J^) can
—  - n '

be removed from the in tegra l

E(s) = e2* 1̂ dRp(R + r^ ) e2ir’—

E(s) = f ( s ) e27ri- - - ^ (5)

where f ( s) = dRp(R+r ) e2iri- -  — — —n

is the atomic sca tte ring  fa c to r. I f  N atoms are located a t positions r, 

with atomic scattering factors f  , the structure fac to r is

F(s)
n=l

f n(s) e2" 1i - ï n ( 6 )

I f  the sample is  a centre o f symmetry and the centre is  placed at the 

o r ig in , equation (6) can be w ritte n  as:
n/ 2

F(s) = l  f  (s) cos (2 irs.r ) 
n=l

(7)

3.1.3 X-ray D iffra c tio n  from One Dimensional Array o f Atoms

Assume tha t we have a regular array o f 2N+1 atoms and th e ir 

trans la tion  vector is  £  so the position o f the n ^  atom is  n<î. The 

structure facto r fo r  the n ^  atom is

Fn(s) = f(s )  e2lT’ n—•—



F ig u r e  3 T y p ic a l  A to m ic  S c a t t e r i n g  F a c t o r  C u rv e s

Figure 4 An Atom Position at r with respect to the Coordinate
System Origin
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The structure facto r o f the whole array can be w ritte n  as:

r- ! \ ct~\ \ 2irins.a
Fto t (s) = f (s) I  e
to t n=-N

Summation o f th is  geometric series can be w ritten  as:

Fto t (s) = f(s )
e2Ttin£.^ i_e2Tr(2N+l )£.£j

, 2iris.a 1 -  e ----

This equation can be s im p lified  t o : -

Fto t (s) = f(s )  Sin ( (2N+1) 
sin (tr£.a^)

The in ten s ity  o f the scattering from the array w il l  be:-

W s> = W s> = f ( s ) ‘
s in ( (2N+1) Trs.a)

sin(irs .a)
( 8 )

I f  N is  large the structure fa c to r becomes s ig n if ic a n t only when 

s i n ^ . a j  approaches to zero. This may be expressed a n a ly tic a lly  by 

the Laue equation:-

s.a = h where h = 0, ±1, ±2 (9)

3.1.4 X-ray D iffra c tio n  From a Three Dimensional Array o f Atoms

The pe riod ic ity  o f a three dimensional array is defined by three 

vectors a, b̂ and c. In general, <i, b and £  are not orthogonal nor are they 

of equal length. The p e r io d ic ity  along £  w il l  cause a set o f scattering 

fringes a t £ .£  = h. The add itiona l p e riod ic ity  along b̂ and £  causes s im ila r 

sets o f fringes defined by £.Jj = k and £ .£  = t  where k, i  in tersects the 

para lle l lines generated by £ .£  = h and £.b = k. The resu lt is  a three

dimensional la t t ic e  with points spaced evenly by — in  the d irec tion
1 — 1para lle l to a, by — p a ra lle l to lb and by — p a ra lle l to £ .
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The la t t ic e  which describes the allowed sca tte ring  geometries is  not 

the same la t t ic e  o f points tha t represents the position o f the atoms 

in  the array. The position la t t ic e  has u n it vectors £, £  and £  where 

as the spacings in  the d if fra c t io n  la t t ic e  a*, b* and c* are related 

to the inverse o f these. This scattering la t t ic e  is ca lled "the 

reciprocal la t t ic e " .

3.1.5 The Relationship Between the Crystal Lattice and Reciprocal Lattice 

Real crysta ls  are three-dimensional. The reciprocal la t t ic e  

as seen in  an X-ray d if fra c t io n  pattern is  also three-dimensional. I t  

is  re lated in  a simple way to the actual c rys ta l la t t ic e .  By measuring 

the spatia l position o f the d iffrac te d  spots, i t  is  possible to compute 

the ce ll dimensions and the shape o f the reciprocal la t t ic e .  From th is ,  

the corresponding dimensions and shape o f the u n it ce ll o f the actual 

crystal la t t ic e  can be derived. We shall now solve the von Laue equations,

£.a = h, £ .£  = k, £ .£  = i  (10)

fo r scattering vector £  which sa tis fies  a l l  three equations. Assume now 

that the vector £  takes the form £ = x(Ha* + Kb* + Lx*) where x is  an 

a rb itra ry  scaler and H, K and L are undetermined constants. Then:-

s.a = X(Ha* + Kb* + Lc*) . a = h ( ID

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 = l (14)

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

appropriate fo r the so lu tion o f equations 12, 13 and 14. Let x=l > th is  

leads 12, 13 and 14 to : -
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(15)

(16) 

(17)

Ha*.a + Kb*.a + Lc* .£  = h

Ha*.b + Kb*.b + L£*.b = k

Ha*.c + Kb*.c + Lc*.c = i

The equations have a so lu tion  i f  we select a*, b* and c* such that

a*.a = 1 a*.b = 0 a*.£ = 0

b*.a = 0 b*.b = 1 b*.£ = 0

c*.a = 0 £*.b = 0 C* .£ = 1

Therefore H = h, K = k, L = i . and the scattering vector

(18)

^  = h£* + kb* + Sic*

sa tis fie s  the Laue equations on condition that equations(l8) hold i f  h, k 

and SL are integers then th is  term w il l  generate a la t t ic e ,  which we have 

called the recriprocal la t t ic e .  In equations (18) a*.£  = 1, £*•]} = 0 

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

and hence a* can be w ritte n  as:-

a* = £(bx£)

a*, a = £a.(bx£) = 1

a . (bx£)
r

Therefore:

bxc
a* = —- —

a. (bx£)

s im ila rly  b* and c* can be w ritten  as:- 

cxa
b* = -  ~

£. (b̂ X£)

 ̂ axbc* = — —

(19)

( 20 )

( 21)

( 22)
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where £.(bx£) is  the volume o f the u n it c e ll in  the real space; v=£.(bx£).

The reciprocal la t t ic e  volume is  v* = a * .(b * .£ * ) . I t  can be shown that 

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

3.1.6 The Structure Factor

I t  is  convenient to w rite  out the u n it-c e ll structure fac to r,

Fm(s), e x p lic it ly  in  terms o f the positions o f each atom in  the u n it c e ll,

and o f the corresponding atomic scattering facto rs . Using equation (2)

fo r the molecular structure fac to r, we choose a co-ordinate system based
thon the u n it-ce ll vectors a_, b> and £. The position o f the j in  atom in  

the u n it ce ll is then r .  = x. a + y.b + z . c  where x . ,  y . and z. are nowJ J J J J J J
fractions o f the corresponding un it ce ll dimensions. Then equation (2) 

becomes

F.(s) - Ifjls) e2’<(xj--a+ yji- * zj--) (23)
J

where the sum is  taken over a ll the atoms in  the u n it c e ll.  However,

Fm(s) can be sampled only a t geometries allowed by the von Laue conditions: 

when we apply these, equation (23) s im p lifie s  to : -

Fm(h,k,s.) = l  f j ( s )  exp|2iri(hx^ + kŷ . + u . ) \  (24)
J

This equation is  ca lled  the structure fa c to r equation. I t  represents the 

unit ce ll X-ray sca tte ring  sampled a t the reciprocal la t t ic e  points defined 

by the M ille r ind ices, (hks,).

3.2 Theory o f X-ray Fibre D iffra c tio n

3.2.1 Introduction

Fibrous proteins and DNA, are long rod-shaped molecules and 

frequently re luc tan t to c rys ta lize  in to  perfect single c rys ta ls . Concentrated 

gels can, however, be used to form p a r t ia l ly  oriented fib res  by p rec ip ita tion
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of such samples. These long, ro d -lik e  molecules can pack together with 

th e ir axes p a ra lle l, or nearly p a ra lle l to the f ib re  axes. The degree 

of order w ith in  the fib res  may vary considerably. In some fib res  the 

molecules are regu la rly  oriented about the f ib re  axes. The d iffra c tio n  

pattern from such fib res  are s im ila r to single c rys ta l ro tation  photographs, 

although spots may be drawn out in to  arcs due to the d iso rien ta tion , and 

may be rather broad i f  the c ry s ta llin e  regions are small. The c ry s ta ll in ity  

of the fib res  may be divided in to  three major categories: c ry s ta llin e , 

sem i-crysta lline and non -crys ta lline . To explain the types o f c ry s ta ll in ity  

the molecular spatia l arrangement is  shown schematically in  figure  5. 

e is  the o rien ta tion  angle o f the molecule with respect to the fib re  axes,

<}> angle o f ro ta tion  about fib re  axes, and z is  the displacement along the 

fib re  axes.

(a) A C rys ta lline  Fibre

Each molecule has the same o rien ta tion  angle 0. The fib re  

consists o f ind iv idua l m icrocrystals also ordered along z and but 

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

(b) A Sem i-crystal!ine Fibre

Each molecule has the same orienta tion  angle e, but there are no 

m icrocrystals. There is a f a i r ly  regular la t t ic e  perpendicular to z, but 

individuals disordered in  the z d irec tion  as well as the <j> d irec tion .

I f  molecules are randomly displaced re la tive  to each other in  the d irection  

of the fib re  axes, discrete spots only are observed along the equator, 

and the higher laye r-lines  have a continuous d is tr ib u tio n  o f in ten s ity  

along them. A random displacement by a fixed amount can give rise  to 

discrete spots on some layerlines and continuous streaks o f in ten s ity  along 

others. Thus, random displacement by h a lf the repeat period along the 

fib re  axis w i l l  produce spots on the even numbered laye rlin e s , and streaks

on the odd ones.
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(c) A Non-crystalline Fibre

There is no regular la tt ic e  in the f ib re . The only order is  

that long axes of the molecules share a general common d irec tion .
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azimuthal o rien ta tion  o f the molecule in the u n it ce ll is  unknown,

41 cannot be determined, and a more useful function in  th is  case is  the 

Fourier transform o f a s ing le  molecule calculated fo r each value o f n

I f  there is  a diad axis in  each he lica l repeat perpendicular to  helix

R., -z . so tha t the expression G(£,n,£) need only involve the realJ J vJ
(cosine) part o f the exponential term. For D-DNA N=8, K=1. Therefore,

the selection ru le  is  n=x.-8m where m=0, ±1, ±2 ..................

For a le f t  handed he lix  the values o f n are replaced by -n in  the 

equation (25) and (26) (Klug e t a l . ,  1958). I t  can be shown th a t the 

c y lin d r ic a lly  averaged squared transform (CAST) is :

The most general crysta l structure w il l  contain p equivalent molecules

in the u n it c e ll w ith fra c tion a l u n it ce ll co-ordinates o f the helix

axis (x , y , z ) and re la tiv e  o rien ta tion  <t> . By using equation (24 
P P p P

the general expression fo r  structure factors o f he lica l molecules in  a 

regular array can be w ritte n  as:

where sin e = xp/2 and A, a, B, b are constants. Since DNA fib re s  

generally contain an appreciable proportion o f water, i t  makes a s ig n ifican t 

contribution to the d if fra c t io n  in ten s ity  p a rtic u la r ly  a t small angles o f 

d iffra c tio n  (Bragg and Perutz, 1952), and allowance must be made fo r th is

(27)

axis, then fo r  every atom a t (R.,<().,z.) there is  an equivalent one atJ J J

CAST ( i . ç )  = l  G^(î.,n,ç) (28)
n

F (h ,k ,*) = I I I  f,- Jn (2*R ,0 exp i{ n ( * + £  - * ) +n n i J J £  JP n J C

.exp i{2ir(hXp + kyp + *zp)} (29)

The atomic scatte ring  factors f . were calculated using the expression
si

given by Vand, Eiland and Pepinsky (1957)

2 2f(s in e ) = A exp(-a s in  e) + B exp(-b sin e) (30)
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contribution when ca lcu la ting  structure facto rs intended fo r  use in  the 

refinement o f the t r ia l  structures. The e ffe c t o f the solvent can be 

simulated by supposing tha t the volume occupied by the solvent is  f i l le d  

with an electron gas w ith  a density o f the solvent (Wrinch, 1950). The 

corrected structure fa c to r can be ca lcu lated, using Babinet's p rinc ip le , 

(Langridge e t a l . ,  1960b) from the expression:-

F' = F " vpwFv (31)

F is  the structure fa c to r calculated in  the usual way, v i s  the volume o f 

the water displaced by the molecules, p is  the mean electron density o f 

water, and F is  the Fourier transform o f a so lid  uniform density with a 

shape corresponding to  the displaced water. A simpler approach can be 

used by incorporating the correction term in to  the ind iv idua l atomic 

scattering factors. I f  Vj is  the volume displaced by the atom then 

the modified, sca tte ring  fac to r is : -

f ' j(s in e ) = fu s in e )  -  Vj pw ^ (s in e ) (32)

where

j> .(sine)=8(sin (4^ - i-n-6-)-J A A cos ^4irKSine^ ( l l ü  s ine)3

and the value o f R is  taken as a constant radius o f 2A (Langridge et a l . ,  

1960b, Fu lle r 1961). Arnott et a l . uses the Van der Waals radius fo r R. 

There have been a number o f other methods suggested by other workers fo r
r

calculation o f atomic scatte ring  facto rs . This is  discussed in  de ta il by 

Greenall (1982).

3.2.3 Lattice Measurements

X-rays d iffra c te d  by ca lc ite-dusted fib res  were recorded on f la t  

film s. The ca lc ite  gives a d if fra c t io n  rin g  o f spacing 3.029A (In  some cases 

the NaCi. in  the f ib re  gives a d if fra c t io n  ring  o f spacing 2.81A). E ither 

way, the spacing can be used in  the determination o f the specimen to f ilm
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distance D. The co-ordinates o f the d if fra c t io n  spots in  the d iffra c tio n  

pattern were measured with a two-dimensional tra v e llin g  microscope. A 

computer program (w ritten  by W.J. Pigram) was used to convert the film

co-ordinates in to  reciprocal space parameters. By minimising a function
m p

4> = I  ( r ,  -  R;
j= l J

the radius R and the centre xQ, yQ o f the ca lib ra tio n  ring were obtained 

where:-

r j  ■ « xj  -  V 2 *  (yj  • V 2>!

x ., y . are the co-ordinates o f j th point on the ca lib ra tio n  r in g . D was 
J J

determined by using the equation:-

\  -  s in  (J tan’ 1 E/ n) (M.J. Buerger, 1945)
d x u

where X is  the wavelength o f the CuKa rad iation  ( i . e .  1.5418A) and d is 

the spacing o f the ca lib ra tion  rin g . E is  the distance o f a spot from the 

centre o f the d if fra c t io n  pattern. The co-ordinates x, y o f the d iffra c tio n  

spots are converted in to  reciprocal space co-ordinates ç, ç and reciprocal 

radius p using the follow ing equations

C = -----------------  (33)

ç = ( 1  ) 12 -  X2 c2 ~ 2 (1- x V ) *  D/ (d2 + X2}J (34)

p2 = 2 + ? 2 (35)

3.2.4 The refinement o f the u n it c e ll parameters

The approximate values o f the la t t ic e  parameters were estimated 

from measurements o f the photographs and these were refined using a least

squares procedure (F u lle r, 1961). By minimising the fun c tio n :- 
n 2

* "  j j i  ( piobs ’  pica l^
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thwhere p. ^  = the v  observed p value

pic a l = t îe cal cul atec* p value 

n = to ta l number o f re fle c tion s  

The f in a l la t t ic e  parameters can thus be obtained.

3.2.5 In tens ity  Measurements

Methods to obtain d iffrac te d  in te n s it ie s  from fib re  d if fra c t io n  

photographs have been discussed by Franklin and Gosling (1953c), and 

Langridge e t a l. (1960a). The integrated in te n s ity  I Q is  proportional to 

A, where A is  the area under the radial densitometer trace across the 

spot in  the fib re  diagram. The I Q is m u ltip lie d  by the Lorentz correction 

fac to r, which is  proportional to ç, and fo r  the drawing out o f the spots 

into arcs o f constant w idth, the in te n s ity  is  fu rthe r m u ltip lied  by p . The 

in te n s itie s  must also be corrected fo r the absorption e ffe c t; which is  

proportional to cos e,  and polarisation  co rrec tion , which is  equal to : -

2 / 2
/ (1 + cos^ 29)

The corrected integrated in te n s ity  is

2I = Apç x cos e
(1+cos2 2e)

(37)

3.2.6 Scaling o f the in ten s itie s
9

The scaling fac to r, 

,(hkt)

hia
I-(hkfc)

(38)

where I Q(hkx.) = the observed (corrected) in te n s ity  o f the (hkd) re fle c tio n  

and I c (hks,) = the calculated in te n s ity  o f the (hk«.) re fle c tio n  

The scaling fac to r fo r  structure fac to r amplitudes is  Sp = (S j)^
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3.2.7 Comparison o f agreement obtained from d if fe re n t models

I t  is  very useful to define a method to compare d iffe re n t models 

obtained from the same d if fra c t io n  data.

The residual

is shown schematically in  figu re  6 ). During molecular model build ing the 

o rien ta tion  9 is  varied by small angle such tha t the s te r ic  in te raction  

with the neighbouring molecules is  minimised, and th is  enables best 

molecular packing w ith in  the ce ll to be determined. I f  there is  more than 

one molecule in  the u n it c e ll each molecule is  rotated about i ts  axis and 

displaced along the c-axis in  small steps so as to obtain the best 

o rien ta tion .

(2) To obtain the' best agreement between the observed and calculated

structure factors (once the best molecular transform is  obtained from 

model build ing studies) the value o f R-| (see equation (39)) has to be 

minimised. The structure factors fo r d iffe re n t o rien ta tions o f the 

molecule (or molecules)can be calculated by ro ta tin g  the molecule in the 

u n it c e ll.  Hence, the value o f R-| is  obtained as a function o f o rien ta tion  

9 . As the molecular o rien ta tion  is  changed, R-j varies and w il l  pass through 

a minimum. For a good model, the value o f 9 from (1) and 9 - n from (2) 

must be equal or nearly equal.

R. (39)

h
and

R.2
(40)

3.2.8 The packing o f the molecules in  the u n it c e ll

(1) Consider a molecule o f o rien ta tion  9 in  the u n it ce ll (which



Figure 5 Molecular Spatial Arrangement in a

Figure 6 Molecular Arrangement in a Unit Cell

Fibre



CHAPTER 4

The D Conformation

4.1 Introduction

Synthetic DNA polymers are o f great in te re s t in  the study o f DNA 

as a whole, since they provide cons is ten tly  repeating nucleotide sequences 

which may well behave in  much the same way as constituent parts o f native 

DNAs; fo r example s a te ll ite  DNAs, and possibly regions which are believed 

to be ac tive ly  involved in  tra n s c r ip tio n .

The various synthetic polymers o f DNA tha t have been iso la ted are 

often associated with ch a rac te ris tic  molecular geometries, and i t  is  fo r  

th is reason (amongst others) th a t th e ir  study is  o f p a rticu la r importance; 

i t  provides a s ta rtin g  point fo r  a co rre la tion  between the s truc tu ra l and 

functional roles o f the macromolecule.

Davies and Baldwin (1963) observed tha t the sodium s a lt  o f 

poly d(AT).poly d(AT) could assume not only the c ry s ta llin e  A and semi-1 

c rys ta llin e  B forms observed fo r  na tu ra lly  occurring DNAs (F u lle r et a l . ,  

1965, Langridge e t a l . ,  1960b, A rnott e t a l . ,  1972b, 1973, Rhodes e t a l . ,  

1982) but also a new conformation which was designated the ' D' form. The 

d iffra c tio n  patterns were o f poor q u a lity , and only the axial p e r io d ic ity  

(24.5 A) and the general in te n s ity  d is tr ib u tio n  was described. They also 

reported a poor q ua lity  d if f ra c t io n  pattern o f the D conformation fo r 

NĤ dAT. Further, i t  was reported tha t an unusual feature o f the pattern 

was the appearance o f re fle c tio n s  near the meridian on the th ird  and 

fourth layerlines. I t  was observed tha t some o f the fib res gave mixtures 

of A and D patterns which a fte r  a time generally changed completely to the 

D form (Davies e t a l . ,  1963). These observations suggested tha t the D
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form is  a p a rtic u la r ly  stable conformation fo r  th is  polynucleotide. The 

d iffra c tio n  patterns from Na dAT and NĤ dAT closely resemble each other, 

apart from the fac t tha t the Na dAT material was more c rys ta llin e  (Davies, 

et a l . ,  1963).

A s im ila r d if fra c t io n  pattern was obtained from a f ib re  o f 

Na poly d(IC ).poly d (IC ). This was indexed on a tetragonal la t t ic e  w ith 

a = 17.5 A and c = 25.0 A (M itsu i, e t a l . ,  1970).

In the same publication they also suggested that the patterns 

from poly d(IC ).poly d(IC) were best accounted fo r by a left-handed double 

helix with Watson-Crick base-pairing, and e ight nucleotide paris per h e lix  

pitch o f 25.01 A. In th is  analysis they system atically varied the 

position o f the base-pairs w ith respect to  the he lix  axis, the o rien ta tion  

of the sugar base l in k ,  and the sugar puckering. They also investigated 

right-handed models, but found tha t these were in fe r io r  in  terms of 

stereo-chemistry and agreement with X-ray data, when compared with the best 

left-handed models. However, since ne ither atomic co-ordinates nor to rs ion  

angles were published fo r any o f these models, i t  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 e t a l . ,

(1974b) reported tha t the D form was observed under conditions which would 

normally favour the A form o f natural DNAs, ie  a minimum o f retained s a lt  

in the f ib re . Arnott e t a l . (1974b) also emphasised that the D pattern 

from poly d(AT).poly d(AT) was very s im ila r to patterns obtained by M itsu i 

et a l. (1970) from Na poly d (IC ).po ly d(IC) and by themselves from 

poly d(GC).poly d(GC).

On the basis o f a linked atom leas t squares refinement technique, 

they dismissed the left-handed model o f M itsui et a l . (1970) as b iza rre , and 

proposed a model fo r  a ll three complementary D-DNA structures (poly d(AT). 

poly d(AT), poly d(IC ).po ly  d(IC ), poly d(GC).poly d(GC)). This was a 

Fight-handed e ig h t-fo ld  double he lica l model which used Watson-Crick base
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pairing, along with sugar puckering and conformational angles reminiscent 

o f the conformation o f natural DNAs.

The D conformation was also observed fo r  Na po ly d(ATT).poly d(AAT) 

and such patterns from th is  material were indexed on a hexagonal la t t ic e  

with a = b = 19.8 A and c = 24.1 A [Seising e t a l . ,  1975). Leslie e t a l .

(1980) reported the D conformation fo r the follow ing polynucleotides:

(a) Na poly d(AC).poly d ( IT ) ; indexed on a hexagonal la t t ic e  w ith  

a = b = 20.4 A and c = 25.1 A

(b) Na poly d(A IT).poly d(ACT); indexed on a hexagonal la t t ic e  w ith 

a = b = 20.2 A and c = 24.3 A

(c) Na poly d(AIC).poly d(ICT); indexed on a hexagonal la t t ic e  with 

a = b = 20.4 A and c = 24.5 A.

Leslie e t a l.  (1980) prepared one fib re  from Na poly d(AT).poly d(AT) 

fo r which the A conformation was stable over a period o f s ix  months, 

even at very high re la tiv e  humidity (95%). However, they were not able 

to id e n tify  the conditions which favoured the A and D forms although fo r 

one f ib re , which they described as having been made from 'impure syn the tic '

DNA, they observed a D •* A -+ B tra n s itio n  by ra is ing  the re la tive  humidity 

of the f ib re  environment. No ind ication  was given e ith e r  o f the nature 

of the im purities in  the f ib re ,  or o f the qua lity  o f the patterns which 

were obtained.

Gupta, Bansal and Sasisekharan (1980) have recen tly  described a 

survey o f right-handed and left-handed models fo r A, B and D forms o f 

DNA. In p a rticu la r, they cla im  tha t both the r ig h t-  and left-handed models 

which they propose fo r  the D conformation are in  q u a lita tiv e  agreement 

with the observed d if fra c t io n  pattern, the residuals being very s im ila r 

fo r both RH and LH, and very close to the values calculated fo r the r ig h t-  

banded models proposed by A rnott e t a l . (1974b). Drew e t  a l. (1982) 

proposed a new model fo r  D-DNA which is  very d iffe re n t from the e a r lie r
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models. They build  a left-handed he lix  with seven residues per turn 

by incorporating Hoogsteen base-pairs in to  a Z he lix  framework. They 

claim that the X-ray in ten s itie s  calculated from th is  novel left-handed 

D model provide a better f i t  to the D-DNA d iffra c t io n  pattern than do 

in tensities calculated from previously proposed D h e lix  structures 

(Drew et a l. ,  1982).

The main themes o f th is  chapter are:

(a) The humidity and s a lin ity  condition under which the high q ua lity  

c ry s ta llin e  D-form is rou tine ly  observed fo r Na poly d(AT).poly d(AT).

(b) The question o f whether the D-form is  a sevenfold he lix  (as 

proposed by Drew e t a l . ,  1982) or an e ig h t-fo ld  h e lix .

(c) A re-appraisal o f the models previously proposed fo r the D 

conformation and a description o f a left-handed model fo r which 

the calculated d if fra c t io n  is  in substan tia lly  be tte r agreement 

with the observed than tha t calculated fo r any other previously 

published model fo r  D-DNA, whether o f the r ig h t-  or left-handed 

type.

A deta iled  study o f the polymorphism of poly d(AT).poly d(AT) 

w ill be discussed in the fo llow ing chapter.

4.2 Materials and Methods
r

(a) Fibre Preparation

The polynculeotides used in  th is  study were obtained from

Boehringer. Samples were also provided by Dr. J. Brahms of 

the U niversity o f Paris. Fibres were prepared from ethanol 

precip ita ted  polynucleotides or centrifuged gels, as discussed 

in  Chapter 2.

(b) Model Building

I t  Is  not possible to solve the phase problem d ire c t ly  fo r 

fib re  d iffra c tio n  patterns from nucleic acids. The method o f
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analysis used is  to bu ild  a good t r ia l  model from general 

considerations and then to re fine i t  by a deta iled  comparison 

o f the observed and calculated in te n s itie s .

The prelim inary structures, p r io r  to de ta iled  refinement were 

b u ilt  using wire models, which used 'shrunken1 atoms, and a representative 

scale o f 4 cm per A u n it. A va rie ty  o f such models were b u i lt  and 

systematically changed until there was good general agreement between the 

c y lin d r ic a lly  averaged square transform o f the model, and the observed 

in ten s itie s . The best wire model was then used to provide torsion 

angles (see figu re  1) fo r a s ta rtin g  model, which was refined using a 

linked atom leas t squares computer program. This model build ing program 

was o r ig in a lly  w ritte n  by Pigram (1968), and la te r modified by 

Goodwin (1977) and is  b r ie f ly  described in  Chapter 2. The model build ing 

routine also incorporates re levant stereochemical data, such as standard bond 

lengths and angles obtained from single crysta l work on nucleotides.

Standard sugar puckering conformations (Arnott and Hukins,1972a) have been 

used, and as such, the tors ion  angles t^, t-jq have been fixed in  agreement 

with C2-endo sugar puckering. The tw is t and t i l t  (dyad) axes are as shown 

in more de ta il in  figure  1. The ro ta tion  and rise  per residue are shown 

in figure 1 by t1q, ?15 respective ly, and the base displacement from the 

helix axis is  shown as 1D* in  figure
r

During the early stages o f the refinement, only the 'backbone' 

torsion angles were allowed to  vary, but la te r on tw is t ,  t i l t  and base 

displacement were allowed to  vary as a means o f e lim ina ting  bad interbase, 

in tra h e lic a l, and in te r h e lica l contacts. The f in a l model was thus 

optimised in  terms o f agreement with X-ray data, good stereochemistry and 

satisfactory puckering in to  the tetragonal la t t ic e .  Having obtained a 

final model, the structure facto rs and residuals were calculated and 

compared with other published models.



Figure 1 Model Building of the Dinucleotide using the 
•. two-branch method



- 39 -

4.3 Results and Discussions

The fib res  used were estimated to contain a s a lt concentration 

corresponding to about 0.5 Na+ and Ci ions fo r  every phosphate group.

At low re la tive  humidities (33% -+ 66%), the d if fra c t io n  patterns 

obtained showed the A form o f DNA to be predominant, but there was, 

however, evidence o f C-DNA im purity (the presence o f C-DNA was indicated 

by the existence o f a strong meridional re fle c tio n  at 3.3 A; see chapter 6) . 

As the humidity was increased to 75%, a h ighly c ry s ta llin e  A-form d iffra c tio n  

pattern was obtained, and th is  pattern persisted r ig h t up u n t il a re la tive  

humidity o f 98%. However, a fte r prolonged exposure a t 98% RH d iffra c tio n  

patterns were obtained which indicated f i r s t  an A-DNA/8-DNA m ixture, and 

la te r on, h ighly c ry s ta llin e  D-DNA. A fte r fu rth e r exposure a t 98% RH, a 

B-form pattern was observed. However, as the humidity environment o f the 

same fib re  was decreased to  95%, the D-form pattern returned and remained, 

rig h t down to re la tive  humidities as low as 33% (figu re  2 ). I t  is  note

worthy tha t the A-conformation was never recovered, e ithe r by remaking the 

fib re  or by increasing the s a lt  content. I t  thus seems tha t the A-DNA 

to D-DNA tra n s itio n  is  irre ve rs ib le  by any means, and in  agreement with 

previous reports, tha t the D-form is  a p a r tic u la r ly  stable conformation 

of Na poly d(AT).poly d(AT). These observations indicate a marked tendency 

fo r the polynucleotide „to become "locked" in to  the D-form, which thereafter 

appears to be res is tan t to large changes in  the RH o f the environment.

Other fib res  were prepared from the same centrifuged gel, and the 

d iffra c tio n  patterns so obtained indicated A/C mixture (see detailed 

discussion in  Chapter 6 ) as above. However, in  contradiction to  e a r lie r 

reports by Davies e t a l.  (1963) th is  conformational mixture remained, 

even a fte r several months a t room humidity. Davies e t a l. (1963) had 

claimed tha t the A-form obtained from th is  polynucleotide changed from 

A to D conformation w ith in  a few days. The tra n s itio n s  observed from a ll
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fibres prepared subsequently from th is  material showed 100% re p ro du c ib ility  

when the fib res were treated in  the same way even when they were several 

months old.

When the s a lt  concentration was increased s lig h t ly ,  and the 

same sequence o f the humidities used, a sem i-crysta lline  B-DNA pattern 

was obtained a fte r the A/B mixture (instead o f the D-form).

The above experimental observations o f fib res  prepared from 

Na poly d(AT).poly d(AT) at low s a lt concentrations lead one to two 

s ign ifican t conclusions

( i)  Induction o f the A -> B tra n s itio n  is  very d i f f i c u l t  a t low s a lt  

concentrations. However, an intermediate A/B mixture is  

obtained when a fib re  is  maintained a t high re la tive  humidity 

fo r a prolonged period. Then the D-form was obtained before 

semi-crystal 1ine B form.

( i i )  At s lig h t ly  higher s a lt  conditions the B-form is  obtained (w ithout 

d i f f ic u l ty )  upon increase o f re la tiv e  humidity.

A major question re la tin g  to the structure o f D-DNA, as pointed 

out e a r lie r, is  tha t o f  whether the molecular contains seven or e ight base 

pairs per fu l l  turn o f  the h e lix . Evidence obtained in  th is  study shows, 

for the f i r s t  time, th a t the e ig h t-fo ld  structure  is  to be preferred. By 

suitable t i l t in g  of thé  f ib re , an eighth layer lin e  meridional re fle c tion  

was clearly  d istinguished from the neighbouring re fle c tio n  (108) (figu re  

3). Evidence supporting th is  comes from M itsui e t a l. (1970), and Arnott 

et a l. (1974b). M itsu i et a l.  (1970) studied D-DNA from Na poly d (IC ).

Poly d(IC). Arnott e t  a l. (1974b) studied D-DNA from Na poly d(AT).poly d(AT). 

Both authors favoured an e ig h t-fo ld  helica l structure w ith strong seventh 

layerline re flec tions accouted fo r  by h igh ly t i l t e d  bases. A recent model 

proposed by Drew et a l .  (1982) shows a seven fo ld  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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the ir contentions.

In th is  study, d iffra c tio n  from t i l t e d  fib res  shows c le a rly  that 

there is no meridional re fle c tio n  on the seventh laye rline  (figu re  4 ), and 

that i t  is  the 107 and 117 re flections which have been mistakenly taken fo r 

meridionals from less oriented poor qua lity  d if fra c t io n  patterns (these 

reflections are well resolved on weakly exposed patterns, and on the under- 

films o f normally exposed pictures (figu re  4 )) . These considerations thus 

contradict the proposal o f Drew et a l.  (1982).

The D-form d iffra c tio n  pattern shown in  figure 4 was measured up, 

and the he lica l parameters and un it ce ll dimensions determined. The pitch 

and the base separation are 24.1 A and 3.01 A respective ly . The u n it ce ll 

parameters are given by a = b = 17.1 A, c -  24.1 A. The calculated and 

observed p values along w ith the RMS deviation in  p, are shown in  table 1.

The pitch and the u n it ce ll parameters are somewhat less than those previously 

published in A rnott et a l.  (1974b).

Fibres prepared from Na poly d (IC ).po ly  d( IC) gave D form d if fra c t io n  

patterns (figu re  5) up to 92% RH; i t  was noted tha t the c ry s ta l l in i ty  o f these 

fibres was improved by thermal annealing. Although as pointed out by Arnott 

et a l. (1974b) the D patterns obtained from Na poly d(AT).poly d(AT) and 

Na poly d (IC ).po ly  d(IC) are s im ila r, i t  is  important to emphasise tha t there 

are differences evident from a visual inspection . The 102 re fle c tio n  is  

essentially absent or very weak in  Na poly d(AT).poly d(AT), and the 112 is  o f 

intermediate strength; the reverse is  true fo r  poly d(IC ).po ly  d(IC) patterns. 

These s tr ik in g  d ifferences, which are quite reproducibly observed, occur in  a 

region o f the d if fra c t io n  pattern fo r which the molecular transform can be 

expected to be c y lin d irc a lly  symmetrical. I t  i s  thus not possible to a ttr ib u te  

them e ither to differences in  molecular o rie n ta tio n  w ith in  the u n it c e ll,  or to 

differences in la t t ic e  parameters. I t  seems possible tha t these anomalies 

roay occur as a re s u lt o f d iffe re n t d is tr ib u tio n  o f ions in  the two 

molecular species. I t  is  un like ly  tha t



"T ab le  1

Observed and 

RH = 75%

calculated p-values fo r the D-rpattern Tn ftgure  4

a = b = 17.1 A c =

h k l P0(A - 'i PC(A '’ )
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 s tru c tu ra l d ifference between the two polynucleotides.

In the l ig h t  o f these d iffe rences, i t  was thought preferable to  study 

models based around d if f ra c t io n  data obtained from Na poly d(AT).poly d(AT).

Despite the fa c t  that Arnott e t a l.  (1974b) claim as good an 

agreement between observed and calculated d if fra c t io n  fo r D-DNA as has been 

obtained fo r other nucleotide s tructures, there are a number o f ways in 

which th e ir  D-DNA model is  in fe r io r  ( in  terms o f agreement) to the best 

models proposed fo r c ry s ta llin e  A and B-DNA. This is  i l lu s tra te d  in  figu re  6 , 

where the calculated d if f ra c t io n  is  shown along w ith the observed. I t  

should be noted tha t, as a resu lt o f the fa c t tha t Arnott e t a l . (1974b) 

did not observe a number o f  re fle c tio n s , most im portantly (102), (113) 

and (105) re flections (as in  figure 5 ), the table comparing the observed 

and calculated structure factors (Arnott et a l . ,  1974b) is  now revealed 

to have a number o f major discrepancies. The stereochemistry o f A rnott's  

model is  sa tis fac to ry , w ith  the exception o f the one short contact o f

2.4 A between deoxyribose C£ and phosphate 0^.

Both the left-handed and right-handed models proposed fo r the 

D-form Gupta e t a l . (1980) give poor agreement between observed and 

calculated d iffra c tio n  (f ig u re  7) and w h ils t the intram olecular stereo

chemistry is  acceptable, the molecular model ends up in serious in te r

helical contact trouble v/hen one attempts to pack the molecule in to  the
r

observed tetragonal la t t ic e .

The problems and discrepancies outlined above re la tin g  to the 

various proposed models are o f p a rticu la r concern since a ll threemodels 

were obtained using sophisticated refinement procedures, and might therefore 

have been expected to y ie ld  s lig h t ly  be tte r models. The question arises, 

in passing, as to whether problems have arisen as a re su lt o f the in t r in s ic  

nature o f the models, o r technique used to re fine  them.

I t  was, thus thought very important to have a fresh look a t the 

X-ray data and investiga te  a new unbiased analysis. F irs t ly ,  i t  is  clear
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from figure 3 and figure  4 and previous discussion, th a t the D-form o f 

the DMA is an e ig h t-fo ld  h e lix  having a pitch o f 24.1 A. Secondly, since 

D-DNA has only been observed fo r DMA polymers contain ing exclusively A/T 

or I/C base pa irs, i t  seems un like ly  tha t the base p a ir in g  should be any 

other than the Watson-Crick type. Non Watson-Crick p a irin g  would require 

protonation o f cytosine N̂  in  order to establish e ffe c tiv e  hydrogen bonding. 

Mitsui et a l . (1970), in  order to ju s t i fy  th e ir  use o f Watson-Crick base

pairing, prepared fib res  o f Na poly d(IC ).poly d( IC) in  d if fe r in g  pH 

conditions. The fib res  i n i t i a l l y  used in  th is  study were prepared from an 

alochol p recip ita ted m a te ria l. They were rewetted w ith  d is t i l le d  water 

(pH-6) and d if fra c t io n  patterns taken. They also took X-ray pictures of 

fibres prepared by p re c ip ita tio n  from two other so lu tions (0.01 M sodium 

phosphate buffe r o f pH 7 .2 , and 0.001 M tris-m aleate b u ffe r o f pH 8 .2 ).

The d iffra c tio n  patterns thus obtained, showed tha t although the fib res  were 

not as c rys ta llin e  and not as well oriented as previous samples, they gave 

essentially the same patte rn . I t  therefore seems h ig h ly  un like ly  tha t 

the bases in th is  polymer are protonated at pH 8.2. On the basis o f th is  

argument, the Watson-Crick base pairing is  much favoured to the Hoogsteen 

base-pairing as used by Drew e t a l . (1982).

Having thus established very fundamental features o f D-DNA, the 

analysis then proceeded to the stage o f formulating a pre lim inary model,
r

bearing in  mind tha t the main contributions the molecular transform would 

be from the phosphate and bases. The sugar atoms have a much weaker 

contribution.

The d iffra c tio n  pattern o f D-DNA (figu re  3 and figure 4) shows a 

very strong 100 re f le c tio n , ind icating tha t i t  fa l ls  on the p rinc ip le  

maximum of the transform, ra ther than on the 1st subsid iary maximum. At 

the same time a re la tive  weakness o f the subsidiary maximum is  suggested 

by the fact tha t the 110, 200 and 210 re flections are a l l  absent. This
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transform p ro file  implies tha t the molecular structure is  more o f a solid 

cylinder type (as in  B-DNA) than a 'ho llow ' cylinder type (as in  A-DNA) 

and that the bases are quite close to the he lix  axis.

The next observed equatorial re flec tions are the 310 and the 

300 re fle c tio n s ; these are both f a i r ly  strong as a re s u lt o f contribution 

from the Jg Bessel function component (the selection ru le  is  n = l  -  8m 

m = +1 im p lies along the equator n = ±3). The phase term associated 

with th is  is  ( t e  -  n<t>) (fo llow ing equation 27 in  Chapter 3) reducing to 

n<(> fo r a = 0 on the equator. Thus, fo r strong phosphate contribution in 

this region, one would expect 8$ to be o f the order o f 360°, suggesting a 

phosphate phase angle o f 45°.

The phosphate radius was eas ily  fixed by adjusting the molecular 

transform to  f i t  the equatorial re fle c tio n s . A number o f d iffe re n t t r ia l  

models were constructed with phosphate ra d ii ranging from 7.5 A to 9.5 A 

(^ 0.5 A steps). The best f i t  was obtained fo r a phosphate radius o f

8.5 A.

The approximate azimuthal height o f the phosphate, Zph, was chosen 

by adjusting the transform to f i t  the lower layer lin e  re fle c tion s . The 

selection ru le  fo r an in tegra l h e lix  is  n = i  - Nm. For an e igh t-fo ld  

D-DNA molecule, th is  reduces to n = i  -  3m. For lower layer lin e s , the 

dominant Bessel functions are going to be given by the above equation. Thus 

when m =0, n = i .  For a left-handed h e lix , the phase term is  ( l e  + ni)>)

(for right-handed he lix  (i.e - n<}>) ) ,  but since n=n fo r m=0, th is  then 

becomes *(e + <|>), where e = 2nZ/ c -

The observed d if fra c t io n  shows a strong 1st layer lin e  in 

comparison to the 2nd and 3rd, very much lik e  the d iffra c tio n  exnected from 

a single stranded he lica l molecule. The inference is  tha t the two chains 

are fa ir ly  close together. This is  shown schematically in figure  8 .
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24.0 A
o

Figure 8

On the 1st layerline, the 101 reflection is strong whereas the 111 is 

absent. On 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 +' <j>) is 'v 160°. This will give a negative base contribution 

and tend to cause some cancellation of the phosphate component in the same 

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-lt. From the helical selection rule and the 

transform equations, the phase term for base contribution is (te + n<f>) 

i-e. for strong 7th layer line, 7© — should be approximately zero (this 

is for a left-handed helix). Thus 7e -  <j> = 0, and the expected tilt can 

then be calculated: e.g. for $ -v 80°:

e =
c

ce 24 x — - = . .24 X 11 = 0.7 A
360 360
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Therefore the t i l t  = tan

During the prelim inary molecular model bu ild ing , i t  was noted 

that t i l t i n g  o f the bases affected the pos ition  o f the phosphate. In 

order to a tta in  the required t i l t  and maintain the phosphate pos ition , i t  

was found necessary to tw is t the bases. Base tw is ting  has a very much 

smaller e ffe c t on the transform than does t i l t in g ,  and as such, was not 

only used to restore and maintain phosphate pos ition , but was also found 

valuable in  e lim inating  short in tra h e lic a l contacts in  the f in a l stages 

of model bu ild ing .

By applying these considerations to the D-DNA model, several t r ia l  

models were b u i l t  and adjusted to obtain the best f i t  to the X-ray data.

Once th is  had been achieved, the models were refined to optimise the 

stereochemistry ( i.e .  to remove the bad in te r -  and in tra -h e lic a l contacts). 

The results o f the analysis has led to the derivation  o f the left-handed 

model fo r the D-form in  which the agreement with the X-ray data is 

s ig n ifica n tly  better than tha t o f the best right-handed model proposed 

by Arnott e t a l.  (1974b), and subs tan tia lly  bette r than that o f e ithe r the 

righ t- or left-handed models proposed by Gupta et a l.  (1980). I t  has not 

proved possible to bu ild  a right-handed model which gives be tte r agreement 

with the observed data than that proposed by Arnott e t a l. (1974b). The 

calculated d if fra c t io n  of a l l  four models is  compared with the observed 

d iffrac tio n  in  figure  5 and figure 7. The structure factors have been 

calculated fo r  the left-handed model proposed here as a function o f the 

orientation o f the molecule in  the u n it c e l l .  From these calculations the 

best agreement between observed and calculated structure factors is  the 

dyad axis is  a t an angle o f 15° to the u n it  ce ll 'a ' axis. In order to make 

as meaningful a comparison as possible o f  the four models, a ll calculations 

used the atomic scattering facto rs , temperature fa c to r and the scaling 

procedure employed by Arnott et a l.  (1974b). The structure factors o f these
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four models are tabulated in  table 2. The residuals fo r the left-handed 

model developed here, the right-handed model proposed by Arnott e t a l .

(1974b), and r ig h t-  and left-handed models proposed by Gupta e t a l . (1980) 

are respectively 29%, 33%, 32% and 35%. Atomic co-ordinates o f the model 

proposed here are shown in  table 3. The torsion angles fo r the four 

models are tabulated in  table 4. The base-pairs l ie  close to the he lix  

axis and have t i l t  and tw is t o f -6° and 8.5° respective ly. The adenine 

and thymine nucleotides have iden tica l conformations with an a n ti-o rien ta tion  

about the glycosidic l in k  and a C2~endo pucker of the sugar r in g . The 

stereochemistry o f the model is  sa tis fa c to ry , with no in tra -  or in te r -  

molecular non-bonded interatom ic contacts more than 0.4 A less than 

standard van der Waals distances. The preferred molecular o rien ta tion  

from an analysis o f contacts between atoms in neighbouring molecules 

coincides with that determined from an analysis o f X-ray data.

The fac t th a t a left-handed model fo r the D-pattern o f Na 

poly d(AT).poly d(AT) can be constructed, having sa tis fac to ry  intra-m olecular 

and inter-molecular stereochemistry, and being in  be tte r agreement with the 

X-ray data than the cu rre n tly  accepted right-handed model fo r th is  

structure raises a number o f issues o f major conformational and b io log ica l 

importance fo r the ro le  o f regions o f DNA containing a lte rna ting  adenine, 

thymine sequences. While there is  no great d i f f ic u l ty  in  v isua lis ing
r

transitions w ith in  orientated fib res  between conformations o f two-stranded 

polynucleotides o f the same he lix  sense, there are d if f ic u l t ie s  in  such 

visualisation when the tra n s itio n  is  between a right-handed and le f t -  

handed form or vice versa. However, encouragement o f the consideration 

of such a p o s s ib ility  comes from the observation tha t the oligonucleotides 

d(CpGCpCpG)2 (Wang e t a l . ,  1979) and d(CpGpCpG) (Drew e t a l . ,  1980) both 

crysta llise  as two stranded complexes w ith a left-handed he lica l conformation. 

Arnott et a l. (1980) reported tha t a structure  very s im ila r to tha t
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TABLE 3

C ylindrica l Polar Coordinates fo r  the Proposed 
Left-Handed D-DNA Model

The dyad axis re la tin g  to the two nucleotides w ith in  a base- 
pa ir is  a t ( r , 0,0)

Atom r(A ) <K°) Z(A )

ADÔ 7.59 38.0 0.65
AD0£ 9.17 37.9 -1.30
ADO* 10.00 42.2 0.95
ADP' 8.90 42.3 -0.03
ADO] 8.62 52.5 -0.33
ADC5 7.48 72.0 -2.55
ADC’ 7.80 67.0 -1.23
ADO5 7.02 71.8 - 0.20
ADC£ 6.24 52.8 -0.72
ADC- 7.63 55.9 -1.25
ADC] 5.98 63.7 0.19

THN1 4.74 27.1 3.32
THC2 3.56 17.3 3.15
TH02 3.84 - 0.8 2.93
THN3 2.43 32.3 3.23
THC4 2.91 60.0 3.47
TH04 2.65 85.3 3.53
THC5 4.32 56.8 3.64
THME 5.27 70.3 3.90
THC6 5.04 42.6 3.56
ADN9 - 4.71 72.0 0.28
ADC8 4.84 88.2 0.51
ADC4 3.44 65.1 0.14
ADN3 3.42 42.7 - 0.11
ADC2 2.40 26,6 -0.18
ADN1 1.07 29.2 -0.06
ADC6 1.35 94.8 0.19
ADN6 1.58 148.3 0.32
ADC5 2.74 87.1 0.29
ADN7 3.88 99.7 0.53



P
r

e
s

e
n

t 
m

o
d

e
l 

L
H CO

CO 6
4

OsJ 2
4

7

1

2
0

1

1
5

3

2
0

5

« 3

4->
<D ^ LO LO CO LO OJ *3-

O J r— LO LO CO LO 1
03 — 1 O J OJ O J i— r—

-M
o _
3

CD

H3

4->
< D  - r - CO cr» OJ LO r— OJ

o o o LO LO r"N
fO O J OsJ CO f— r—

4-5
Q -
3

CD

_
03

4->
<D f— o 0 0 0 0 O'» LO O J

__ LO O ') o LO LO c o

S « ■“ OsJ O J O J

o
c
s -

c

a» CO COr— c . LO LO O o C J
c n 1 o C J C J 1 1 i
c — 1 1 1 — — —

c CO — — — CO o »
o CL LO LO C J C J z

c 1 1 o C J 1 1 i
o — — 1 1 — — —

• r - CO CO — — LO f—
CO c j o CL LO C J C J C J
s- 1 » 1 o 1 1

1— CO CO J LO LO
C J C J o Q- O C J o



- 48 -

?
observed in crysta ls o f d(CpG(pCpG) ) could, i f  extended to a two- 

stranded polynucleotide, account fo r  a d iffra c tio n  pattern observed 

from Na poly d(GC).poly d(GC) which was then designated as S. They also 

observed a tra ns ition  w ith in  oriented fib res from the B-form (assumed to 

be right-handed) to the S-form.

The left-handed D-conformation described here d if fe rs  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 he lix  o f e ith e r the DNA A or B 

type to th is left-handed D conformation could occur by a simple m odification 

of the conformation as proposed by Wang e t a l.  (1979) fo r  the B to Z 

trans ition . This would require every base-pair to ro ta te  through 180° 

about a line  para lle l to the lin e  jo in ing  N-j thymine to Ng adenine, coupled 

with changes in  the re la t iv e  position ing o f base pairs about the he lix  axis.

F ina lly , i t  is  important to emphasise tha t the above discussion does 

not claim to prove conclusively tha t the D conformation is  a left-handed 

helix. However, i t  does show tha t a sa tis fac to ry  left-handed model can be 

proposed which is  in  b e tte r agreement with the observed d if fra c t io n  than 

the hitherto accepted right-handed models.



CHAPTER 5

Polymorphism o f Poly d(AT).Poly d(AT)

5.1 Introduction

The synthetic polynucleotide poly d(AT).poly d(AT) is  o f 

fundamental in te re s t in  studies which aim to elucidate the re la tionship  

between nucleic acid structure and function. In p a rticu la r A-T rich  

regions in DNA double-helices have been c ited  as centres fo r the control 

of transcrip tion  o f genetic information. Davies and Baldwin (1963) 

observed that the sodium s a lt o f poly d(AT).poly d(AT) could assume not 

only the c ry s ta llin e  A and semi-crystal 1ine B forms observed fo r na tu ra lly  

occurring NaDNAs (F u lle r e t a l . ,  1965, Langridge, e t a l . ,  1960b, Arnott 

et a l. ,  1972b, 1973), but also a new conformation which was designated as 

D. These authors also studied Li poly d(AT).poly d(AT) fo r which they 

observed c ry s ta llin e  B patterns, but not the sem i-crysta lline C patterns 

observed fo r na tu ra lly  occurring LiDNAs (Marvin et a l . ,  1961).

Furthermore, these authors reported that fib res  o f the potassium 

and rubidium sa lts  o f DNA, which ex is t in  a sem i-crysta lline B form a t high 

relative humidites, e xh ib it transformation in to  a c rys ta llin e  A form when 

the humidity is  reduced to 75% (Franklin and Gosling, 1953b). Thevclaimed 

that the A form patterns (from certain NadAT fib res) contain l i t t l e  in ten s ity  

on the meridian a t 3.4 A suggesting tha t the material contains only a very 

small amount o f B form structure . Further they reported these fib res 

remained in the A conformation even a t 98% re la tive  humidity.

For NĤ  poly d(AT).poly d(AT) Davies e t a l . ,  (1963) observed a 

semi-crystal lin e  C conformation and D conformation, and reported the 

aPpearance o f in te n s ity  near the meridian o f th ird  and fourth layerlines.
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Arnott e t a l . (1974b) reported tha t the D form was observed under 

conditions which would have favoured the A-form o f natural CNAs.

Leslie et a l . (1980) d id however prepare one fib re  fo r  which the A 

conformation was stable over a period o f s ix  months even at very high 

relative humidity (95%). However, they were not able to  id e n tify  the 

conditions which favoured the A and D forms, although fo r  one f ib re  which 

they described as 'impure synthetic DNA',  they observed the D -+ A -> B 

transition by ra is ing  the re la tive  humidity o f the f ib re  environment.

No indication was given o f the nature o f the im purities in the f ib re  nor 

of the q ua lity  o f the patterns which were obtained.

In th is  chapter, a study o f the polymorphism o f poly d(AT), 

poly d(AT) in  the presence o f LiCd, NaCfc, KF, RbCi. and CsF and varying 

conditions o f humidity is  described.

5.2 ria te ria ls  and Methods

The poly d(AT).poly d(AT) material p recip ita ted  from d iffe re n t 

salt solutions (L iC t, NaCj,, KF and CsF) was provided by Dr. J. Brahms of 

the University o f 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 ton ic  content o f the 

fibre. Therefore, preparative procedures were used which allowed the s a lt 

concentration o f the f ib fe  to be system atically varied. While the sa lt 

content o f the so lu tion o f the polynucleotide is  re a d ily  varied by d ia lys is , 

i t  is more d i f f i c u l t  to control the level o f sa lt in  p recip ita ted  material 

since there is  v a r ia b i l i ty  in  the amount o f sa lt which is  "brought down" with 

polynucleotide. The process o f centrifugation was thought to a llow  more 

quantitative control over the s a lt associated with the extracted m ateria l, 

for both p re c ip ita tio n  and centrifugation  the y ie ld  o f polynucleotide decreased 

as the ion ic  strength o f the o rig ina l solution is  reduced. In th is  study



-  51

the poly d(AT).poly d(AT), in i t ia l ly  precip ita ted  from 0.1 M (or less) 

salt so lu tions, was centrifuged a t 50,000 r.p.m. from s a lt solutions 

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

on the supernatant i t  was possible to estimate the amount o f s a lt  per 

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

like ly  to be considerable uncertainties in  these estimates mainly because 

of non-uniformity in  the d is tr ib u tio n  of s a lt  in the gel and p rec ip ita te . 

Nevertheless, despite these reservations, th is  study and a recent para lle l 

study on natural DNAs (see Chapter 9) represents a much more extensive 

systematic analysis o f the e ffec t o f s a lt on the polynucleotide conformation 

than has been h itherto  reported (with the exception o f studies in which 

very much la rg e r amounts o f material were availab le than is  normally 

the case fo r  synthetic polynucleotides (Cooper and Hamilton, 1966). X-ray 

fibre d if fra c t io n  patterns were recorded over a range o f re la tive  humidities 

from 0% to 98%.

5.3 Results and Discussion

In th is  section the X-ray fib re  d if fra c t io n  patterns obtained from 

the polynucleotide in  the presence o f various 'excess' ions are described 

and discussed.

r

5,3.1 Fibres which contained L i*  and C i~

Fibres prepared from low s a lt LiCj, p rec ip ita te  or centrifuged gel 

gave a sem i-crysta lline  C-form d iffra c tio n  pattern (Marvin e t a l . ,  1961) up 

to 92% re la tiv e  humidity (Figure 1). The sem i-crysta lline  B-form was then 

obtained a t 98% re la tive  hum idities. These d if fra c t io n  patterns are very 

similar to those observed from natural DNAs. A new fib re  was made by adding 

small amounts o f LiCi. so lu tion 10 y«, o f 0.02 M LiCn) to these fib res , 

these fib res  gave a "D-type" conformation (Figure 2) up to 92% re la tive  

humidities. The d if fra c t io n  pattern was h ighly c ry s ta llin e  and fa ir ly



I

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 re fle c tio n  (1) and the near meridional 

reflection (2) appear to be "D -like " (see Figure 2, Chapter 4 ). However, 

apart from above s im ila r it ie s  to the D pattern the overall in te n s ity  

d is tribution  o f th is  pattern is  quite d is t in c t from D-DNA. P a rticu la rly  

the set o f re flec tions (3) and (4) are uncharacteristic of the D 

conformation. The set o f re flec tions (3) are not from the same laye rline , 

but probably from two d iffe re n t la ye rlin e s . S im ila r ly , the set of 

reflections (4) is  probably from three d iffe re n t laye rlines . These observations 

strongly suggest that the d iffra c tio n  pattern on figure  (2) indicates a 

non-integral h e lix  s im ila r to the 'D-type' structure . The re flec tions 

(5) and (6 ) in  the d iffra c tio n  pattern (Figure 2) show s im ila r it ie s  to 

patterns described by Davies e t a l.  (1963) fo r NH^dAT. Their D-pattern 

reported fo r NĤ dAT is  o f poor q u a lity , and is  very d i f f i c u l t  to compare 

with the pattern in  figure  2. However, in  th e ir  description o f the D-form 

of NĤ dAT, they reported an unusual feature in  tha t there was a near 

meridional re fle c tio n  between the th ird  and fourth laye rlines . This is 

sim ilar to the re flections (5) and (6 ) in  figure 2. Figure 2 thus bears 

a greater s im ila r ity  to the ammonium patterns than i t  does to the sodium 

patterns o f Arnott et a l . (1974). In the present work on NadAT a very 

similar pattern to figure 2 was observed (figure  3 ). The d e ta il o f th is  

work w il l be discussed la te r  in  the chapter. I t  is  most l ik e ly  tha t the
r

pattern reported by Davies et a l . (1963) fo r NadAT (Plate IX, Davies, e t a l.

1963) is  very s im ila r to tha t seen in  figure  3. Even though the q ua lity  o f 

the pattern reported by Davies e t a l . (1963) fo r NadAT is  poor, the set o f 

reflections (3) can easily  be id e n tif ie d  in  the Plate IX o f th e ir  report.

This set o f re flec tions is  not observed in the D-pattern reported by Arnott 

et  al. (1974b) nor in those presently described fo r  NadAT (see Chapter 4). 

However, since the pattern on the Plate IX (Davies, e t a l . ,  1963) is  o f poor 

pualtiy, i t  is  d i f f ic u l t  to come to a firm  conclusion whether th e ir  pattern 

is the D-form or the "D-type” form.
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The strong region (2) is  resolved in  weakly exposed t i l t e d  

fibres as the (10) and ( 11) re flec tions ra ther than a meridional (00).

The re flection  M is most probably the meridional re fle c tion  corresponding 

to the one seen in D-DNA. Preliminary measurements showed tha t th is  is  

a non-integral he lix , but is  close to being an e igh t-fo ld  h e lix . The 

spacing of the meridional re fle c tio n  M is 3.04 A. The laye rline  spacing

of the re flection  (1) is  23.5 A. Therefore, the number o f turns is
23 5

- 04 = 7-7* Tfie he lix  was thus determined to have 233 symmetry,

and the re flec tion  A indexed as (103). The re fle c tio n  (5) and (6 ) are 

meridional re flec tions on the 8th and 12th layerlines respective ly.

Similar meridional re fle c tio n s  are seen on even layerlines in  d if fra c t io n  

patterns from th is  sequence. From the p values o f the equatorial 

reflection the un it c e ll was decided to be tetragonal. The p values 

were used to re fine the u n it ce ll parameters. The calculated and observed 

values are given in tab le  (1). The un it c e ll parameters are a = 16.9 A, 

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

In conclusion the d if fra c t io n  pattern o f figure  2 indicates a 233 

helix with a 69.9 A p itc h . These parameters are very close to those 

obtained for the D-conformation. Neither th is  pattern, nor any D-patterns 

have been reported fo r L i poly d(AT).poly d(AT) previously.

Further increases in  the s a lt  content o f the above figures gave 

a pattern which was found to be very s im ila r to the pattern in  figu re  2 

at low re la tive  hum idities. However, the re fle c tio n  (1) is  weak (see 

figure 2) compared to the equatorial re fle c tio n  (100) from th is  d if fra c t io n  

pattern (s im ila r observations were noted in the d iffra c tio n  photographs 

obtained from Na poly d (IC ).po ly  d(IC) fib res (see Chapter 4, figu re  5 )).

At higher humidities ( i . e .  above 92%) a sem i-crysta lline  B pattern was 

obtained. Further additions o f s a lt  to th is  fib re  gave a sem i-crysta lline  

B-form even at lower hum idities. 'Medium' s a lt  fib res gave a c ry s ta llin e



Table 1

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

RH = 92% 16.9 A 69.9 A

h k a ■>„<» ' ' I 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
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B form (figure  4) a t 92% re la tive  humidity. The c ry s ta llin e  B-pattern 

was very s im ila r to the c rys ta llin e  B-form o f Li DNA. The 8 pattern 

obtained at 98% re la tiv e  humidity was a semi-crystal 1 ine B-form (figu re  

5). The detailed analysis o f the crys ta lline  B pattern is in  progress 

in this laboratory.

5.3.2 Fibres which contained Na+ and Cz~

The general method o f preparation and estimation o f Na+ C jf 

ions per phosphate in  the fibres is  described in Chapter 2.

Very low s a lt  fibres prepared from centrifuged gel ( ty p ic a lly  

containing less than 0.2 Na+, C jf ions per P04) gave the C conformation 

(figure 6) at lower re la tive  humidities ( ty p ic a lly  up to 75% or 95%), 

above which they changed reversib ly in to  the 3-form. Fibres containing 

s ligh tly  higher than 0.2 Na+ + C l  per P04 gave a C pattern a t lower 

relative humidities ( ty p ic a lly  from 33% to 92%). At higher humidities 

(typ ica lly  95%) these fib res gave an A-form and then a c rys ta llin e  B-form 

(figure 7). Further hum idification o f these fib res gave the semi- 

crysta lline B-form a t 98% re la tive  humidity. However, some o f these fib res 

did not give an A-form, but the following sequence o f conformations:

C form -*• c ry s ta llin e  B-form -*■ sem i-crysta lline  B-form
r

All these trans itions  were reversible with respect to  re la tive  humidity.

This is the f i r s t  time the c rys ta lline  B-form has been observed in fib res 

of Na poly d(AT).poly d(AT) -  the only other report was published by 

Leslie et a l. (1980) fo r  fibres obtained from poly d(AC).poly d(GT). The 

Packing of the c ry s ta llin e  B-form fo r Na poly d(AT).poly d(AT) appears to 

he d ifferent from c ry s ta llin e  B-forms o f Li DNA. Further analysis o f th is  

Pattern is in  progress in our laboratory. Fibres estimated to contain 

ab°ut 0.6 Na+ and Ci ~  pairs per P04 gave an A pattern a t low re la tive



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

r — * ^

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





-  55

humidities (ty p ic a lly  from 33% to 75%), but such patterns did show 

evidence o f the C conformation. At higher re la tive  humidities ( ty p ic a lly  

86% to 95%), patterns showed a mixture o f the A and B forms (figu re  8 ).

In these patterns, the two components o f the mixture are both very much 

more c lea rly  defined w ith in  the one d if fra c t io n  pattern than has been 

reported previously. The B component on these patterns is  somewhat 

d iffe re n t from the B form observed from c a lf thymus DNA. The base 

separation or rise  per nucleotide, the pitch and the inter-m olecular 

separation are 3.28 A, 32.8 A, 24.2 A respective ly. These parameters 

are very s im ila r to those o f B'-DNA which was reported fo r the homopolymer 

poly (dA).poly (dT) (Arnott et a l . ,  1974a and th is  work (Chapter 10)).

Prolonged exposure a t higher re la tive  humidities (typ ica lly  

95%) resulted in  the polynucleotide undergoing a tra n s itio n  to the D-form. 

Exposure at humidities (98%) resulted in  a tra n s itio n  from the D-form to 

the B-form. Reduction o f the re la tive  humidity below 98% resulted in a 

reversion to the D-form which then persisted even when the re la tive  

humidity was reduced to 33%. Other fib res  with concentrations o f NaCx. 

in th is  range assumed the D-form over a period o f a few months without 

being exposed to high humidities. For fib res estimated as containing rather 

smaller amounts o f NaCi. ( ty p ic a lly  0.4 Na+ and CjT  ions per PÔ ) the 

sequence o f trans itions 9s a function o f re la tive  humidity was rather 

s im ila r, except that a t low re la tive  humidities the pattern obtained was 

a mixture of A and C types (figure  9a) which then changed to an A pattern 

(figure 9b) at re la tive  humidities in  the range o f 66% to 75%. A tra ns ition  

from an A pattern to a mixture o f A and B patterns also occurred at rather 

higher re la tive  humidities. As stated, a t lower humidities ( ty p ic a lly  33% 

to 57%) an A/C mixture type d if fra c t io n  pattern was obtained (figure  10) 

from low sa lt fib re s . The d if fra c t io n  photographs were thought to ind icate 

two 'phases' (A and C in roughly equal amounts w ith in  the f ib re , see
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Chpater 6 ). The re la tive  'concentration ' o f the A-form was seen to 

increase (a t the expense o f the C-form) as the s a lt concentration was 

increased. The e ffe c t is  c lear when one compares figure 10 (low sa lt) 

to figure 9a (s l ig h t ly  higher s a lt ) .

One o f the fib res prepared from low sa lt concentrations (just 

above 0.3 Na+, C«T per PÔ ) gave very in teresting  conformational changes 

with re la tive  humidity. The C-form d iffra c tio n  (figu re  11a) pattern 

was observed a t 33% re la tive  humidity. This pattern indicates a pitch 

of 31.0 A, and the innermost region o f the f i r s t  la ye rline  is weak as 

expected fo r the C-conformation. As the re la tive  humidity o f the 

environment was increased, a continuous reduction in the pitch o f the he lix  

was noticed, along with a simultaneous increase in  the in te n s ity  o f the f i r s t  

layerline re fle c tio n . At 92% re la tive  humidity the p itch  o f the pattern 

is 26.5 A (fig u re  l ib ) ,  and the pattern is  sem i-crysta lline . The next 

exposure at 98% re la tive  humidity gave a d iffra c tio n  pattern ind icating an 

A/B mixture (s im ila r to figu re  8 ). A well oriented and h ighly c rys ta llin e  

D-form was obtained in the very next exposure at 95% re la tiv e  humidity 

(see figure 4, Chapter 4). The fib re  remained in the D-form even when the 

relative humidity was reduced from 92% to 33%. The d iffra c tio n  pattern 

of figure l ib  shows yet another morphological s tra in  associated with 

poly d(AT).poly d(AT) fib re s . I t  is  very closely re lated to the C or D
r

conformations, although the information provided by th is  pattern does 

not afford a c lea r c la ss ific a tio n  o f the conformation. A s im ila r pattern 

to figure 8 was also obtained by Dr. N.J. Rhodes in  th is  laboratory 

(figure 12) fo r  Na poly d(AT).poly d(AT) at 98% re la tive  humidity. However, 

this pattern has much more d e ta il than the previous pattern (figu re  8) 

and simultaneously shows the presence o f the A, B and B' conformations 

reference to the equator o f th is  pattern shows re fle c tions  indicating 

spacings o f 21.5 A (characte ris tic  o f B'-DNA), and o f 24.6 A (characte ris tic
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of B-DNA). The next exposure obtained from th is  fib re  (SP16) a t 

98% re la tive  humidity gave a sem i-crysta lline  B-form. The equatorial 

spacing on th is  pattern is  25.7 A. When the re la tive  humidity o f the 

fibre was reduced to 95% a well characterised B '-pattern was obtained 

(figure 13). Reduction o f the re la tive  humidity to 92% gave an A/B 

mixture d if fra c t io n  pattern very s im ila r to the pattern in fig u re  8. In 

the following exposure an A pattern was obtained at the same re la tiv e  

humidity. This f ib re  stayed in  the A conformation even a fte r a few 

months. The fib re  was lo s t during rewetting. No D-form was observed 

from the above f ib re  (th is  material was precip ita ted by ethanol from

0.1 M NaCt so lu tion ). Another f ib re  was prepared from material which 

was dialysised against 10 4 M NaCi, so lu tion. A D-pattern was obtained 

from th is fib re  (SP14) a fte r a few months. Therefore, i t  is  reasonable 

to say that the A-form is  stable in  the s a lt conditions which prevailed 

for the fib re  SP16.

I t  is  thought possible that the A-form changed to the D-form 

in the fib re  SP14 because the amount o f s a lt was reduced in d ia ly s is , 

causing destab ilisa tion  o f the A-form in  the f ib re . The fo llow ing 

experiment was carried out to v e r ify  th is  idea. A small portion o f the 

material was le f t  a fte r  making the fib re  SP16. Since the material was ju s t 

enough to make a f ib re  i t  is d i f f i c u l t  to remove the excess s a lt  by 

Precipitation or cen trifuga tion . Therefore, a new fib re  SS15 was made by 

adding a low s a lt centrifuged gel from a d iffe re n t batch o f Na poly d(AT). 

Poly d(AT). Thus the Na+ + Ct~ per P04 in  the fib re  was thought to be 

lower in th is  sample as compared with the o rig ina l m ateria l. The 

conformational trans itions  seen in  the fib re  (observed as a function  o f 

relative humidity) were noted to be very s im ila r to those associated with 

the fibres described e a r lie r in  th is  section, which were believed to 

contain \  0.5 Na + Ci. per PO ,̂ i .e .  the trans itions 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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(A/C) -*• A CA/B) -*• D -*• B

The observation o f the B‘ conformation fo r poly d(AT).poly d(AT) 

is of s ignificance in  the explanation o f the sem i-crysta lline  B-form 

associated w ith A-T r ic h  DNAs. The in ten s ity  o f the f i r s t  and th ird  

layerlines on the 3' pattern observed fo r Ma poly d(AT).poly d(AT)

(figure 13) are enhanced as compared with the second la ye rlin e  but th is  

is reversed fo r the sem i-crysta lline B pattern o f c a lf  thymus DNA . The 

variation in  the X-ray pattern in ten s itie s  fo r the B-form have been 

correlated w ith the base composition (Bram (1973)). A fte r a detailed 

study Premil a t e t a l. (1975) concluded that the conformation o f the sugar- 

phosphate chain is  not affected by the base composition and tha t the 

proportion o f (G+C) bases cannot be detected by X-ray analysis. Leslie 

et a l. (1980) reported tha t they did observe in te n s ity  va ria tion  analogous 

to those reported by Bram and Tougard (1972) in  B patterns from specimens 

which are oriented. Further, they explained tha t the d if fe re n t sem i-crystalline 

packing arrangements o f isomorphous molecules would produce the observed 

modulation o f in te n s ity . However, from the present work, i t  is  possible 

to provide an explanation fo r these observations. The A-T rich  DNAs 

probably have long segments o f a lte rna ting  sequence, and thus are more 

like ly  to a tta in  the B' conformation in  these regions, as occurs in 

Na poly d(AT).poly d(AT)„ Therefore th is  so rt o f 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 sem i-crysta lline 

B patterns (from these DNAs) is  l ik e ly  to increase. Therefore, i t  is 

conceiveahle that as the A-T content in these DNAs increase, the in tens ity  

on the f i r s t  and th ird  laye rlines , as compared to the second layerline  

will also increase w ith  a simultaneous decrease in the p itch  towards ^ 33 A.

In conclusion, the in te n s ity  varia tion  in A-T rich  DNAs is  more 

likely to be due to the s tructura l va ria tion  associated w ith a lternating
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A-T 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 a l . (1980).

Further work was done on Na poly d(AT).poly d(AT) fib res with 

increased s a lt  content in  the fib res . A new fib re  was made by adding 

5 ml o f 0.01 M NaCt solution to a fib re  which was prepared from ethanol 

precipitated material (from 0.1 M NaCt s o lu tio n ). The o rig ina l fib re  

gave an A conformation a t low humidity, but the new fib re  gave a D-type" 

d iffrac tio n  pattern w ith a strong NaCt d if fra c t io n  ring (figure  3). As 

discussed e a r lie r  th is  d iffra c tio n  pattern is  very closely related to D- 

pattern. However, the whole in tens ity  d is tr ib u tio n  is  quite d iffe re n t 

from D, and suggests tha t structure is  a non-integral he lix . The helical 

parameters o f these patterns are very s im ila r to the "D-type" pattern 

which is  observed fo r Li poly d(AT).poly d(AT) (figure 2). The c ry s ta ll in ity  

of the Li dAT pattern is  much better than the NadAT pattern. The fib re  

remained in  the "D-type" pattern up to 86% re la tiv e  humidity. As the 

relative humidity was increased the in ten s ity  o f the d iffrac ted  s a lt 

ring decreased. This observation strongly suggests tha t the excess sa lt 

c rys ta llite s  on the fib re  surface gradually migrated in to  the fib re  and 

thus increased the sa lt d is tr ib u tio n  inside the fib re . At 92% and 98% 

relative hum idities a mixture of A and "D-type" patterns were observed 

(figure 14) w ith no s a lt ring . Further hum idification at 98% gave an A 

pattern and then a B pattern. As the re la tive  humidity was reduced 

gradually to 33%, neither the sa lt ring nor the "D-type" d iffra c tio n  

pattern were restored. The fib re  remained in  the A-conformation. This 

Provides evidence that the "D-type" conformation is favoured in the lower 

salin ity conditions than the A conformation. The "D-type" pattern and the 

salt ring were recovered when the fib re  was re-wetted and the new fib re  

was drawn. However, th is  time the fib re  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.
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but le f t  fo r a few days a t room humidity before a d iffra c tio n  pattern 

was taken. The pattern was an A pattern with no sa lt ring . This 

observation implies that even at room humidity the excess sa lt slowly 

migrated in to  the fib re  and induced the tra n s itio n  from "D-type" 

conformation to 'A" conformation. Another f ib re  was prepared from a 

small frac tion  o f the same precipitated m ateria l by adding 2.5 v il of

0.1 M NaCi, so lu tion . The d iffra c tio n  pattern from th is  fib re  was taken 

after a few days. I t  showed a mixture o f A-pattern and "D-type" 

pattern, and had a weak NaCi, sa lt ring . As the re la tive  humidity was 

increased the c ry s ta ll in ity  o f the pattern improved and a well characterised, 

crysta lline mixture of the A-pattern and the "D-type" pattern was obtained 

at 98% re la tive  humidity (figure 14). in th is  pattern the strong near 

meridional re fle c tion  o f the "D-type" pattern is  well resolved and c le a rly  

indicates that th is  re fle c tio n  is the (10) ra the r than (00). Further 

humidification o f the f ib re  gave an A-pattern and then a semi-c rys ta llin e  
B pattern.

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

The general method o f preparation o f fib res  has already been 

described in  Chapter 2.

The fib res  were prepared from m aterial which was precipitated 

from 0.1 M KF so lu tion . A c rys ta llin e  A pattern was observed up to 75% 

relative humidity and fu rthe r hum idification a t 92% and 95% gave a 

Pattern showing an A/B mixture. A semi-crystal 1 ine B form was observed 

at 98% re la tive  humidity. A ll these trans itions  were found to be 

eversible with re la tive  humidity. The general polymorphic behaviour o f 

K Poly d(AT).poly d(AT) is  very s im ila r to tha t described fo r  NaCi fib re s , 

owever, some fib res  gave a c rys ta llin e  D-form having a tetragonal un it 

cel1 (figure 15) fo r re la tive  humidities up to 75%. At 92% re la tive
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humidity, the D-form was observed w ith  hexagonal un it ce ll (figu re  16).

A sem i-crystalline B pattern (figu re  17) was observed at 98% re la tive  

humidity. A ll these trans itions were found to be reversib le. Apart 

from the hexagonal D pattern, a ll the other patterns are identica l to 

patterns obtained from Na poly d(AT).poly d(AT). At 84% re la tive  

humidity a mixture o f two types o f D pattern was obtained, and i t  was 

found that the layerline  spacing o f these two D patterns are s lig h tly  

d iffe rent. The two types o f pattern were measured up.

The pitch and the u n it ce ll parameters o f the tetragonal D-form 

were found to be 24.0 A, a = 17.2 A and c = 24.0 A respectively. This is  

the f i r s t  report o f a hexagonal D-form from poly d(AT).poly d(AT). E arlie r 

i t  has been reported fo r poly d(AAT).poly d(ATT), (Seising et a l . ,  1975), 

poly d(AC).poly d (IT ), poly d(A IT).poly d(ACT) and poly d(AIC).poly d(ICT) 

(Leslie e t a l . ,  1980). The p itch  and the u n it ce ll parameters o f the 

hexagonal D-form are 25.7 A a = 21 .4 A, c = 25.7 A respectively. The 

observed and calculated p values fo r the tetragonal D-form and the hexagonal 

D-form are given in  tables 2 and 3 respective ly. Further detailed 

analysis is  needed to establish the structura l s im ila r it ie s  o f these two 

D-patterns.

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

These fib re s  were prepared as described in Chapter 2.

The polymorphic behaviour o f the fib res prepared from RbCa were 

remarkably d iffe re n t from that o f the Na poly d(AT).poly d(AT) fib res .

Neither the C nor the A forms were observed fo r Rb poly d(AT).poly d(AT) 

fibres. Only the D-pattern (figu re  19) was observed fo r re la tive  humidities 

UP to 95% and a sem i-crysta lline B-form (figu re  18) was observed at 

98% re la tive  humidity. However, the q ua ltiy  o f the D-pattern was reduced 

upon reversal. The D-pattern was found to be stable in  a wide range o f 

sal t  concentrations. I t  was evident that some o f the D-patterns contained



Table 2

Observed and calculated p-values fo r the tetragonal D-DNA pattern used 
_________________________ in  figure 15__________________________

RH = 75% 17.2 A 24.0 A

h k Jl

«a:oC
L 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 fo r the hexagonal D-DNA pattern used 
___________________ in  figure 16_____ ________________________

RH 92%

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_l_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 RbC«. d iffra c tio n  rings even a t the higher re la tive  humidities.

The c ry s ta ll in ity  and the o rien ta tion  o f the D pattern was very good 

and i t  is  possible to see Bragg re fle c tions  up to 2.5 A. The D-patterns 

from Na poly d(AT).poly d(AT) and Rb poly d(AT).poly d(AT) are very 

sim ilar. Therefore, i t  may be possible to locate the position o f Rb+ 

in the D-structure by comparing the d iffrac te d  in te n s itie s  o f the two 

D-patterns. A s im ila r technique was used to study the position o f Cs+ 

in the B-DNA structure by Skuratovskii and his co-workers (Skuratovskii 

et a l. ,  1979).

5.3.5 Fibres which contain Cs+ and F~

These fib res  were prepared as described in  Chapter 2.

The polymorphic behaviour o f Cs poly d(AT).poly d(AT) fib res 

was found to be very s im ila r to Rb poly d(AT).poly d(AT). However, high 

salt fib res  gave a new type o f D-pattern fo r  re la tive  humidities up to 

92%, and a sem i-crysta lline B pattern was observed a t 98% re la tive  

humidity, and th is  tra n s itio n  was found to be revers ib le . The new D-pattern 

has been called D'-DNA (figure  3, Chapter 7) and is  discussed in Chapter 7.

The low s a lt  fib res gave D patterns which are s im ila r to the D- 

pattern obtained fo r Na poly d(AT).poly d(AT) up to re la tive  humidities o f 

92%. A sem i-crystalline.B  pattern was obtained a t 98% re la tive  humidity.

This trans ition  was found to be revers ib le .

In the present work, the A form was not observed fo r e ithe r 

Rb poly d(AT).poly d(AT) or Cs poly d(AT).poly d(AT). I t  was found that 

the D-form was stable in  the presence o f the heavy ions such as Rb+ and 

Cs . Therefore, i t  may be possible tha t in  b io log ica l systems the 

positively charged large protein groups provide s im ila r environments in 

such a way that the molecules adopt the D-conformation. Therefore, the 

D'form may be a b io lo g ica lly  important conformation.



CHAPTER 6

The Mixture o f (A/C) and (A/B) Conformations

6.1 Introduction

DNA and its  synthetic analogues can assume a number o f d is t in c t 

and regular conformations. X-ray d if fra c t io n  studies on oriented fib res 

have shown the conformational va ria tions  induced by changes in  ambient 

relative humidity, the cation species present and the amount o f retained 

salt. In the f i r s t  systematic study o f the e ffe c t o f ambient re la tiv e  

humidity on the X-ray d if fra c t io n  patterns o f fib res  o f NaDNA (Franklin  

and Gosling, 1953b), i t  was found tha t the patterns o f the sodium s a lt o f 

DNA changed reversib ly w ith changes in  the water content o f the f ib re s .

A highly c ry s ta llin e  form (figu re  1) was observed a t 75% re la tiv e  humidity 

and a sem i-crysta lline B-form was observed at 92% re la tive  hum idity and 

above. The f i r s t  molecular model o f the A-form was also observed fo r the 

synthetic polynucleotides containing guanine except poly d(A-C).poly d(C-T) 

(Leslie et a l . ,  1980). Most o f the A patterns published up to now 

are very s im ila r to  figure  1.

In figure  1 thé equatorial re fle c tio n  X (a t % 0.054 A~̂  ) and 

meridional re fle c tio n  M (a t ^ 0.3 A ^) were regarded as being due to an 

impurity (or mixture) o f the B-form (which is  a higher humidity and higher 

salt form than the A-form). Recently, systematic studies on a wide 

variety o f natural DNAs and synthetic polynucleotide poly d(AC).poly d(GT) 

revealed tha t three conformations C ■+• A -*■ B could be induced in the same 

Tibre by increasing the humidity environment o f the fib re  when the preva iling  

counter-ion was sodium (Rhodes e t a l . ,  1982). I t  has also been observed 

that the C-form is  a lower sa lt conformation than the A (Rhodes e t  a l . ,
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1982). The C-form has a meridional re fle c tio n  M at % 0.30 and an 

equatorial re fle c tion  (110) at -v 0.054 A  ̂ ( fo r  hexagonal packing).

The observations now raise the question o f whether these 

reflections X and ?! on figure  1 are from e ithe r the B-form or the C-form. 

Was the f i r s t  sign o f the C-form fo r  NaDNA seen twenty-five years ago?

To answer th is  question, systematic observations and analyses have been 

made using a wide v a rie ty  of natural DNAs, as well as poly d(AC).poly d(GT) 

and poly d(AT).poly d(AT), and the resu lts  are discussed in  th is  chapter.

6.2 Materials and Method

All the natural DNAs were obtained from Sigma. 4>w-l4 was 

provided by Dr. R.A.J. Warren from the University of B rit is h  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 V II, France and also bought from Boehringer. The fin a l stage o f 

purification o f these m ateria ls was e ithe r by ethanol p rec ip ita tion  from 

solutions containing 0.1 M or less NaCs,, or by centrifugation at 50,000 

i".p.m. from solutions fo r  which the NaCit concentration was 0.005 M. Fibres 

were drawn from e ithe r the precip ita ted material or from the concentrated 

gel at the bottom o f the 'cen trifuge  tube. X-ray d iffra c tio n  patterns were 

obtained over a range o f  re la tive  humidities o f the fib re  environment from 

0% to 98%.

5-3 Results and Discussion

X, X-j are the equatorial re fle c tions  (see figure  1). M, M̂ are 

the meridonal re fle c tio n s  (see figure  1). A, A] are the (130) re flec tions 

of the A-form (see fig u re  1). The reciprocal space ra d ii o f these 

roflections are % 0.0860 A (F u lle r, 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)



-  65 -

radius of the re fle c tions  X, .

is  the reciprocal space rad ii o f the re flec tions A, .

I x is  the in ten s ity  o f the re fle c tion s  X, X^.

1  ̂ is  the in ten s ity  o f the re fle c tio n s  A, A^.

IM is  the in te n s ity  o f the re fle c tion s  M, M1.

In te n s itie s  were obtained by measuring a rad ia l densitometer 

trace across each d iffra c tio n  arc (Langridge e t a l . ,  1960a). The trace area 

is corrected using the equation I = Ap£ where A is the area under the radial 

densitometer trace across the spot in the f ib re  diagram and i  is  the 

distance o f the reciprocal la t t ic e  point from the c* axis, p is  the 

reciprocal ra d ii.

Low humidity d iffra c tio n  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, figu re  3

and figure 4 respective ly. I f  the re fle c tion s  X, X] and M are due to the

B-form (which is  a high humidity and high s a lt  form) we would expect an

increase in  the ra tio s  i i i  and _£ni with an increase in the re la tive  humidity
lA lA

on the fib re  environment. The experimental observations are shown 

schematically in  figu re  5. There is  a decrease in  the in te n s ity  ra t io ,  

and then an increase at an intermediate re la t iv e  humidity 75%) as the 

relative humidity increases from 33%. The calculated in ten s ity  ra tio s  

are tabulated (see ta b le 'l and table 2) fo r two d iffe re n t fib res  from 

poly d(AT).poly d(AT). The d iffra c tio n  patterns used in  table 2 were 

taken by Dr. N.J. Rhodes in  th is  laboratory.

The re la tiv e  humidity fo r  the minimum point is  dependent on the 

amount o f s a lt  retained in  the f ib re . The lower the s a lt content in  the 

fibre the higher the re la tive  humidity required to obtain the pure 

crysta lline A-form.

The above experimental observation could be explained e ith e r by 

a change in  molecular transform or by a gradual change in  dimensions o f
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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 c e ll.  This may be schematically shown in  fig u re  6 .

Supposing, fo r the sake o f argument, we assume as shown in 

figure 6, tha t a t low humidity the ( 110) plane samples the molecular 

transform a t point (1) (see figure  6 ) . This w il l  give a medium-strong 

intensity I-| to the (110) re fle c tio n . Further increase in  humidity 

moves the ( 110) plane towards the centre o f the transform and a t an 

intermediate humidity i t  samples the molecular transform a t point (2)

(see figure 6) o f the transform. This w il l give a zero or very weak 

intensity fo r  the (110) re fle c tio n . At high hum idities the (110) plane 

samples the transform in  the p rinc ip le  maximum. This w il l  give a very 

strong (110) re fle c tio n . This explains the in te n s ity  changes o f the 

110 re fle c tion  with humidity.

The in ten s ity  changes o f the meridional re fle c tion s  and M 

are schematically shown in figure  5 and tabulated in  table 1 and table 

2. The in ten s itie s  o f the meridional re flec tions are not going to be 

affected by sampling as fo r the equatorial re fle c tio n s . Thus i t  must 

be due to a change in  the molecular transform. That is ,  the low humidity 

d iffrac tion  pattern is  from an (A/C) mixture. As the humidity is  increased, 

at an intermediate re la tive  humidity a ll the residual 'C' form changes to 

the c rys ta lline  A form. Further increases in the re la tiv e  humidity o f the 

fibre environment re su lt*  in the c rys ta llin e  A form changing to the semi- 

crystla line B-form via an (A/B) mixture state. This explains the observed 

intensity variations o f the re flec tions X, X] t  M and M] with humidity.

The trans itions between the A, B and C conformations and th e ir 

intermediate states may be explained by e ithe r "temporal" e ffects or 

spatial e ffects  or both. The term "temporal" re fers to the process 

whereby humidity changes exert th e ir  e ffects more ra p id ly  on the fib re  surface 

than they do on the in te r io r .  The phenomenon is  o f increasing significance 

as the humidity increases. A schematic representation is  shown in  figure 7,
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where T-j, T^  and T3 are ind ica ting  the time duration. Thus, conformational 

changes 'm igrate ' from the surface o f the f ib re  towards the centre o f 

the f ib re . Such 'm igration ' w ith in  the f ib re  is  schematically i l lu s tra te d  

in figure 3. With reference to figure  8 , i t  is  noted tha t the formation 

of a pure c ry s ta llin e  intermediate A form (see table 2) c ru c ia lly  depends 

on the amount o f s a lt present in  the f ib re . For a lower sa lt concentration 

than the above case (table 2) the intermediate A form may contain a very 

small frac tion  of B or C conformations. This is  shown schematically in 

figure 9.

When pu lling  a f ib re  from the m aterial in use, the piece o f DMA 

was added to the solute (o f known concentration) which was held between 

two very fine  glass rods. A gel was thus formed. Sometimes, w h ils t 

observing the suspension under a microscope, i t  was noted tha t two phases 

of the DNA solute mixture seemed to be present, and as the gel dried to a 

fibre, the n icrocrysta ls  o f s a lt  were observed on the fib re  surface. This 

effect was observed to be prominent in  poly d(AC).poly d(GT). The 

d iffraction  pattern from th is  type o f f ib re ,  a t low humidity, was s im ila r 

figure 10 and had a strong s a lt  r in g . When the humidity was increased, 

the sa lt ring  disappeared from the d if fra c t io n  pattern and did not re-appear 

when the environmental humidity o f the f ib re  was again lowered. The above 

observations suggest tha t the d is tr ib u tio n  o f the excess sa lt in  the fib re  

may not be uniform. In the discussion th is  w i l l  be referred to as "the 

spatial e ffe c t" . As a resu lt o f th is  some DMA molecules (or d if fe re n t 

sections o f the same DNA molecule) have more neighbouring ions present than 

the rest. This may lead to a non-uniform hydration o f the fib re  and thus 

a non-uniform d is tr ib u tio n  of the polar environment in  the f ib re . Under 

these circumstances the A conformation contains an im purity (or m ixture) 

either B or C or both. I t  was also observed that the low s a lt  very 

high humidity and high s a lt low humidity f ib re s  both gave the semi-
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Figure 10: Semi-crystalline C-form 
Na poly d(AC).poly d(GT) 

Strong NaCî. diffraction ring

Diffraction Pattern of 
at 57% R.H. 
of 2.81A° spacing.
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c rys ta lline  B form. This may be explained by suggesting tha t the hydration 

mechanism in the two cases is  d if fe re n t. In high s a lt fib res  a t low 

humidity there w il l  be more water "grasping" centres present than in  low 

salt fib res  at the same humidity. In time the high s a lt  f ib re  w il l  grasp 

a s u ff ic ie n t amount o f water molecules to produce a tra n s itio n  to the B

form. The low s a lt f ib re , however, may remain in  the C-form, or in  an 

(A/C) mixture fo r many months, i f  not permanently. Hater taken in to  the 

fibre  is  lim ited  by the number o f water "grasping" centres ( i .e .  ions) 

within f ib re . However, low s a lt  fib res  gave a B conformation a t very high 

humidity. This is  possibly a re s u lt of migration o f water molecules from 

the environment in to  the fib re  and in th is  case the 'temporal' e ffe c t may 

be the predominant one. Further evidence re la ting  to  these trans itions  has 

been obtained by measurement o f the change in p-values o f the re flec tions 

X> X-j, tt| and M with re la tive  humidity.

At low humidity fo r the C conformation the ra t io  A/ Py is
A

0.0866
0.0341

1 .6 (57% RH)

for the sem i-crysta lline B-form the ra tio  is :

is 0.0866 
PX 0.0375

2.3 (98% RH)

Some examples o f the experimental observations o f these ra tios  are tabulated
r

in table 1 and table 2. These can be schematically shown in  figu re  11, which 

indicates a small increase in the ra tio  A/p x up to the intermediate humidity 

and then a sharp increase as higher humidities are apnroached.
P a

The low humidity /p x ra t io  indicates tha t the re fle c tio n  X must

be from the C conformation. The ra t io  A/ P)( was calculated fo r  the A pattern 

Published by previous workers (e .g . Langridge et a l . ,  1957, see figure  1, 

ri"anklin and Gosling, 1953b). In most o f the cases the ra t io  is  1.6-1.7. 

bis suggests that the re fle c tio n  X is  probably from the C conformation 

rather than B-conformation. The ra tio s  °A/ px 'For an (A/C) mixture from



Figure 11: Pa /px  Vs relative humidity is shown schematically

I
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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) a t low humidity an (A/C) mixture was 

observed (see figure 3). When the humidity was increased the re fle c tions  

X and M became weaker. At an intermediate humidity a f u l ly  c ry s ta llin e  A 

form was observed with no equatorial re fle c tio n  X, X-j and meridional 

re flections M, M1 (see fig u re  12). A fu rthe r increase in  the environmental 

humidity gave a semi-crystal 1ine B-form via an (A/B) m ixture. When 

reducing the humidity the c ry s ta llin e  A-form was observed. There was no 

sign of e ither the meridional re fle c tio n  M or equatorial re fle c tio n  X even 

at very low humidities. From the work in th is  laboratory on poly d(AC). 

poly d(GT) (Rhodes et a l . ,  1982) i t  was found tha t under the sa lt conditions 

which have been studied the C -*■ A tra n s itio n  was irre ve rs ib le  and the A -*■ B 

transition was reversib le fo r  th is  polynucleotide. These observations 

strongly suggest that a t low hum idities the re flec tions X and M must be 

from the C-conformation ra ther than the B conformation.

The laye rline  spacinas fo r the A and C forms are very close, and 

both are d is tin c t from more than tha t o f the B-form. Thus in the (A/C) 

mixture d iffra c tio n  pattern a t low humidity the l s^ and 2nc* la ye rline  

reflections from both components tend to overlap, and are hence d i f f i c u l t  

to resolve (see figure  3 ). However, the equatorial re fle c tio n  X and
r

meridional re fle c tion  M are v is ib le  on the A-form patterns. Tt is  observed 

that the central part o f the C-form pattern is  much more c ry s ta llin e  than 

the semi-crystalline B-form. That is ,  the re flec tions in  the C-form are 

much sharper (well sampled) than in  the B-form. The re fle c tio n  X on the 

A form (see figure 1) a t low humidity is  h ighly c ry s ta llin e  and shows no 

sign of the broadening so cha rac te ris tic  o f continuous d if fra c t io n . However, 

at  high humidity th is  re fle c tio n  X is  broadened (th a t is ,  the d if fra c t io n  

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

reflections X and M at low humidity are more l ik e ly  to o rig ina te  from the
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C-form rather than the B-form.

6.4 Conclusion

The discussion in th is  chpater c lea rly  ind icates tha t the 

reflections X and M at low humidity fo r low sa lt f ib re s  are from the C-form 

rather than the B-form. At high humidities corresponding re fle c tion s  are 

from the B-form and hence i t  seems that the f i r s t  sign of the C-form o f 

NaDNA was actua lly  observed twenty years ago!!!
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CHAPTER 7

A lternating DNA Conformations

7.1 Introduction

Up t i l l  f a i r ly  recently , the study o f DNA has been restric ted  

to natural ‘ random sequence' DNA. The 'A' and 1B' forms o f DNA were 

solved and there was speculation as to the possible significance of the 

two forms. What is  now proving to be increasingly s ig n ifica n t is  the 

examination o f the various synthetic polynucleotides that have since 

become ava ilab le . The polynucleotides have been made in such a way as to 

have a regu la rly  repeating sequence o f bases as well as a fa ith fu lly  

repeating asymmetric u n it (which may be mono, d inucleotide, or other).

Natural DNA is  known to have regions where the base coding repeats 

its e lf  over a considerable length o f the molecule, and i t  now becomes 

apparent tha t the study o f synthetic polynucleotides is o f great importance 

in the development o f contemporary ideas about native DNA as a whole.

The p o s s ib il ity  o f DNA e x is it in g  in a varie ty  o f d iffe re n t forms, 

each suited to  a p a rticu la r function , or biochemical environment is  evident 

as is the p o s s ib il ity  o f €NA structure  being not only a function of sa lt 

and water content, but also o f base sequence. Frams (1971) has explored 

the idea o f recognition o f certa in  regulatory proteins, such as repressors 

by special types o f DNA.

An assumption tha t has been made widely throughout the e a rlie r 

considerations o f DNA is  tha t the asymmetric u n it is  one nucleotide in 

extent, repeating i t s e l f  along the molecule with identica l sugar puckering 

end conformational angles. Recent experimental work on synthetic 

polynucleotides has, however, produced evidence to support the idea o f
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s lig h tly  more complex asymétrie u n its  w ith in  the structure  of the 

macromolecule. Viswamitra e t a l.  (1978) have reported an a lternating  

variation in  the sugar puckering and phosphodiester geometry o f the 

tetranucleotide (dA-dT^. The sugar puckering was proposed to be C^'-endo 

when attached to purine and C^-endo when attached to pyrim idine. Although 

this tetranucleotide forms a 'ben t' structure rather than a complementary 

duplex, Klug e t a l . ,  (1979) speculated that such an a lte rna ting  backbone 

structure could ex is t in  double h e lica l poly d(AT).poly d(AT), and that 

this structure might have spec ific  b io log ica l properties. They point out 

two observations in support o f th e ir  hypothesis. F ir s t ly ,  that the 'la c ' 

repressor protein o f E.Coli binds about 100-1000 times more strongly to 

poly d(AT).poly d(AT) than to c a lf  thymus DNA (Riggs e t a l , ,  1972). Secondly 

they note that when synthetic poly d(AT).poly d(AT) was digested 

(Scheffler et a l . ,  1968) with pancreatic DNA-ase I ,  i t  was found tha t the 

oligonucleotides thus formed had thymine at th e ir  5 ' ends, and tha t successive 

oligomers d iffe red  in  length by two nucleotides (or a m u ltip le  o f thereof).

No fragments were detected that e ith e r  consisted o f odd numbers o f nucleotides, 

or that started with adenine. I t  was la te r 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 (Lu tte r, 1977). ,

Another a lte rna ting  s truc tu re  has been described by Hang et a l . ,  

(1979). They have studied an hexanucleotide d(CpGpCpGpCpG) which is  believed 

to c rys ta llise  in to  a left-handed double he lix  w ith  Watson-Crick base pairing 

tut with a 'z ig -zag ' phosphate backbone having a dinculeoti.de asymétrie u n it.  

They termed th is  structure ’Z-DNA'. Leslie e t a l.  (1980) have reported a 

left-handed a lte rna ting  structure (ca lled  S-DNA) fo r  fib re s  obtained from 

P°ly d(GC).poly d(GC) and poly d(AC).poly d(GT). They also reported a 

C form structure from poly d(AG).poly d(CT), which has a d inucleo tide  repeat.
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The remainder o f th is  chapter w il l  be devoted to  assessing the 

evidence fo r the existence of a lte rna ting  structures as related to X-ray 

d iffraction  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-IU ).poly d(A-IU).

7.2 Materials and Methods

A ll the polynucleotides were provided by Dr. J. Brahms o f the 

University o f 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 p u r if ic a tio n  o f the polynucleotides and the preparation 

of the fib res  was performed in the same manner as described in Chapter 2.

All the fib re s  were prepared from the sodium s a lt unless otherwise stated.

7.3 Results ar.d Discussion

The poly d(AT).poly d(AT) fib res  were prepared by p rec ip ita tion  

from 0.1 M CsF, 0.2 M CsF so lu tions. The estimated values o f the F'/PO^ 

ratio in these fib res  were 0.3 and 0.6 respective ly. The d if fra c t io n  

patterns were obtained in  an environment having known humidity. The 

d iffraction  pattern shown in  figu re  1, D-DNA, was observed at humidities 

ranging from 33% to 92%, and was very s im ila r to patterns previously 

obtained fo r Na poly d(AT).poly d(AT) (Davies e t a l , ,  1963, Arnott et a l , ,

1974b, the present work by the author). The same fib re  gave the classical 

B form ( i.e .  tenfo ld  he lix  with p itch  o f 24.0 A) at 93% re la tiv e  humidity 

(figure 2). The D to B tra n s itio n  was found to  be reve rs ib le . At higher 

Ionic concentrations the d if fra c t io n  pattern obtained a t low re la tive  

humidities (fig u re  3) was very d iffe re n t to the D-form described above.

The observed d if fra c t io n  indicated an e igh tfo ld  he lix  w ith 24,0 A p itch , 

designated as the D' conformation. The same fib re  gave a B' conformation 

at re la tive humidities o f 92% 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 : 
Cs poly

D^-form Diffraction Pattern of 
d(AT).poly d(AT) at 66% R.H.
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observed fo r NadAT fib re s , although th is  was not a c ry s ta llin e  form as 

observed fo r the homopolymer poly d(A).poly d(T) (Arnott e t a l . ,  1974a, 

and in  the present work by the author). A well characterised B' pattern 

was also observed fo r Na poly d(AT).poly d(AT) by Dr. N.J. Rhodes in  th is  

laboratory (figu re  4). Further hum idification o f th is  f ib re  induced a 

trans ition  from B' to B-DNA. The important differences between D'-DNA 

and D-DNA are:

(a) In D-DNA the molecules are packed in the tetragonal u n it ce ll 

with ce ll dimensions:

a = 17.1 A c = 24.1 A

In D'-DNA the molecules are packed in the hexagonal u n it ce ll 

with ce ll dimensions: 

a = 20.5 A c = 24.0 A

(b) The overall in te n s ity  d is tr ib u tio n  in  each d if fra c t io n  pattern is 

very d iffe re n t, even when la t t ic e  sampling differences have been 

accounted fo r . The above observation suggests tha t these molecular 

conformations o f D-DNA and D'-DNA are d is t in c t from each other.

The in teresting  feature o f D-DNA is the strong meridional 

re fle c tio n  on the even numbered laye rlines . These are probably 

due to the a lte rna ting  base sequence o f the polynucleotide, The 

strong meridional re fle c tio n  o f the 4th la ye rlin e  o f D'-DNA strongly 

suggests that the sugar-phosphate backbone conformation is 

a lte rna ting  rather than regular. I t  thus seems tha t D'-DNA has

4-| symmetry and a d inucleotide asymetric u n it. This is  convincing 

experimental evidence from the fib re  d if fra c t io n  studies tha t there 

is  an a lte rna ting  backbone structure in  some poly d(AT).poly d(AT) 

samples.

The fac t tha t the D* B’ tra n s itio n  was reversib le w ith humidity 

coupled with the supposed a lte rna ting  structure o f D'-DNA suggests tha t the
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B'-form may also be an a lte rna ting  s tructure . The proposition creates a 

problem -  where is  the f i f t h  la ye rline  meridional re fle c tio n  on the B'DNA 

patterns? One possible reason is  th a t, since c ry s ta ll in ity  is  poor in  the 

B 'patte rn , the re fle c tio n  may be masked by d iffuse  sca tte ring . Another 

reason is  evident from the work o f Klug et a l,  (1979), who proposed tha t 

in poly d(AT).poly d(AT) thymine is  more t ig h t ly  stacked over adenine 

than i t  is in  natural DNA, and coversely adenine stacked less over thymine. 

Further they point out that th is  would explain the n.m.r. spectra obtained 

by Patel et a l . (1974). Because o f the d iffe re n t stacking between thymine 

and adenine i t  is  thought tha t the backbone may become d is to rted . The extent 

of th is  d is to rtio n  depends, however, on the ro ta tion  oer residue; the 

larger the ro ta tio n , the more s ig n ific a n t w il l  be the d is to r tio n . This 

then implies that the nucleotide repeat in  B'-DNA (ro ta tion  = 36°) may well 

be less pronounced than tha t o f D'-DNA (ro ta tion  = 45°). I f  th is  assertion 

is true  then the f i f t h  la ye rline  meridional may be present, but is  possibly 

so weak that i t  is  very eas ily  obscurred by non-crysta lline  d if fra c t io n .

The comparison o f the d if fra c t io n  patterns from B'-DNA (from 

Na poly d(AT).poly d(AT)) and B-DNA (random sequence) shows tha t in  B'-DNA 

the higher order even numbered layerlines are generally stronger in in ten s ity  

( i= 6 ,  n=8) than the odd-numbered laye rlines . This f i t s  w ith  the idea o f a 

dinucleotide repeat.

I t  may be argued tha t th is  e ffe c t is  actua lly  introduced by the 

presence of an a lte rna ting  A-T sequence, rather than the presence o f an 

alternating sugar phosphate backbone conformation. However, i f  th is  was 

the case, one might expect the same so rt of in ten s ity  enhancement on the 

higher layerlines o f the A patterns, as seen on those of the B' patterns. 

These observations, along w ith  the fa c t that in  strongly exposed A patterns 

(figure 5) there is  evidence o f dinucleotide repeat (5.15 A meridional and 

weak re flections between 7/8, 8/9, 9/10 layerlines) not only suggest tha t i t
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is an a lternating  backbone conformation which is responsible fo r the 

observed B' patterns, but a lso  that there is  some sort of conformational 

dinucleotide irre g u la rity  (however m ild) in  the A-structures observed from 

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

The fact that the p itch  of B'-DNA is  smaller than B-DNA (from 

random sequence DNA) may also be due to the stacking system envisaged in 

the a lternating structure. Further support fo r  th is  idea o f an 

alternating backbone structure  in poly d(AT).poly d(AT) is  obtained from 

Raman spectroscopic studies. Shindo et a l . (1979) studied a 145 base-pair 

length o f poly d(AT).poly d(AT) using n.m .r. The results showed two 

d is tinc t phosphorous-31 n.m .r. signals o f approximately equal area a t low 

salt concentrations (up to 0.1 M). This appears to be fu rthe r d ire c t 

evidence tha t there are two conformations in  the phosphate d ieste r back

bone. Further, they point o u t that the ca lcu la tion  o f magnetic shielding 

from the bases show that the bases alone cannot be held responsible fo r 

these resu lts . The two signals collapsed in to  a s ing le t when the 145 base 

pair oligomer was heated above its  melting temperature, but the doublet 

was regenerated on cooling to  the room temperature, and i t  was concluded 

that in solution poly d(AT).poly d(AT) does e xh ib it an a lte rna ting  sequence 

dependent on conformationa va ria tio n  (Shindo e t a l . ,  1979). Since the 

properties o f B-DNA (as implied by fib re  d if fra c t io n  studies) are thought 

like ly  to be very s im ila r in  ou tline  o f those o f DNA found in  free solution 

(Finch et a l . ,  1977), the above n.m.r. so lu tion study fu rthe r supports the 

alternating structure. Also, so lid  state phosnhorous-31 n.m .r. techniques 

were used by Shindo e t a l . (1981) to study DNA fib res  and poly d(AT).poly d(AT) 

(Shindo et a l . ,  1980) and provide fu rther support fo r  th is  conclusion.

Similar fib res were prepared from the same p rec ip ita te  and subjected to 

X-ray d iffra c tio n  and Raman spectroscopic studies. The Raman spectroscopice 

studies were carried out in the University o f Paris by Dr. J. Brahms and
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his colleagues. Their experimental observations o f f ib re s  and so lu tions 

fu rther supports the idea o f an a lternating  conformation fo r co-polymers 

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

poly d(A-IU). Their work implies that the a lte rna ting  conformation is  

formed by alternate C2~endo and Cg-endo sugar ring  puckering conformations.

The d if fra c t io n  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-IU).poly d(A-IU) is  going to be discussed in  the follow ing 

section.

Fibres were made from precip ita ted or centrifuged gel o f 

poly d(A-Brll).poly d(A-BrU) and poly d(A-IU ).poly d(A-IU) (both were from 

NaCt so lu tion ). X-ray d if fra c t io n  patterns were obtained in  the re la tiv e  

humidity range from 33% to  98%.

The information given by the low humidity d if fra c t io n  patterns 

was too poor even to c le a rly  id e n tify  the conformation o f the DNA, The 

medium strong equatorial and the strong meridional re fle c tions  are very 

sim ilar to those from the C-form, and measurements confirm that these are 

C patterns. The same f ib re  gave well characterised B-form d if fra c t io n  

patterns at 98% re la tive  humidity (figu re  6 ) ,  The d if fra c t io n  pattern 

obtained from poly d(A-BrU).poly d(A-BrU) and noly d(A-IU ).poly d(A-IU) 

were very s im ila r. The B conformation observed fo r these polynucleotides 

has a meridional re fle c tio n  on the f i f t h  la ye rlin e , and the in te n s itie s  

of even numbered la ye rline  re flections is much enhanced. This suggests 

that the B-DNA conformation may have 5-j symmetry with a dinucleotide 

asymmetric u n it. For the lith ium  s a lt o f the poly d(A-BrU).poly d(A-BrU) 

a B conformation has been observed (Davies and Baldwin, 1963) but the qua lity  

of the pattern is  not s u ff ic ie n t to obtain deta iled  information about the 

structure. The d if fra c t io n  patterns at 98% re la tiv e  humidity from poly 

d(AT).poly d(AT) and poly d(A-BrU) .poly d(A-BrU) or poly d(A -IU ).poly d(A-IU)
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were a l l  sem i-crysta lline . Even though the d iffra c tio n  pattern o f 

poly d(A-BrU).poly d(A-BrU) f ib re  is  sem i-crysta lline a t 98% re la tive  

humidity, i t  shows a meridional re fle c tio n  c le a rly  on the f i f t h  laye rline . 

This was not observed fo r poly d(AT).poly d(AT). This suggests that the 

backbone va ria tion  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 

a l. ,  1972) have shown tha t lac repressor protein can bind with much 

higher a f f in i t y  to certa in synthetic DNAs o f defined sequence than i t  does 

to natural non-operator DNA. For example there is  a 100 fo ld  difference in 

the a f f in i t y  o f lac repressor fo r poly d(AU).poly d(AU) derivatives 

substituted at the f i f t h  position o f U rac il. This cannot be explained in 

terms o f spec ific  in te ractions in  the major (or minor) groove o f the DNA 

double-helix. The replacement o f the 5th hydrogen o f Uracil by a f i f t h -  

methyl group ( i . e .  in  thymine) enhances repressor a f f in i t y  twenty-fo ld, 

and replacement o f the fifth-CHg by a fifth-brom ine  increases a f f in i t y  

by a s im ila r fac to r (L in and Riggs, 1971). The binding studies on 

poly d(A-U(Hg-DTT)) (where DTT is ,  d ith io th re ito l) (Richmond and S te itz , 

1976) ru led out the p o s s ib il ity  o f an a lte rna tive  explanation in  terms 

of a favourable hydrophobic in te raction  between the 5th position of the 

substituted Uracil and the repressor. Therefore, the difference in  the 

a ff in ity  o f the lac repressor to these co-polymers must be due to the 

variation in  the backbone conformation. The enhanced behaviour o f 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 varia tion  

in poly d(A-BrU).poly d(A-BrU). (This is seen in  figures 4 and 6 ).

Furthermore Klug et a l . (1979) suggested that i t  is  the overlap 

which makes the a lte rna ting  structure p a rtic u la r ly  stable (by considering 

the cases where methyl group is  absent or replaced i t  w ith  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 s ta b i l i t y  cannot be a ttr ibu ted  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 frac tion  o f the o rig in a l m aterial poly d(GC).poly d(GC) 

was used to make a fib re  ( i .e .  before the cen trifuga tion  procedure, which 

is discussed in  Chapter 2). When the fib re  was viewed through the micro

scope, the excess s a lt c rys ta llite s  were v is ib le  on the fib re  surface. The 

d iffra c tio n  pattern obtained from th is  fib re  only contained sa lt rings. 

Therefore, the centrifugation  process was used to remove excess s a lt.

The fib re  made from centrifuged gel was used to  take the d iffra c tio n  

photograph fo r the re la tive  humidity range from 33% to 98%. The d iffra c tio n  

pattern obtained at 33% was not strong ly characterised because o f the 

poor qua lity  o f the m ateria l. I t  was, however, s u ff ic ie n t to measure the 

helical parameters o f the conformation. The base separation is 3.32 A and 

the pitch is  33.4 A. The values o f the base separation and pitch are very 

sim ilar to the p-type conformation. In a systematic polymorphic study o f 

K poly d(GC).poly d(GC), a very s im ila r, but well characterised pattern 

was observed (d e ta il v/i 11 be discussed in Chapter 8). This pattern (see 

figure 7) has a meridional re fle c tio n  on the f i f t h  layerline  which suggests 

that the sugar phosphate backbone conformation is  an a lternating  conformation 

rather than a regular conformation. I t  thus seems that the DNA conformation 

has '5^' symmetry and a dinucleotide asymmetric u n it. This is  another 

piece o f convincing experimental evidence from fib re  d iffra c tio n  studies 

that indicates tha t there is  an a lte rna ting  backbone structure in poly 

d(GC).poly d(GC) conformations. Further hum idification o f these fib res gave 

an s conformation (Arnott e t a l . ,  1980), which is  regarded as a left-handed

conformation. There is  strong meridional re fle c tio n  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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re flec ting  the dinucleotide repeat, and a very strong meridional 

re flec tion  on the 12th la ye rlin e , due to the stacking o f bases (discussed 

in de ta il in  Chapter 8 ) . Therefore, the S conformation has a 6,. symmetry 

with a dinculeotide repeat.

F in a lly , in  conclusion, the above ideas are summarised in  terms 

of the features o f polynucleotide fib res which are most l ik e ly  to a ffe c t 

backbone conformation.

1. The base sequence:

I t  is evident from the above discussion the (GC) a lte rna ting  

sequence gave the S conformation and B" conformation; both have an 

a lternating backbone conformation. In (AT) a lte rna ting  sequence the B' 

and D' conformations are also lik e ly  to have an a lte rna ting  conformation.

2. The ion concentration o f the fib re  is  an important fac to r 

re lating to backbone conformation. High s a lt  concentrations are one 

of the favourable conditions fo r  the a lte rna ting  conformation.

3. The f i f t h  position o f thymine might be an important fa c to r in 

alternating (AT) sequence. When th is  is replaced by H, CĤ  and Br (or I ) ,  

the base stacking between T and A might be enhanced respectively. This 

might be the reason fo r the a f in i ty  o f protein binding, or why enzyme 

a c tiv ity  is  enhanced when the f i f t h  position o f thymine is  replaced by

H, CHg and Br (or I)  respective ly.
r

4. Both the sequence o f the polynucleotides and the conformational 

variation o f the backbone might be key factors re la ting  to the d iffe re n t 

behaviours o f the a lte rna ting  copolymers in  th e ir  a c t iv it ie s .



CHAPTER 8

Polymorphism o f Poly d(GC).poly d(GC)

8.1 Introduction

The DNA polymer containing guanine and cytosine residues, 

poly d(GC).poly d(GC) can e x is t in  d iffe re n t forms. These conformational 

variations in  the structure o f the nucleic acid duplex may p lay a funda- 

metnal ro le  in  the recognition o f specific  DNA sequences by pro te ins. The 

observation by Wang et a l . (1979) that the oligonucleotide dCpGCpCpG)  ̂

crysta llises as a two-stranded complex with a left-handed h e lica l conforma

tion has had a major impact on th inking about the structure o f  DMA. The 

three dimensional structure o f the above crysta l was solved to  atomic 

resolution and i t  revealed an unusual conformation of the DNA double he lix  

in which the guanine and crytosine residues form the usual Watson-Crick 

base-pairs, and the sugar phosphate backbone pursues an irre g u la r, 'z ig 

zag' a n ti-pa ra lle l chain. Thus th is  is  called Z-DNA. Studies by Pohl 

and co-workers (Pohl and Jovin, 1972; Pohl e t a l . ,  1972, Pohl e t a l . ,  1973; 

Pohl, 1976) had previously shown that in  solution the poly d(GC).poly d(GC) 

double-helix underwent a'Cooperative tra n s itio n  with increasing ionic 

strength from a conformation designated as R which was id e n tif ie d  with the 

nigh-handed B form, to a qu ite  d is t in c t form designated as L. The 

symbols R and L re fle c t the fac t tha t there is  a near inversion o f the 

circular dichroism spectrum fo llow ing the R ■* L tra n s itio n . A number o f 

possible orig ins fo r th is  inversion were suggested including a change from 

anti- to syn in  the sugar-base conformation and a change in handedness of 

the helix from r ig h t to le f t  (Pohl and Jovin, 1972). The studies by Wang 

et a 1.,(1979) and subsequent studies by Drew et a l . ,  (1980) o f  the
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crystal structure o f the olignonucleotide d(CpGpCpG) allowed the d irec t 

visualisation o f the left-handed double helices, and as such, could be 

used to account fo r  observations from the poly d(GC).poly d(GC) duplex.

In pa rticu la r, A rnott et a l.  (1980) reported tha t a structure  very s im ila r 

to that observed in  crysta ls  o f dCpG(pCpG)2 could, i f  extended to form a 

two-stranded polynucleotide, account fo r  an X-ray f ib re  d if fra c t io n  pattern 

observed from Na poly d(GC).poly d(GC) which they designated as the S form. 

Wang et a l. (1981) emphasised that the Z form should be regarded as a 

family of s im ila r structures rather than a single conformation. They 

analysed the various Z type structures observed in  o ligonucleotide single 

crystals in terms o f varying contributions from two conformations which 

they nominated Zj and Zj j . They suggested tha t the re la tiv e  contribution 

of the two forms was related to the ion ic  environment o f the oligonucleotide 

and showed tha t the Fourier transform calculated fo r the Zj conformation 

was in reasonable agreement w ith  the observed f ib re  d if fra c t io n  fo r the 

S-form. Parallel laser-Raman studies (Thamann et a l . ,  1981) on crysta ls 

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

high ionic strength provide d ire c t evidence fo r  id e n tify in g  the Z-form 

in crystals with the L-form in  so lu tion .

X-ray f ib re  d if fra c t io n  studies of poly d(GC).poly d(GC) have 

concentrated on determining which conformations can be assumed by th is
9

polynucleotide in  fib res  and also in  id e n tify in g  the s truc tu ra l trans itions  

which can occur. Arnott et a l . ,  (1980) reported that they observed the 

S form a fte r prolonged annealing o f fib re s  of i!a poly d(GC).poly d(GC) which 

had previously been given the 8 form. These fib res  contained 3.6% 

retained NaCji. For fib res  containing a minimum o f retained s a lt the 

A form was observed; th is  form persisted without change to the S form 

even a fte r annealing fo r 30 months. An e a r lie r report by Arnott et a l.

(1974b) that the D form was assumed by poly d(GC).poly d(GC) was q ua lified  by
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Leslie et a l . (1980). Sasisekharan and Brahroarchari (1981) have recently 

reported that fib res  o f poly d(GC).poly d(GC) drawn from 1:1 ( V/V) water- 

ethanol in i t ia l ly  gave a B pattern at 40% re la tive  hum idity then underwent 

a trans ition  through a modified B-type pattern to a m ixture o f B and S, 

and u ltim ate ly  to an S pattern. This tra ns ition  was achieved by 

increasing the re la tive  humidity to 92% and then reducing i t  to 40% and 

also by exposing the fib re  to room humidity fo r a few days. X-ray fib re  

d iffrac tion  patterns o f the S form have also been reported by Behe et a l. ,  

(1981) from fib res o f Na poly d(GC).poly d(GC) and Na poly d(G-5MeC). 

poly d(G-5MeC). These two polymers gave identica l S patterns although 

fibres o f the former contained 4.5% excess NaCs, by weight and the fibres 

of the la t te r  had no excess s a lt .  These workers also reported tha t they 

observed a tra n s itio n  w ith in  oriented fib res from the B form (assumed 

to be right-handed) to the left-handed S form.

The rest o f the chapter is  devoted to a description o f the 

conditions fo r observing the various forms o f the poly d(GC),poly d(GC) 

double h e lix , and fo r  inducing trans itions  between them. Attention has 

also been focussed on those conformations and tra n s itio n s  which are 

characteristic of poly d(GC).poly d(GC) and in  p a rtic u la r the re la tionship  

of the S form of th is  duplex to the D form o f poly d(AT).poly d(AT).

r

8.2 Materials and Method

Poly d(GC).poly d(GC) was provided by Dr. J. Brahms, University 

of Paris and also bought from Boehringer. The fib res were prepared as 

described in  Chapter 2. X-ray f ib re  d iffra c tio n  patterns were recorded 

in a range o f re la tive  humidities from 33% to 98%.

Results and Discussion

The fib res  prepared from the material p rec ip ita ted  from 0.1 M 

^  solution were f i r s t  studied. These fib res gave, a t low humidity (typ ic a lly
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between 33% and 66%), a pattern which had not previously been described, 

but which was somewhat s im ila r to the sem i-crysta lline  B-patterns observed 

from fib res o f  the sodium sa lt o f na tu ra lly  occurring DNAs at high humidity 

(figure 1). I t  was designated B"-DNA, When the re la tiv e  humidity was 

increased ( ty p ic a lly  from 66% to 75%) a s truc tu ra l tra n s itio n  to  the A-form 

was observed (fig u re  2). Further increase in  the re la tiv e  humidity ( ty p ic a lly  

from 75% to 92%) led to a tra n s itio n  to the S form (fig u re  3). On some 

occasions patterns were observed which showed a mixture o f the A and S forms 

(figure 4). Once the f ib re  had fu l ly  assumed the S form no fu rthe r 

transitions were observed unless the fib re  was exposed to a very high 

humidity ( ty p ic a lly  95% or greater). Under these conditions a tra n s itio n  

occurred to a semi-crystal 1i ne B form (fio u re  5). On some occasions, patterns 

were observed which indicated a mixture o f the S and semi-crystal 1ine B-form 

(figure 6). Gradual reduction o f the re la t iv e  humidity from 98% to 92% resulted 

in a tra n s itio n  back to the S-form. On some occasions a mixture of the 

S and a sem i-crysta lline  B form was observed, as seen in  figure 6 . Once 

again th is  form was stable and persisted even when the re la tive  humidity 

was reduced to  33%. However, i f  the re la tiv e  humidity o f the fib re  

environment was reduced, more rap id ly  from 98% to 75% the S form was not 

observed. Following fu rthe r reduction in  the re la tive  humidity in to  the 

range 33% to 66% the B" pattern was recovered. I f  the fib re  was re-wet so
9

that a gel was formed and a new f ib re  drawn, a B" pattern was again observed 

at low humidity and subsequent va ria tion  in  the re la tive  humidity reproduced 

the sequence o f changes detailed above. The sequence o f these 

transitions is  schematically shown in  figu re  7.

This is  the f i r s t  report in  which s truc tu ra l trans itions  w ith in  a 

nucleic acid f ib re  have been shown to depend on the rate at which the 

relative hum idity o f the f ib re  environment is  varied. I t  should be 

e|nphasised th a t these trans itions  involve major s truc tu ra l changes in  the 

P°ly d(GC).poly d(GC) double-helix in  which the high humidity semi-crystal 1ine



Figure 1 : Semi-crystalline B"-form Diffraction Pattern 
of K poly d(GC).poly d(GC) at 66% R.H.
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Figure 5 : Semi-crystalline B-form. Diffraction Pattern of 
K poly d(GC) .poly d(GC) at 98% R.H.



Mixture of B and S forms. Diffraction Pattern 
of K poly d(GC).poly d(GC) at 92% R.H.
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B form changes ra p id ly  to the A-form or more slowly to the S-forn. While 

the preliminary analysis o f the X-ray f ib re  d if fra c t io n  pattern o f the 

S-form is  not d e f in it iv e , a left-handed model derived from the Z 

conformation observed in s ing le  crysta ls o f dCpG(nCpG)2 does appear to 

account in a sa tis fac to ry  way fo r the observed fib re  d if fra c t io n  data.

I f  the S form is  indeed a left-handed h e lix , and assuming (as is generally 

accepted) that the A and B conformations are right-handed, then both the 

B -*■ S and A -*■ S tra n s itio n s  involve a change in  he lix  sense. In th is  

context i t  should be noted th a t w h ils t the p o s s ib il ity  o f the A and B 

forms having a left-handed he lica l sense has not seriously been canvassed 

(Gupta e t a l . ,  1980), models o f th is  type having a good stereochemistry 

and as good a f i t  w ith  the observed data have ye t to be obtained. The 

problems o f constructing a left-handed model fo r the A form are p a rtic u la r ly  

acute (Fu ller e t a l . ,  1965). I*hi 1 e trans itions  betv/een le f t -  and r ig h t-  

handed helices in so lu tion  are readily  v isua lised, there is  much greater 

d iffic u lty  in envisaging such changes w ith in  a f ib re . However, i t  should 

be recognised that a t the re la tiv e  humidities a t which the A -> S and B -»■ S 

transitions occur, the f ib re  contains between a th ird  and a ha lf by volume 

of water, so that there may well be s u ff ic ie n t spatia l freedom fo r trans itions  

involving a change as profound as reversal o f he lix  sense to occur. I t  may 

wel l  be, however, tha t a tra n s itio n  involving a change in he lix  sensewill 

require more time to  occur, and th is  might conceivably explain the 

dependence o f trans itions  on the rate o f change o f humidity. I t  may also 

be that spatial freedom is more lim ited  when the water content o f the fib re  

1S bein9 reduced as compared with s itua tions in  which i t  is being increased. 

This difference may provide a reason why w ith in  approximately the same 

relative humidity range the A -*■ S tra n s itio n  occurs with increasing re la tive  

humidity, but the S -*• A tra n s itio n  does not occur when the re la tive  humidity 

is decreased.
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These observations can be related to studies by Ivanov and Mtnyat 

(1981) of trans itions between the A, B and Z forms o f poly d(GC).poly d(GC) 

in w ater/trifluore thanol solutions. They found conditions under which 

there were reversible trans itions  between a ll pairs o f these three forms. 

However, trans itions which involved the Z form were slower by a factor o f 

-v 100 than those which did not involve th is  form.

Sasisekharan and Brahmachari (1981) have taken the view that the 

observation o f B -* S tra n s itio n  w ith in  a fib re  (which they id e n t ify  with 

the 'so lid  s ta te 1) c lea rly  demonstrates "the trans ition  cannot involve a 

change of handedness o f the duplex". They propose, therefore, that the 

overall handedness o f the duplex must be the same in both the B and S 

forms. They claim that the tra n s itio n  can be read ily  understood in terms 

of the so-called RL model o f DNA(Sasisekharan et a l . ,  1978) in  which short 

regions of le f t -  and right-handed helices alternate along the length of 

the molecule. While such models may well be important as a feature of 

DNA structure in vivo i t  is  important to emnhasise that i f  such a model is 

to account fo r the above observations on B + Z and A -*■ 1 tra ns ition s  in 

fibres i t  is  necessary fo r models of. the RL type to be constructed which 

w ill account fo r the A and B X-ray fib re  d iffra c tio n  patterns a t least as 

well as the currently  generally accepted right-handed models. To date th is  

has not been achieved (Greenall et a l . ,  1979).
r

Arnott e t a l.  (1980) noted tha t the S patterns they had obtained 

correspond to a " s ta t is t ic a l"  crystal structure in  which there were both 

Bragg re flections and continuous streaks. Such disorder is  less apparent 

in the S patterns obtained in  the present work (see figure 3) which could 

he regarded as fu l ly  c ry s ta llin e . The degree of c ry s ta l l in i ty  and 

orientation in  these patterns is  s u ff ic ie n tly  high fo r the ( 0 , 0 , 12) and 

(1.0,12) re flections to be resolved. This resolution is  important fo r 

establishing the number o f residues Der turn o f the he lix  and in  particu la r
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excluding models w ith  11 residues per tu rn . Further, the re la tive  

intensity these two re flections have is  l ik e ly  to be p a rtic u la r ly  sensitive 

to the t i l t  of the base-pairs and th e ir  distance from the he lix  axis.

In general the q u a lity  of the X-ray d if fra c t io n  data now available fo r the 

S form is  comparable with that fo r the c ry s ta llin e  A and B forms o ffe rs 

the prospect of a d e fin it iv e  structure determination.

The pattern in figure 3 was recorded when the re la tiv e  humidity 

of the fib re  environment was 66%. However, S patterns were recorded at 

relative humidities from 33% to 92% with the la t t ic e  va ria tio n  indicated 

in figures 8a and 8b. The high degree o f s ta b i l i t y  o f the S conformation 

is indicated by very small varia tion  in  these parameters fo r  re la tive  

humidities from 75% down to 44%. However, a t 92% re la tiv e  humidity the 

la ttice  parameters are observed to have a sharp increase. This also 

corresponds to a change in the overall in te n s ity  d is tr ib u tio n  on the S 

pattern. As the re la tiv e  humidity was increased from 44% to 98% the 

following in te n s ity  changes were observed in  the d if fra c t io n  patterns 

(see figure 3 and fig u re  9a, b ):-

1. The 11th la ye rlin e  became weaker, suggesting tha t the t i l t  o f 

the base is  probably changing with increasing re la tiv e  humidity 

(see figures 9a, b).

2. The S pattern observed at re la tive  humidities o f 75% and below
r

have a strong 100 re fle c tio n , and a very weak 107 re fle c tio n . 

However, the S pattern observed at a re la tive  humidity o f 92% 

and above have approximately equal in te n s ity  fo r  108 and 107 

re fle c tions  (see figures 9a, b).

3- Low humidity S patterns have a strong 105 re f le c tio n , and higher

humidity S patterns have a weak 105 re fle c tio n  (see figures 9a, b). 

^  Low humidity 5 patterns have a strong (006) re fle c tio n  and high 

humidity S patterns have a weak (006) re fle c tio n . However, both 

patterns have strong (00 12) re fle c tio n s . This observation suggests
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that the phosphate positions in  the re la tiv e  humidity S

conformation d if fe r  less in  re la tive  position on a regular

backbone basis than they do in the sugar-phosohate backbone

conformation o f the low humidity conformation ( i .e .  P-Og,

P-0,- conformations are d iffe re n t in  two S conformations),0
5. The la t t ic e  parameters show a sharp increase at 92% and then 

remain more or less the same up to 98% ( in  some fib res  they 

change to sem i-crysta lline  B-form at 95% -  conditions are 

discussed la te r in  th is  chapter).

The la t t ic e  parameters are given below:-

(a) low humidity pattern a t 66%

a = 17.85 A c = 42.80 A

(b) high humidity pattern a t 95%

a = 20.0 A c = 45.35 A

The p values observed were used to re fine  the la t t ic e  parameters 

from re la tive  humidity 33% to 98%. Theyare given on table 1 

(low humidity patterns) and table 2 (high humidity patterns).

6. A mixture o f the two conformations was observed a t 92% or 98% 

re la tive  humidities (see figure 10). From th is  pattern the 

la ttic e  parameters o f the two components were determined

(a) Major component
r

a = 19.6 A c = 44.4 A

which is s im ila r to the high re la tive  humidity conformation

(b) Minor component

a = 18.0 A c = 43.0 A

which is the low humidity conformation.

7- The observed in te n s itie s  o f these two patterns were compared with 

the squared transforms calculated from extended Zj and Zjj helices 

proposed by Hang e t a l . (1981). The low humidity patterns showed



Analysis of the la t t ic e  parameters as a function o f re la tive  humidity

Table la

Observed and calculated p values fo r the low re la tive

humidity S patterns (S, -type)

RH = 33% a = 17.4 A c

h k * p0(a ■ ') pc(a

1 1 0 0.1148 0.1149

2 0 0 0.1325 0,1327

1 0 2 0.0816 0.0815

1 0 4 0.1160 0.1155
1 0 5 0.1354 0,1356
1 1 5 0.1642 0,1649

0 0 6 0.1417 0.1418

RH = 44% a = 18,1 A ' c

h k 1 P0(*  " ' I PC(A

1 0 0 0.0625 0.0638
1 1 0 0.1111 0,1106
2 0 0 0,1276 0.1277
1 0 2 0.0787 0.0789
1 2 2 0.1754 0,1751
1 2 4 0.1928 0.1926
1 0 4 0,1124 0,1125
1 0 5 0.1328 0,1323
0 0 6 0,1389 0,1390
1 1 5 0,1597 0.1602
1 0 8 0,1961 0.1961

Cont,



Table 1* (Cont,)

RH = 66% Ti = 18.7 A VC

h k ft »0<A ■ ') PC(A

1 0 0 0.0629 0.0637
1 1 0 0.1109 0.1103
2 0 0 0.1273 0.1273
1 0 2 0.0789 0.0787
1 2 2 0.1749 0.1747
1 0 4 0.1128 0.1123
1 2 4 0.1919 0.1921
1 0 5 0.1318 0.1320
1 1 5 0.1595 0.1598
0 0 6 0.1382 0.1388
1 0 8 0.1962 0.1956

RH = 75% a = 18,3 A c

h k a P0(A PC(A - 1

1 0 0 0.0620 0.0633
1 1 0 0.1099 0.1096
2 0 0 0.1263 0.1266
1 0 2 0.0780 0.0782
1 2 2 0.1735 0.1736
1 0 4 0.1119 0.1115
1 2 4 - 0.1915 0.1909
1 0 5 0.1312 0.1310
0 0 6 0.1371 0.1376

43;2 A

43.6 A



Table lb

Observed and calculated p values for the S pattern (Sj

This nattern was used in  the s truc tu ra l analysis o f S

RH = 66% a = 17.9 A c

h k i, 00(A • ' ) PC(A _1

1 0 0 0.0636 0.0646
1 1 0 0.1119 0.1119
2 0 0 0.1289 0.1292
2 1 0 0.1719 0.1710
3 0 0 0.1956 0.1939
3 2 0 0.2821 0.2817
1 0 1 0.0685 0.0687
1 0 2 0.0798 0.0798
2 1 2 0.1774 0.1773
1 0 3 0.0951 0.0955
2 2 3 0.2339 0.2346
3 1 3 0.2423 0.2433
1 0 4 0.1138 0.1138
2 1 4 0.1951 0.1950
1 0 5 0.1339 0.1337
1 1 5 0.1619 0.1620
2 0 5 0.1740 0.1744
2 1 5 0.2075 0.2072
3 0 5 0.2262 0.2265
0 0 6 0.1405 0.1405
1 0 6 0.1548 0.1547
1 0 7 0.1758 0.1762
1 0 8 0.1993 0.1982
2 0 8 0.2271 0.2276

in figure  3. 
- conformation

= 42.8 A



TABLE 2

Observed and calculated p values fo r  the high re la tive  humidity 
_____________________ S patterns (S j . -type)______________________

RH = 92% a = 19.9 A

h k i P0(A ' ' i

1 0 0 0.0559
1 1 0 0.1013
2 0 0 0.1164
1 0 2 0.0725
1 0 4 0.1058
0 0 6 0.1321
1 0 6 0.1488
1 0 7 0.1646
1 0 8 0.1852
0 0 12 0.2655
1 0 12 0.2717

*RH = 95.1 a = 20.0 A

h k l P0(A

1 0 0 0.0568
1 1 0 0.0998
2 0 0 0.1153
2 1 0 0.1543
1 1 1 0.1022
1 1 2 0.1085
2 1 2 0.1593
1 0 4 0.1060
1 1 4 0.1335
2 0 4 0.1458
0 0 6 0.1324
1 0 6 0.1464
1 0 7 0.1647
1 0 8 0.1854
1 0 10 0.2278

*This pattern was used in the s truc  tu ra l
RH = 98% a = 20.1 A

h k A P0(A _1)

1 0 0 0.0563
1 1 0 0.1002
2 0 0 0.1147
1 <7 2 0.0727
1 1 2 0.1082
2 1 2 0.1591
1 0 4 0.1054
2 0 4 0.1449
0 0 6 0.1324
1 0 7 0.1647
1 0 8 0.1855
1 0 10 0.2279
1 0 12 0.2708

PC(A ‘ ' i

0.0581
0.1006
0.1161
0.0730
0.1059
0.1328
0.1449
0.1654
0.1863
0.2655
0.2718

c = 45.3 A

» C < A  - ' )

0.0578
0.1001
0.1156
0.1530
0.1025
0.1094
0.1592
0.1056
0.1335
0.1455
0.1325
0.1446
0.1650
0.1859
0.2283

analysis of S .. conformation and shown 
11 in  fiqu re  9.

c = 45.3 A

PC(A ' ' i

0.0575
0.0996
0.1150
0.0725
0.1089
0.1584
0.1053
0.1449
0.1323
0.1647
0.1856
0.2279
0.2708



Figuré 10 : 
Pattern

Mixture of Sj and Sjj forms, 
of K poly d(GC).poly d(GC) at

Diffraction 
92Z R . H .
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s tr ik in g ly  good agreement w ith  Zj he lix  transform (see figure 11). 

However, there are few discrepancies which need to be corrected 

by adjusting the Zj h e lix . The discrepancies a re :-

(a) The transform predicts a weak 11th layerline . However the 

observed in ten s itie s  are higher than predicted by Zj he lix .

This could be corrected by changing the t i l t  o f the bases.

(b) The (105) re fle c tio n  is  fa ir ly  strong in the d if f r a c t in  

pattern and the model predicts almost zero in te n s ity .

(c) The (100) re fle c tio n  is  fa ir ly  weak re flec tion  in  the 

d iffra c tio n  pattern and the model predicts a very strong 

in tens ity .

This could be adjusted by moving the base position re la tiv e  to 

the he lix  axes.

The detailed analysis o f the Sj and Sjj d iffra c tio n  patterns is  

discussed in  section 8.5.

The semi-crystal 1ine B" pattern (figure  1) is  of p a rtic u la r in te res t. 

Preliminary measurements ind icate tha t i t  is  10-fold with a h e lix  pitch o f

33.4 A. Since the pattern contains a re la tiv e ly  small number o f Bragg 

reflections the la t t ic e  determination must be tentative, but from the in i t ia l  

analysis i t  appears to be orthorhombic with a = 18.6 A, b = 27.9 A, c = 33.4 A 

and two double helices passing through each u n it c e ll.  The overa ll in ten s ity  

distributions is  s im ila r to  that observed at high humidity from the semi- 

crystalline B form o f DNA. There is  however in  the B" pattern additional 

well-defined d iffra c tio n  on the meridion of the f i f t h  la ye rlin e . This 

E ffraction might be from ions or ordered water in  the s truc tu re , but i t  

is tempting to consider the p o s s ib il ity  that i t  is  due to differences in 

the conformation o f the G and C residues analogous to the va ria tio n  proposed 

by Klug et a l . (1979) in  the a lte rna ting  B form o f poly d(AT).poly d(AT).

It may be tha t the B" reported here is closely related i f  not identica l to 

the modified B pattern observed fo r  poly d(GC).poly d(GC) by Sasisekharan



10 11 20 21 30 22 31 *t0

Figure 11 : The cylindircally averaged squared molecular 
transform for Zj-DNA (Wang et al., 1981)
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and Brahmachari 0981). However, the published pattern is  not s u ff ic ie n tly  

well-defined fo r th is  to be v e r if ie d , I 'h ile  the description o f th is  

pattern states th a t i t  has, in  addition to the features o f B-DMA, 

meridional or near-meridional re flec tions on various la ye rlin e s , i t  makes 

no particu lar mention o f meridional d iffra c tio n  on the fifth  laye rline , 

f t  would be o f great in te res t i f  the KF environment in our studies and 

the water-ethanol environment in  these studies resulted in  a s im ila r 

modification o f the B form o f the poly d(GC).poly d(GC) double he lix .

Early work by Bram and co-workers (Bran, 1971; Bram and Tougard, 

1972) and by P ile t  and Brahms (1972) and more recently the extensive 

study by Leslie e t a l . (1980) and have focussed on the dependence o f the 

conformation o f the DMA he lix  on the base sequence o f DMA. The two 

extreme compositions, i.e .  exclusive ly A-T and exclusively G-C are 

of crucial in te re s t to such an analysis. Synthetic DMAs w ith  both these 

compositions can assume the classica l A and B forms. However, a major 

difference occurs in  that whereas poly d(AT),poly d(AT) re a d ily  assumes 

the D form (Mahendrasingam et a l . ,  1933), poly d(GC).poly d(GC) apparently 

does not (Leslie e t a l . ,  1980), although the very closely re lated 

poly d(IC).poly d(IC ) does (M itsui et a l . ,  1970; Ramaswamy e t a l . ,  1982). 

Conversely, the S form is  characte ris tic  o f poly d(GC).poly d( GC) and 

has been reported by Arnott e t a l . (1980) as being observed occasionally fo r
r

poly d(AC).poly d(GT). From the point o f view o f th e ir  pos ition  in the 

'pattern' o f conformational tra n s itio n s , the S and D forms show marked 

s im ila rities . Once assumed both are p a rtic u la r ly  stable forms o f the 

duplex. The forms are assumed w ith e ithe r increasing re la tiv e  humidity fo r 

a fibre which has previously been in  the A form or with decreasing re la tive  

humidity fo r a f ib re  previously in  the B form. Transitions from both 

forms have so fa r only heen observed when the re la tive  hum idity is raised 

to a very high leve l ( i.e .  ty p ic a lly  95%) when the S B and D B changes 

occur. These s im ila r it ie s  are o f p a rticu la r in te res t since, as can readily
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be seen from the X-ray fib re  d iffra c tio n  patterns o f the S and D forms, the 

molecular conformations o f the two structures are quite d is t in c t.

Excess sa lt in  the precipitated m aterial was removed as 

described in Chapter 2. A few fib res with very low s a lt content were 

prepared. In environments o f re la tive  humidity up to 92% these fibres 

gave a sem i-crysta lline  C pattern, which is s im ila r to the C pattern o f 

Na DNA(see chapter 9). The absence o f the s a lt  ring in  th is  C pattern was 

an indication o f the low s a lt content in those fib re s . Further hum idification 

of these fib res  a t 95% and 98% re la tive  humidity gave a sem i-crysta lline 

B pattern. The C ■* B tra ns ition  was found to  be reversib le. A s im ila r 

conformational tra ns ition  was observed fo r low s a lt (^ 0 .2  Na+Cfl p04 )

Na poly d(AT).poly d(AT) fib res (Mahendrasingam et a l . ,  1983a).

Further increases in  the s a lt content o f the f ib re  gave a semi- 

crystalline C pattern up to 84% re la tive  hum idity. However, a t 92% re la tive  

humidity an A pattern was observed. Further hum idification at 95% 

relative humidity gave an S and B mixture, and a sem i-crysta lline B pattern 

was observed a t 98% re la tive  humidity. Weak s a lt  d iffra c tio n  rings were 

observed in a l l  these patterns, ind icating a s lig h t  increase in  sa lt content 

in the fib re . When the re la tive  humidity was reduced from 98% to 92% 

relative humidity i t  gave a sem i-crysta lline B-form as observed e a r lie r .

When th is f ib re  was taken down to 33% re la tive  humidity i t  gave a semi

crystalline C-form. Further hum idification o f th is  fib re  to 98% re la tive  

humidity made i t  go through the same conformational sequence which had 

occurred in the f i r s t  hum idification cycle. One very unique aspect o f 

these fibres was the fac t that the rate o f change o f humidity appeared to 

be important on the 'decreasing' part o f the run. I f  the humidity was 

reduced slow ly, the tra n s itio n  was B -*• S, and i f  fas t B A. Due to the 

sal t  content in  th is  f ib re , i t  gave a sem i-crysta lline  C-form instead o f 

an A-form when the re la tive  humidity was lowered rap id ly .
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Fibres prepared with LiF sa lt in the fib re  gave a sem i-crysta lline 

C-form up to 75% re la tive  humidity. The d if fra c t io n  pattern (figu re  12) 

resembles the semi crysta l 1ine C-form from Li DNA. However, the molecular 

packing appears to be rather d iffe re n t. Further hum idification o f these 

fibres gave a c ry s ta llin e  B-form (figure  13) a t 86% re la tiv e  humidity. At 

92% and 95% re la tive  humidities a sem i-crysta lline  B pattern (figu re  14) 

was observed. A sem i-crysta lline  B-form which is s im ila r to tha t obtained 

from Li DNA and K poly d(GC).poly d(GC) was observed at 98% re la tive  humidity. 

All o f these conformational changes were found to be revers ib le . The 

crysta lline  B-form in  figure  13 appears to be d iffe re n t in  molecular packing 

from that o f Li DNA as reported by Leslie e t a l . (1980). Further detailed 

analysis o f these d iffra c tio n  patterns are in  progress in  our laboratory.

Because i t  was found that poly d(AT).poly d(AT) ( i.e .  poly d 

(purine-prymidine).poly d(purine-prymidine) gave the D form easily  in  the 

presence o f heavy ions such as Rb+ and Cs+ in  fib res , a few fib res o f Rb 

poly d(GC).poly d(GC) were prepared. The polymorphic behaviour o f Rb 

poly d(GC) .poly d(GC) was s im ila r to K poly d(GC).poly d(GC). The qua lity  

of the fibres were not as good as poly d(GC).poly d(GC). No D pattern 

was observed. However, the in tens ity  d is tr ib u tio n  of the low humidity B 

patterns is  s l ig h t ly  d iffe re n t from the B" pattern observed fo r K poly d(GC). 

Poly d(GC). This may be due to s lig h t s tru c tu ra l d is to rtio n  in B"-DNA.

8-4 The ion ic content in  fib res  and i t s  re la tionsh ip  to that in  solution

This is  the f i r s t  X-ray fib re  d if fra c t io n  study o f poly d(GC).

PolY d(GC) to be reported in  which the polynucleotide was prepared from KF.

As reported previously (Rhodes et a l . ,  1982; Mahendrasingam et a l . ,  1983a) 

estimates o f the amount o f s a lt  w ith in  a polynucleotide f ib re  have substantial 

C e rta in tie s . These are p a rtic u la r ly  acute when, as can be seen from 

the presence o f the sharp d iffra c tio n  rings in  a ll the patterns in 

figure 1 - figure  6, part o f the sa lt occurs as a separate phase o f



Figure 12 : Semi-crystalline C-form. Diffraction
Pattern of Li poly d(GC).poly d(GC) at 75% R.H.

Figure 14 s Semi-crystalline B-form Diffraction 
Pattern of Li poly d(GC).poly dCGC) at 95% R.H.



Figure 13 : Crystalline B-form Diffraction 
pattern of Li poly d(GC).poly d(GC) at 86% R.H.
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KF.2H20 c ry s ta llite s . The persistence o f these c ry s ta llite s  throughout 

such a wide varia tion  in  the re la tiv e  humidity o f the f ib re  environment 

(from 33% to 98%) could be taken to  indicate tha t the solvent in  the 

fib re  is saturated with KF at a l l  humidities w ith in  th is  range. However, 

our observation that whether the B form o f poly d(GC).poly d(GC) changes 

to the A form o r the S form depends on the rate at which the re la tive  

humidity o f a wet fib re  is reduced, suggests tha t th is  simple view of the 

ionic content o f the solvent in  the fib re  may not be correct. Since the 

A and S forms can be observed a t the same re la tive  humidities and the A 

form of natural DNAs (F u lle r e t a l . ,  1965) and o f Na poly d(GC).poly d(GC) 

(Arnott et a l . ,  1980) are generally regarded as low s a lt forms and the 

S form as a high sa lt form (A rnott e t a l . ,  1980), i t  seems somewhat un like ly  

that in both cases the solvent in  the poly d(GC).poly d(GC) u n it ce ll is 

saturated with KF even though there are c ry s ta llite s  o f KF.2H20 w ith in 

the fib re . I t  may be, therefore, tha t the ion ic  content o f the solvent 

depends on the ra te  a t which the water content o f the f ib re  is  reduced 

with the more rapid reduction resu lting  in the lower u n it ce ll ion ic 

strength.

An upper l im it  fo r the amount o f KF in  the polynucleotide u n it

cell was estimated as less than 0.6 F” per nucleotide - w ith  a corresponding

number of K+ ions in addition to those neu tra lis ing  DNA PÔ  groups. In

order to re la te  the observations o f fib res o f poly d(GC).poly d(GC) to

those on the polynucleotides in  so lu tion  i t  was necessary to consider

what ionic content in fib res might correspond to ion ic strength associated

with the observation o f the Z conformation in  so lu tion . C ircu la r dichroism

studies ty p ic a lly  use polynucleotide concentrations o f 10”^M ( i . e .  ^ 0.03

mg/nil) whereas fo r  NMR and laser-Raman studies typ ica l concentrations 
“ 2 —1are 10 M ( i .e .  % 3 mg/ml) and 10”  ( i.e .  -v 30 mg/ml) respective ly. Despite

the fact that these polynucleotide concentrations range over three orders
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of magnitude, the s a lt  m olarity required to induce the B Z tra n s itio n  

is essentia lly  the same. This can be a ttribu ted  to  the fa c t tha t in  a ll 

these fam ilies o f experiments the polynucleotide molecules are so fa r 

from each other tha t the difference in polynucleotide concentration has 

no s ig n ifican t e ffe c t on the ion ic  environment o f an individual polynucleo

tide molecule. C learly w ith in  a fib re  the nucleic acid molecules are no 

longer 'd i lu te ' enough fo r  i t  to be assumed tha t they do not in te ra c t 

with each other. However, we can s t i l l  focus our a tten tion  on the contents

of the volume o f solvent associated on average w ith  each nucleotide. The
3

unit ce ll per volume per nucleotide in  the A, B and S forms is  565 A ,
3 31038 A and 573 A respective ly and fo r the purpose o f th is  ra ther general

3
argument we may take 250 A as a typ ica l value fo r  the volume o f solvent 

per nucleotide in  the u n it ce ll o f a poly d(GC).poly d(GC) fib re  when i t  

undergoes the B ■+ Z tra n s itio n . Therefore, i f  there is 0.5 F~ per P0^" 

in this volume o f solvent, the concentration o f the KF surrounding the 

DNA could be regarded as ^ 4M. Such calculations are no doubt over

simplified. Nevertheless they show that the io n ic  contents o f fib res  

which are associated with the assumption o f "high s a lt"  conformations can 

be regarded as equivalent to the sa lt concentrations which induce the 

corresponding tra ns ition s  in a wide range o f so lu tion  studies. In the 

context of the present work they provide some fu r th e r support fo r  

identifying the Z conformation observed in so lu tion  with the S form in 

fibres.

8-5 The S tructura l Analaysis o f St and Sn Conformations

B-DNA and Z-DNA d if fe r  not only in the sense o f the h e lix , 

but also in  the o rien ta tion  o f the base pairs re la t iv e  to the sugar 

Phosphate backbones (Wang et a l . ,  1979). This is  shown schematically in 

figure 15. Z-DNA has a sequence o f a lternating  deoxyguanosine and 

teoxycytidine residues. Therefore the asymmetric repeating u n it in the
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structure consists o f a d inucleotide, in contrast to the single nucleotide 

which is the repeating u n it in  right-handed B-DNA. The perpendicular 

pseudodyad axes is  between the base pairs not in  the plane o f the base 

pairs. I t  was reported that in Z-DNA, deoxyguanosine is  in  a syn conforma

tion with C^'-endo sugar pucker instead o f the fa m ilia r anti conformation 

with C2 '-endo sugar pucker o f B-DNA (Uang e t a l . ,  1979).

Wang et a l . (1981) reported that the four crysta l structures 

which have been solved have four GpC residues and six CpG residues each, 

or a to ta l o f 16 GpC and 24 CpG linkages. The CpG residues are a ll in 

essentially the same conformation and 5 o f the 16 GpC linkages are in  g+t  

conformation (referred to as Zjj conformation) and 11 in  g” t  conformation 

(referred to as Zj conformation). These observations led Wang e t a l. (1981) 

to the proposal o f the Zj and Zjj structures fo r  poly d(GC).poly d(GC).

In the prelim inary analysis i t  was found tha t the Fourier transform 

of Zj had a good q u a lita tiv e  agreement with the low humidity d iffra c tio n  

pattern obtained fo r S form (S j). S im ilar agreement was found to Zjj w ith 

high re la tive  humidity S pattern Sj j . This prompted the author to undertake 

a detailed quantita tive  analysis o f the Sj and Sjj d iffra c tio n  patterns.

The structura l de ta ils  o f Sj and may provide a plausible explanation 

for the S -► B tra n s itio n  with increase in  the re la tive  humidity.

As described above the Zj co-ordinates were used as a s ta rting  

model fo r the Sj conformation. A model bu ild ing  program was used to generate 

different models (as described fo r D-DNA in  Chapter 4) by varying the base 

displacement form -2.4 A to -3.6 A in  0.2 A steps to find  the best f i t  fo r  

the equatorial re fle c tio n s . The base displacement o f -v -3.2 A was found 

to give a good f i t  fo r  the equatorial re fle c tio n s . Then, by varying the 

base t i l t  angle from - 8°  to +8° in  steps o f 2° ,  a few models were generated, 

fhe transforms were calculated and i t  was found tha t a positive t i l t  o f 

the bases gave a weak transform in  the 11th la ye rlin e . Only a negative t i l t
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of the bases gave strong calculated d iffra c tio n  on the 11th  laye rline ,

A negative <v. 2 degress base t i l t  was found to be appropriate fo r the 

model. Then the tw is t o f the bases was varied from -8° to 8° in  steps 

of 2 degrees. A ll negative base tw ists predicted a strong 107 re fle c tio n  

and weak 108 re fle c tion . Only positive base tw ists gave a strong 103 

re flection and a weak 107 re fle c tio n . I t  was found tha t a positive 

^ 6 degrees tw is t was appropriate fo r the model. F in a lly  a few models 

were generated with a small va ria tion  o f the above parameters, t. few 

structures were then derived fo r  Sn  using the same method as tha t 

described fo r S j. The base t i l t ,  tw is t and the displacement are % 8 degrees, 

^ +4 degrees and -3 A respective ly. The structure factors were calculated 

for a few models o f Sj and Sjj  conformations as a function o f molecular 

orientation in the un it c e ll.  From these calculations the best agreement 

between observed and calculated structure factors is  observed when a dyad 

axis re la ting  to the two chains of the structure is  oriented at an angle 

of 3 degrees to the a axis fo r  Sj and 30 degrees to the a axis fo r Sj j .

The base t i l t ,  tw is t and displacement (from the he lix  axis) are 

-2 degrees, +6 degrees and -3 .2  A respectively fo r S j. For Sn> the base 

t i l t ,  tw ist and the displacement are +8 degrees, +4 degrees and -3.0 A 

respectively. The observed and calculated structure factors fo r  the 

structures Sj and Sjj are given in tables 3 and 4 respective ly. The 

cylindrical polar co-ordtnates fo r the structures Sj and Sjj are given in 

tables 5 and 6 respecitvely. The torsion angles o f the models are given 

in table 7. The c y lin d r ic a lly  averaged squared transform fo r Zj and Sj 

are shown in figure 16. In fig u re  17 the c y lin d r ic a lly  averaged squared 

transform fo r Zjj and Sn  are shown. The fin a l R values (residuals) fo r  

1̂ ant* Sjj are 35% and 38% respective ly.



10 11 20 21 30 22 31 1*0

Figure 16 : The cylindrically averaged squared molecular 
transform for Zj and Sj. Sj : full-line, Zj : dotted-line
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Figure 17 : The cylindrically averaged squared molecular 
transform for and SII

Sjj : full-line, : dotted-line



TABLE 3

Indices of the Observed Bragg Reflections w ith  the Observed (Fobs) 
and calculated (T .|J values o f the structure amplitudes 

____________ for Sj-^NA model v w .  ■

h k i Fobs ^cal

1 0 0 265 512
1 1 0 1717 1663
2 0 0 1170 581
2 1 0 685 628
3 0 0 562 1580
3 2 0 1384 1692
1 0 1 80 161
1 1 1 830 559
2 0 1 296 795
1 0 2 367 1270
2 1 2 1390 810
1 0 3 107 91
2 1 3 1207 747
3 1 3 1600 1434
1 0 4 308 387
2 1 4 1681 1373
1 0 5 323 509
1 1 5 759 636
2 0 5 393 271
2 1 5 619 1058
3 0 5 767 116
1 0 6 205 237
1 0 7 125 269
1 0 8 1818 1794
2 0 8 645 567
2 1 8 756 948
1 0 10 372 259
1 0 11 1957 1863



TABLE 4

Indices o f the Observed Bragg Reflections with the Observed ( F ^ )  
and calculated (F .|) values o f the structure  amplitudes

fo r Sj j -DNA model

h k i ^obs ^cal

1 0 0 1099 451
1 1 0 424 296
2 0 0 466 404
2 1 0 349 628
1 1 1 225 209
1 0 2 366 550
1 1 2 225 314
2 1 2 560 402
1 0 4 184 178
2 0 4 238 428
1 0 7 305 432
1 0 8 645 601
1 0 10 205 153
1 0 11 224 347



TABLE 5

C ylindrica l po lar coordinates fo r the left-handed Sj-DNA model.
The dyad axis re la ting  to the two chains is  at 

_____________________________ (r,0 ,0 )_____________________________

Atom r(A ) +(o) Z(A )

w 7.74 39.7 6.52

<w 6.23 43.5 3.55

<hV 7.30 48.5 4.44

w 7.70 58.7 4.12
c r 1 
l u2 7.64 57.9 6.55

W 7.00 48.2 5.97
7.90 64.6 5.32

<¥7 7.42 91.4 5.04

«,«5 6.04 90.3 5.17

s,c4 5,80 77.4 5.32
4.80 68.4 5.42
3.60 76.3 5.45
2.60 61.5 5.62

«1«, 3.80 97.2 5.34

% 5.11 101.4 5.22

< ¥ 6 5.65 113.5 5.12

G1N9 7,20 74.1 5.24

V 8 7,93 82.4 5.12

Gl°5* 6.90 38.2 2.42

Gi por 6.23 379.7 1.22

W 6.60 38,7 -0.07
G-| P1 6.06 33,4 1.18

C2°3' 4.62 40.3 1.47

W 6.46 74.2 1.26
r r • 
2 4 5.25 67.6 1.87

C2»4' 4,42 80.2 2.42
r c 1 
l2l 2 3.20 66.4 0,59

w 4.50 56.6 0.86

W 3.07 80,2 1.94
c2c5 4.90 129.7 1.60 -v

Cont.



Table 5 (Cont,)
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TABLE 6

Cylindrical polar coordinates fo r the left-handed Sjj-DNA model. 
The dyad axis re la ting  to the two chains is  at (r,0 ,0 )

(Cont.)



Table 6 (Cont.)

Atom r(A ) ■Ho) Z (A )

O
n

o o -e* __
_1 3.97 151.6 1.89

C2N4 5.02 162.0 1.71

C2N3 2.70 159.7 1.91
c 202 0.52 137.5 2.11

C2C2 1.75 135.0 2.11

c 2 " , 2.73 108.9 2.27

C2C6 4.02 117.3 2.26
C 0 1 U2U5 6.50 82.5 1.41
c 2P 0 i• 7.65 73.3 -0.57
C?P0?' 8.90 77.9 1.51
C2P' 7.83 80.5 0.56V v * * .................>
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CHAPTER 9

Polymorphism o f Naturally Occurring DNAs

9.1 Introduction

Deoxyribonucleic acid ( DNA) and its  syn thetic analogues are 

remarkable in respect o f the number o f d is t in c t,  regular conformations 

that they can assume, both from the point o f view o f understanding the 

biological function o f DNA and fo r  an elucidation o f the factors 

important in  determining i t s  three-dimensional s truc tu re . I t  is  important 

to establish the conditions under which these various conformations are 

favoured. Three w e ll-de fined conformations have been observed fo r 

naturally occurring DNAs in  oriented fib re s . These have been designated 

A, B and C and th e ir  de ta iled  geometries in  a va rie ty  o f c rys ta llin e  

and sem i-crystalline forms have been determined by X-ray fib re  d if fra c t io n  

analysis (F u lle r et a l . ,  1965, Langridge e t a l . ,  1960b, Marvin e t a l . ,  1961, 

Arnott et a l . ,  1972b, 1973).

In the case o f na tu ra lly  occurring DNAs the C conformation is  

commonly observed as a low humidity form o f the lith iu m  sa lt (Marvin 

e ta l. ,  1961). However, when the counter-ion is  sodium rather than lith iu m
m

previous X-ray fib re  d if fra c t io n  studies have suggested tha t the C form 

is at best a poorly favoured conformation. Bram e t a l . (1974) claimed 

that fibres o f the sodium s a lt o f c a lf  thymus DNA pulled a t 37°C gave a 

c pattern at re la tive  hum idities o f 66% and less. However, the published 

Pattern was not w e ll-de fined  and a laye rline  spacing o f 31 A was the only 

Parameter quoted as supporting i t s  designation as C. Arnott and Seising 

(1975) published a C patte rn  from a fib re  o f NaDNA which although be tte r 

defined than tha t reported by Bram et a l . (1974) was s t i l l  much in fe r io r ,
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both as regards orientation and c ry s ta ll in ity ,  to patterns observed 

for LiDNA (Marvin et a l . ,  1961). Arnott and Seising (1975) reported 

that they observed the C form o f NaDNA at low re la tive  humidities from 

fibres w ith  s a lt contents intermediate between those appropriate fo r 

the A and B conformations o f NaDNA. In a more recent discussion o f DNA 

polymorphism Leslie e t a l.  (1980) state tha t the C form is  stable at 

relative humidities and sa lt contents which are both intermediate between 

those which favour the A and B conformations. Zimmerman and Pheiffer 

(1980) have recently described an extensive X-ray d iffra c tio n  study o f 

DNA fib res  in  a varie ty  o f concentrated s a lt  solutions and organic 

solvent/water mixtures. For NaDNA they observed C-like patterns from 

fibres immersed in  mixtures containing 95% or more (v/v) o f t-bu tano l.

These authors emphasised tha t the C-form should be visualised as a fam ily 

of related structures with a characte ris tic  d iffra c tio n  pattern. They 

suggested that continuous smooth trans itions may occur between the various 

members o f the C fam ily and also possibly between the B and C forms.

Infrared lin e a r dichroism studies have shown tha t a C-like conformation 

can occur in  oriented film s o f  DNA (Brahms e t a l . ,  1973).

Transitions between the A and B forms o f NaDNA have been shown 

to depend on the s a lt content o f the fib re  and the re la tive  humidity o f i ts  

environment, (Cooper and Hamilton, 1966). The remainder o f th is  chapter 

is devoted to describing'the conditions required fo r rou tine ly  observing 

the C-form o f NaDNA and the trans itions  between the A, B and C forms o f 

NaDNA. These are shown to be applicable to a wide va rie ty  o f natural DNAs. 

A systematic study on LiDNA is  also described.

Materials and Methods

The follow ing natural DNAs were used in  th is  study: c a lf thymus 

Clostridium perfringens, herring sperm, pollock roe, salmon sperm, E.Coli
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(a ll from sigma) SP15 (from Professor Mandel), T2phage, micrococus 

lysodeikticus (both from Miles) <j>w-14 (Kropinski e t a l . ,  1973), c a lf 

thymus (from Professor Warren). The f in a l stage in  p u rifica tio n  was 

either by ethanol p re c ip ita tion  from solutions containing 0.1 M or 

less NaCi., or by centrifugation  a t 50,000 r.p.m . from solutions fo r 

which the NaC*. concentration was as low as 0.001 M. Fibres were drawn 

from e ither the precip ita ted material or from concentrated gels. X-ray 

d iffrac tion  patterns were obtained at a range o f re la tiv e  humidity o f 

the fib re  environment from 33% to 98%. For specimens prepared from 

centrifuged m ateria l, ion concentration estimates were made using 

measurements o f C^gQ fo r  the o rig ina l so lu tion and supernatant. Hence 

i t  was possible to calculate the number o f Na+ and CjT  added per DMA 

phosphate (fo r de ta ils  see Chapter 2).

9.3 Results

(a) A ll the DNAs studied could be induced to  assume the C form and 

examples o f th e ir  d if fra c t io n  patterns are shown in  figure 1 to figure 4.

Where patterns were s u ff ic ie n t ly  well defined (see figure  1) fo r  analysis, 

they were found to be hexagonal rather than orthorhombic (Marvin, et a l . ,

1961). The pattern on figure  1 was measured and indexed as a hexagonal 

la ttice  with la t t ic e  parameters, a = 30.8 A and c =31.6 A.
9

(b) Conditions were found fo r  which a ll the DNAs studied assumed the 

B conformation and also, w ith the exception o f DNA from T2 and SP15, the

A conformation.

(c) C patterns from the various NaDNAs were only observed fo r the fib re s  

which contained very l i t t l e  excess NaCt, and which were placed in  an 

environemnt o f low re la tive  humidity.

For a ll the DNAs which could assume the A form, fib res  which gave 

the C pattern at low humidity exhibited s tru c tu ra l trans itions f i r s t  from



Figure 1 Semi-crystalline C-form. Diffraction Pattern 
of Na DNA (Calf thymus) at 57% R.H,



Figure 2 : Semi-crystalline C-form. Diffraction Pattern 
of Na T2 DNA at 33% R.H.

figure 3 : Semi-crystalline C-form. Diffraction Pattern 
of Na DNA (E.Coli) at 66% R.H.
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the C form to the f u l ly  c rys ta llin e  A form and then from the A form to 

the sem i-crystalline B form as the re la tive  humidity was increased. In 

general, the greater the s a lt  content o f the fib re  the lower the re la tive  

humidity a t which tra n s itio n  to the A pattern occurred. For fib res 

containing the lowest amounts o f excess s a lt ,  the C form was usually 

observed a t re la tive  humidities in  the range of 32% to  75% but as the 

salt content o f the f ib re  was increased the upper l im i t  in the re la tive  

humidity at which the C form occurred was reduced u n t i l  i t  reached a level 

when the C pattern was no longer observed, ( i.e .  ty p ic a l ly  0.5 Ct per PO^). 

Below 32% re la tive  hum idity the X-ray d iffra c tio n  patterns were badly 

defined, ind icating  a progressive collapse o f the s truc tu re . As reported 

previously (Cooper and Hamilton, 1966), the re la tiv e  humidity at which the 

A to B tra n s itio n  occurred decreased with increasing s a lt content o f the 

fibre.

(e) The tra n s itio n s  C -*■ A ■+ B were fu l ly  reve rs ib le  as the re la tive  

humidity was reduced.

(f) For the fib re s  which underwent the C -*• A B trans itions , patterns 

were observed which indicated mixtures o f conformations. C/A and A/B mixtures 

(figure 5) were noted. (For detailed discussion see Chapter 6).

(g) For fib res  o f DMA from T2 and SP15 there was a tra ns ition  from 

the C form to a sem i-crysta lline  B form with increasing re la tive  humidity 

(figure 6 and figure  7)„

(h) For LiDNA, a sem i-crysta lline  C form and B form (both c rys ta llin e  

and sem i-crystalline) were observed as previously reported. (Marvin et

al., 1961). No A form was observed.

Discussion

This study establishes the C form as a major conformational 

Possibility fo r  the DNA double-helix in  b io log ica l environments. Previous
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work indicated tha t while the C form was re a d ily  assumed by the lith ium  

sa lt o f DNA, th is  form was a t best a very poorly favoured conformation 

when the counterion was sodium. From the present work i t  is  clear that 

there is  no d i f f ic u l ty  in  inducing NaDNA to assume the C conformation i f  

both the water content and the leve l of excess s a lt in  the f ib re  are 

s u ff ic ie n tly  low.

In the b io logical s itu a tio n  DNA can be expected to occur 

predominantly e ithe r as the sodium sa lt or in  a state where the sodium 

ions are displaced by basic groups such as lysine  and arginine side 

chains in proteins. I t  is therefore possible to envisage s ituations in  

which the conformation o f a fu n c tio n a lly  active  region o f DNA is  contro lled 

by processes which change the degree o f hydration o f the DNA and the 

concentration o f Na+ and C l ions in  the v ic in ity .

E arlie r reports have suggested th a t the C form o f DMA might 

be seen as a variant o f the B conformation w ith  ready tra n s itio n  between 

two forms. While such a tra n s itio n  has been observed fo r the lith ium  

sa lt o f DNA, in  th is  study the sodium s la t,  the tra n s itio n  from C to B 

is observed as passing through an intermediate A conformation except 

for those DNAs tha t do not assume the A form. In contrast to the e a r lie r  

claim tha t a t low hydration the s a lt  content o f fib res  o f NaDNA which 

gave the C form was intermediate between those appropriate fo r observing 

the A and B forms, i t  was found th a t the C form is favoured by s a lt contents 

which are lower than those which favour the A form. I t  should be emphasised 

that in  view o f the present study the presumption tha t the A form is  an 

intermediate between the C and B forms o f NaDNA is  based on two d is t in c t 

sets o f observations. F irs t,  the C -* A -*■ B trans itions  occur as a function 

of the re la tive  humidity fo r f ib re s  containing small amounts o f s a lt .  Second, 

the conformational trans itions C •* A -*■ B occur at a fixed re la tive  humidity 

(say 57%) as the s a lt content o f a fib re  is  raised.
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One o f the most s tr ik in g  features o f th is  study is  the wide 

range o f natural DNAs over which the C form was observed. In pa rticu la r 

i t  was observed fo r DNAs fo r  which the G+C content ranged from 31 % to 72%. 

Perhaps o f even greater s ign ificance  is  tha t the C form was observed fo r 

three DNAs (i)>w-14, SP15, T^) in  which a substantial frac tion  o f the 

nucleotides were extensively modified. In one case the chemical 

m odification involves approximately 1 in  8 nucleotides carrying a positive  

charge. The fa c t tha t the C form is  observed fo r  th is  very wide range o f 

'n a tu ra l1 DNAs suggests tha t i t  is  a structure whose occurrence is 

s u ff ic ie n t ly  favoured stereochemically fo r  i t  not to be destabilised by 

substantial changes in  e ith e r i t s  charge d is tr ib u tio n  o f the addition o f 

bulky groups. The A form was not observed fo r T2 DNA. This is  in accord 

w ith e a r lie r  studies which also suggested that th is  was a consequence o f 

glucosylation o f a large fra c tio n  o f the cytosine residues (Mokulskii 

et a l . ,  1972). However, the A form was observed fo r <j>w-l4 DNA and 

is  identica l to A forms from native DNA (see figure  8 and fig u re  9). 

Mokulskii et a l . ,  (1972) also suggested tha t at low humidity T^ DNA adopts 

a novel conformation, the T form. In view o f the observation o f the C 

form as a low humidity conformation o f T  ̂ DNA and the fact th a t the h e lix  

p itch and the overa ll in te n s ity  d is tr ib u tio n  reported fo r the T form are 

broadly s im ila r to those which characterise C patterns, i t  is  possible 

tha t the T form is  a t least a close re la tive  i f  not a member o f the C 

fam ily o f s tructures.

The sem i-crys ta lline  B patterns o f a l l  natural DNA stuied were 

very s im ila r (figu res  10 and 11). However, the in ten s itie s  o f the 1st and 

3rd layerlines are enhanced in  G-C rich  DNAs. The in ten s ity  enhancement 

may be due to minor s truc tu ra l va ria tion  in  B-DNA as discussed in  Chapter 5.



Figure 8 ; A-form Diffraction Pattern of 
Na <t>w-14 DNA at 92% R.H,

Figure 9 : Arform Diffraction Plättern of 
Na DNA (Calf thymus) at 15T R,H.



Figure 10 : Semi-crystalline B-form Diffraction Pattern of 
Na DNA (Calf thymus) at 987 R.H.

Figure 11 : Semi-crystalline B-form Diffraction Pattern of 
i Na DNA (Cl.perfringens) at 98% R.H.



CHAPTER 10

Does the Heteronoroous Structure Exist in Homopolymers?

10.1 Introduction

A homopolymer has identica l purines in one chain and identica l 

pyrimidines in  the other ( i.e .  poly d(purine).poly d (py rim id ine )). Early 

fib re  d iffra c tio n  studies led Langridge, Bollum and Chamberlain (Langridge, 

1969) to conclude tha t poly d(A).poly d(T) and poly d(G ).poly d(C) have 

molecular structures ra ther d iffe re n t from those o f the native DNA forms, 

and from one another. Arnott and Seising (1974a) reported that one 

conformation o f poly d(A).poly d(T) was in fac t very s im ila r to B-DNA 

(termed B'-DNA). They also reported tha t the existence o f a t r ip le  

stranded structure in  fib res  o f poly d(T).poly d(A ).po ly d(T). B'-DNA 

was reported to have two crystal forms depending upon the prevailing 

re lative humidity. At low humidities (up to 84%) the B' structure was 

found to pack in to  an orthorhombic la t t ic e  with la t t ic e  parameters 

a = 17.8 A, b = 20.0 A, c = 32.4 A, and at re la tive  hum idities o f 92% and 

above i t  was found to be in  a hexagonal form with la t t ic e  parameters 

a = 22.8 A, c = 32.9 A. rThe orthorhombic crysta l form is  called b-B'-DNA. 

Arnott et a l . (1974a) proposed a 10̂  he lix  with id e n tica l a n ti-p a ra lle l 

chains based on a-B'-DNA d iffra c tio n  data. Further they claimed tha t the 

a and B forms have the same molecular conformation (which is  a s lig h t ly  

modified B-DNA s truc tu re , Arnott et a l . ,  1972b) and are d is t in c t only in  

their packing arrangement.

More recently , however, Arnott and his co-workers proposed a 

heteronomous DNA structure  (Arnott e t a l . ,  1983) fo r poly d(A).poly d(T) 

based on b-B'-DNA d if fra c t io n  data (which has more Bragg re fle c tions  than
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the cx-B'-DNA). In the new structure both chains are 10, helices, 

mutually hydrogen-bonded in  the standard (Watson-Crick) fashion, but have 

quite d iffe re n t conformations. I t  is  proposed tha t the poly d(A) chain 

has C3 '-endo sugar puckering, a cha rac te ris tic  o f the A-fam ily, while 

poly d(T) has C^-endo puckered rings, a ch a ra c te ris tic  o f the B-fam ily, 

Arnott e t a l.  (1983) fu rthe r suggests tha t the heteronomous duplexes may 

apply also to the a-form. S im ilar patterns to these have been obtained 

from fib res o f poly d (I) .p o ly  d(C), and fib re s  o f poly d (A I).po ly  d(CT) 

(Leslie e t a l . ,  1980). I t  has also been reported tha t the double-stranded 

form o f poly d ( I) .p o ly  d(C) was unstable in  fib re s , and transformed 

irreve rs ib ly  to the trip le -stranded structure  poly d(C ).poly d ( I) .p o ly  d(C+) 

a fte r a few days. Arnott e t a l . (1974c) reported tha t the d if fra c t io n  

pattern obtained from poly d(G).poly d(C) fib re s  was s im ila r to the A-DNA 

pattern o f c a lf  thymus DNA, both in terms o f in te n s ity  d is tr ib u tio n  and 

unit ce ll dimensions. They did not observe the A -*■ B tra n s itio n  which is 

normally observed in  c a lf  thymus DNA.

The remainder o f th is  chapter is  devoted to a description o f 

data obtained from poly d(A).poly d(T) and poly d(G ).poly d(C).

l°-2  M aterials and Method

The polynucleotides, poly d(A ).po ly d(T) and poly d(G).poly d(C) 

were obtained from Boehringer. Fibres o f d if fe re n t s a lt  content were 

prepared as described in  Chapter 2. X-ray d if fra c t io n  patterns were 

recorded from 33% to 98% re la tive  hum idities,

10-3 Results and Discussion

Low s a lt  fib res prepared from Na poly d (A ).po ly  d(T) gave a 

crysta lline b-B'-DNA (orthorhombic) pattern fo r  re la t iv e  humidities up 

to 84%. This type o f pattern was very s im ila r to the pattern reported
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by Arnott e t a l . (1974a). Further hum idification o f th is  fib re  at 

92% and 95% re la tiv e  hum idities gave an a-B'-DNA pattern. At 98% re la tive  

humidity a sem i-c rys ta lline  B-pattern was observed, s im ila r to the semi- 

c rys ta llin e  B-form observed fo r A-T rich  DNAs. When the re la tive  humidity 

was reduced from 98% to  92%, a tra n s itio n  from the sem i-crysta lline B 

pattern to a-B'-DNA was observed. Further reduction o f the re la tive  humidity 

gave a "C-type" pattern (figu re  1) instead o f b-B'-DNA. The pitch and the 

base separation are 90.9 A and 3.24 A respective ly. Hence, the helical 

symmetry is  283> The molecules are packed in  a hexagonal la t t ic e  with 

la ttic e  parameters a = 19.2 A, c = 30.3 A (see table 1). Fibres prepared 

with s l ig h t ly  increased s a lt  content gave a good c ry s ta llin e  B-’ B-DNA 

(figure 2) up to 84% re la tiv e  humidity. Further hum idification at 92% 

and 95% gave a a-B'-DNA pattern (figure  3 ). At 98% re la tive  humidity a 

sem i-crysta lline  B pattern was observed (figu re  4). The he lica l parameters 

and the la t t ic e  parameters o f a-B'-DNA and s-B'-DNA are s im ila r to those 

reported by A rnott et a l . (1983), High s a lt  fib res gave a trip le-stranded 

DNA pattern (fig u re  5). No s tructura l tra n s itio n  was observed fo r  re la tive  

humidities between 33% and 98%.

Recently A rnott e t a l . ,  (1983) proposed a heteronomous structure 

fo r e-B'-DNA. Further they suggested tha t both a-B '-DNA  and B-B '-DNA have 

the same molecular s truc tu re . Since the a-B '-DNA pattern was observed fo r 

poly d(AT).poly d(AT) (see figure 12, Chapter 5) i t  is  u n like ly  that a-B '-DNA 

can have a heteronomous structure as proposed by Arnott e t a l . (1983),

The a-B '-DNA observed fo r  poly d(AT),poly d(AT) and poly d(A).poly d(T) are 

shown in fig u re  6. The la t t ic e  parameters o f a-B '-DNA  from poly d(AT).poly 

d(AT) are a = 24.4 A, c = 32.8 A. The observed and calculated p values 

are given in  tab le  2. The pitch and the base separation are 32.8 A and 3.28 A 

respectively. The two a n tip a ra lle l chains in  poly d(AT).poly d(AT) are 

chemically id e n tica l (as shown on the next page) and a lte rna ting  adenine 

and thymine bases are present in  both chains.



Figuré 2 : B-B'-form Diffraction Pattern of 
Na poly d(A).poly d(T) at 44% R.H.



Figure 3 : a-B'-form Diffraction Pattern of 
Na poly d(A).poly d(T) at 92% R.H.

Figure 4 ; Semi-crystalline B-form Diffraction Pattern of 
Na poly d(A).poly d(T) at 98% R.H.
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A ................ ....... T

T - .................. — A

A —.................... T

T ........................A

However, in  poly d(A ).po ly d(T) one chain is  poly d(A) and the other chain 

is poly d(T) as shown below:

A —............ .......T

A ------------------- T

A ................... —  T

A —............... —  T

Hence, w h ils t the heteronomous model fo r a-B'-DNA seems u n like ly , i t  is

perhaps an acceptable s truc tu re  fo r B-B'-DNA, as seen in poly d(A).poly d(T) 

at low hum idities. When the re la tive  humidity is  increased the poly d(A) 

chain may change to a B -like  conformation reve rs ib ly  (which is  s im ila r 

to A + B tra n s itio n  in  ord inary NaDNA fib re s ). Therefore, i t  is  possible 

that the a-B'-DNA o f poly d(A).poly d(T) has a 'homogeneous' (or mild 

heteronomous) structure  in  a high re la tive  humidity environment as observed 

for poly d(AT).poly d(AT). Further structura l studies are needed to 

establish the s truc tu ra l s im ila r it ie s  between a-B'-DNA as observed fo r 

poly d(A).poly d (T ), and poly d(AT).poly d(AT).

Since LiDNA fib re s  have never been observed in  the A conformation 

i t  was decided to study the conformational polymorphism o f Li poly d(A). 

poly d(T) fib res in  the hope that i t  would case some lig h t  on the s tru c tu ra l 

nature o f a-B'-DNA and e-B'-DNA.

The polymorphic behaviour o f Li poly d (A ).po ly  d(T) fib res was 

d is tinc t from Na poly d(A ).po ly d(T). At 44% re la t iv e  humidity Li 

Poly d(A).poly d(T) fib re s  gave a C-pattern (figu re  7), The he lica l 

parameters, p itch  and base separation are 29.0 A and 3.24 A respective ly. 

Hence,the he lica l symmetry o f th is  C-pattern is  approximately 9] . When
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the re la t iv e  humidity o f the f ib re  environment was increased to 66% and 

75%, the p itch  was increased to 30.4 A. The base separation was 3.28 A.

Hence, the helical symmetry then became approximately 28g, and th is  was 

very s im ila r to the C-pattern obtained from LiDNA. Only a few Bragg 

re fle c tions  were observed in these C-patterns, and i t  was thus d i f f i c u l t  

to determine the la t t ic e  parameters accurately. However, the molecular 

arrangement is  hexagonal with a u n it ce ll size o f approximately 18 A. Hence, 

the number o f molecules per u n it  ce ll can only be one (the C-forn is  normally 

observed to  have three molecules per u n it c e l l ) .  At 92% (and above) 

re la tive  hum idities, the a-B'-DNA pattern was observed (figu re  8, s im ila r 

to that from Na poly d(A).poly d (T )). The C-patterns were observed upon 

reduction o f the re la tive  humidity to 75% and below. The c ry s ta ll in ity  o f 

the a-B'-DNA pattern was improved with a s lig h t increase in  the s a lt  

concentration in the f ib re . I t  is  in te res ting  to note that Li poly d(A). 

poly d(T) was not observed in  the b-B'-DNA conformation. This observation, 

coupled w ith  other e a r lie r  X-ray f ib re  d if fra c t io n  resu lts o f LiDNA fib res 

(natural and synthetic) strongly implies tha t neither chain in  a-B'-DNA 

is in an A-type conformation ( i . e .  i t  is  u n like ly  to be a heteronomous 

structure as proposed by Arnott e t a l . ,  1983). However, i t  is  possible 

that b-B'-DNA is  e ith e r a heteronomous structure as proposed by Arnott 

and his co-workers, or a homogeneous structure with both chains have the 

Cj'-endo sugar puckering ( i .e .  ch a rac te ris tic  o f the A -fam ily).

The polymorphic behaviour o f Li poly d(A).poly d(T), coupled with 

earlier X-ray fib re  d if fra c t io n  resu lts  o f Li DNA fib res (natural and 

synthetic) strongly implies tha t both chains in  a-B'-DNA are in  a '8 -type ' 

conformation ( i .e .  not a heteronomous structure as proposed by Arnott 

et a l. ,  1983). The structure o f b-B'-DNA, could, however, be heteronomous 

in nature (as proposed by Arnott e t a l . ,  1983), but there is  no reason to 

reject o u tr ig h t the p la u s ib il ity  o f a 'homogeneous' double he lix  w ith the



Figure 7 : Semi-crystalline C-form Diffraction Pattern of 
Li poly d(A).poly d(T) at 44% R.H.

Figure 8 : a-B'-form Diffraction Pattern of 
Li poly d(A).poly d(T) at 98% R.H.
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C^'-endo sugar puckering ch a rac te ris tic  o f the A-fam ily. Support fo r  these 

two structura l variants is  given by the fac t that w h ils t lith iu m  is  assumed 

never to favour the A conformation, the e-B'-DNA d if f ra c t io n  pattern is  not 

obtained from the lith ium  sa lt o f poly d(A).poly d(T). Hence, the fact 

that d iffe r in g  low humidity structures ex is t in  the two s a lts  (sodium and 

lith ium ) tends to suggest the involvement o f an 'A-type' conformation in 

e-B'-DNA. This involvement could e ithe r take the form o f a heteronomous 

structure, or a homogeneous s truc tu re .

The polymorphic behaviour o f Rb poly d(A).poly d(T) was found to 

be sim ila r to that o f Na poly d(A ).po ly d(T). No D-form was observed as in  

Rb poly d(AT) .poly d(AT).

Fibres prepared from poly d(G).poly d(C) gave a "B-type" pattern 

(figure 9) fo r  humidities ranging from 33% to 92%. No conformational 

changes occurred with increase in  re la tive  humidity. However, at 98% 

re la tive  humidity a sem i-crys ta lline  'B-type' d iffra c tio n  pattern was 

obtained. The 'B-type' (seen in  figure  9) structure is a 10-fo ld  he lix  

with a pitch o f 33.4 A. The molecular packing is  hexagonal , with la t t ic e  

parameters a = 24.8 A and c = 33.4 A. The calculated and observed p 

values are given in  table 3. No A-form was observed as reported by 

Arnott et a l . ,  (1974c). Therefore, the homopolymers seem more prone to 

addopt 'B - lik e ' structures ra the r than 'A - lik e ' structures.
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C^'-endo sugar puckering charac te ris tic  o f the A-fam ily. Support fo r  these 

two structura l va rian ts  is given by the fa c t tha t w h ils t lith iu m  is  assumed 

never to favour the A conformation, the e-B'-DNA d if fra c t io n  pattern is  not 

obtained from the lith iu m  s a lt o f poly d(A).poly d(T). Hence, the fa c t 

that d iffe r in g  low humidity structures e x is t in  the two sa lts  (sodium and 

lith ium ) tends to suggest the involvement o f an 'A-type' conformation in  

S-B'-DNA. This involvement could e ithe r take the form o f a heteronomous 

structure, or a homogeneous s tructu re .

The polymorphic behaviour of Rb poly d(A).poly d(T) was found to 

be s im ila r to tha t o f  Na poly d(A).poly d(T). No D-form was observed as in  

Rb poly d(AT).poly d(AT).

Fibres prepared from poly d(G).poly d(C) gave a "B-type" pattern 

(figure 9) fo r hum idities ranging from 33% to 92%. No conformational 

changes occurred w ith  increase in  re la tive  humidity. However, a t 98% 

re la tive humidity a sem i-crysta lline  'B-type' d if fra c t io n  pattern was 

obtained. The 'B -type1 (seen in  figure  9) structure is  a 10-fo ld he lix  

with a pitch o f 33.4 A. The molecular packing is  hexagonal, w ith la t t ic e  

parameters a = 24.8 A and c = 33.4 A. The calculated and observed p 

values are given in  table 3. No A-form was observed as reported by 

Arnott et a l . ,  (1974c). Therefore, the homopolymers seem more prone to 

addopt ' B -like ' structures ra ther than 'A - lik e ' structures.



Table 1

The observed and calculated p-values fo r the "C-type" pattern in Figure 1

RH = 57% a = 19.2 A c = 30.3 A

h k l ~o o 3»
1

pc(#- ')

1 0 0 0.0593 0.0600
1 1 0 0.1040 0.1040
1 0 1 0.0682 0.0685
1 1 1 0.1090 0.1091
2 0 1 0.1252 0.1245
1 0 2 0.0885 0.0892
1 1 2 0.1227 0.1232
2 0 2 0.1374 0.1370
1 0 3 0.1162 0.1158

Table 2

The observed and calculated p-values fo r the a-B'-DNA pattern
poly d(AT).poly d(AT)) in figure 6.

RH = 95% a = 24.4 A c = 32,

h k 1 » „(A '1) »C(A '')

1 0 0 0.0470 0.0473
1 1 0 0.0823 0.0819
2 0 0 0.0950 0.0946
2 1 0 0.1254 0.1251
3 0 0 0.1416 0.1419
3 1 0 0.1710 0.1705
4 0 0 0.1886 0.1892
1 0 1 0.0550 0.0563
1 0 2 0.0775 0.0772
1 1 2 0.1022 0.1021
1 0 - 3 0.1031 0.1030

Table 3

The observed and calculated p-values; fo r the 'B-type' pattern
figure 9

RH = 66% a = 24.8 A c = 33

h k * p0( » ' ') PC(A -')
1 0 0 0.0468 0.0466
1 1 0 0.0801 0.0808
3 1 0 0.1682 0.1682
1 0 1 0.0549 0.0554
1 1 1 0.0866 0.0862
2 0 1 0.0984 0.0980





CHAPTER 11

Polymorphism o f poly d(AC).poly d(GT)

11.1 Introduction

A greater varie ty  o f double he lica l conformations have been 

observed fo r synthetic than fo r na tu ra lly  occurring deoxypolynucleotides. 

While th is  s tructura l va rie ty  appears to be related to the nucleotide 

sequence i t  has not so fa r been possible to deduce any very strong 

correlation between i t  and the conformations assumed by a particu la r 

polynucleotide double-helix. Synthetic polynucleotides are not normally 

available in  s u ff ic ie n t quantities to allow the techniques described by 

Cooper and Hamilton (1966) to be used system atically to investigate the 

e ffec t of ion ic  content o f the fib re  on the polynucleotide conformation. 

Fibres of d iffe re n t ion ic contents were prepared as discussed in  Chapter 2. 

Poly d(AC).poly d(GT) is  o f pa rticu la r in te re s t because i t  contains equal 

molar fractions o f the four nucleotides conmonly found in  natura lly occurring 

DNAs and i t s  study might therefore be expected to allow effects due to a 

regular nucleotide sequence to be distinguished from those due to overall 

nucleotide composition. Furthermore, poly d(AC).poly d(GT) shares a
r

characteristic property o f poly d(GC).poly d(GC) and poly d(AT).poly d(AT), 

namely, an a lte rna ting  purine-pyrimidine sequence o f bases. I t  contains 

A-T and G-C base pairs, and as such provides a useful comparison with the 

at eve mentioned co-polymers. Vorlickova e t a l . ,  (1982) reported from 

circu lar dichroism studies tha t poly d(AC).poly d(GT) possibly gives a 

B Z-like tra n s itio n  in  so lu tions. Zimmer, e t a l . ,  (1982) reported 

sim ilar observations fo r c irc u la r dichroism studies in  solutions. In a 

Previous report o f an X-ray fib re  d if fra c t io n  study o f poly d(AC).noly d(GT)
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(Langridge, 1969), i t  was stated th a t good x-ray d if fra c t io n  patterns 

were obtained which were identica l to those given by native DNA. However, 

apart from a B rie f discussion o f the in ten s ity  o f the eleventh laye rline  

in the A pattern, no de ta ils  were given o f the patterns obtained nor o f 

the conditions required fo r observing them. Leslie e t a l . (1980) reported 

a fu l ly  c rys ta llin e  B-form in  add ition  to a quite conventional A-form, and 

claimed that the A-pattern was ind istingu ishab le  from those obtained from 

other DNAs. Arnott et a l . (1980) reported tha t the S form was observed 

occasionally fo r th is  polynucleotide, but supplied no qua lify ing  data.

The remainder o f th is  chapter is  devoted to a description of the 

polymorphism o f poly d(AC).poly d(GT) in the presence o f NaC«., LiCi. and KF 

salts.

11.2 Materials and Method

Poly d(AC).poly d(GT) was obtained from Boehringer and Dr. J.

Brahms of the University o f Paris. The f in a l stage o f p u r if ic a tio n  o f the 

material was by centrifugation at 50,000 r.p.m . from solutions fo r which 

the sa lt concentration was as low as 0.001 M. Fibres were drawn from e ith e r 

precipitated material or from a concentrated gel. X-ray d iffra c tio n  

patterns were obtained at a range o f  re la tive  humidities o f the fib re  

environment from 33% to 98%.

r

11-3 Results obtained from Na poly d(AC).poly d(GT) and K poly d(AC).
________________________________________________poly d(GT)________

The fib res prepared with low sa lt content gave a C-form (figu re  

1) at low re la tive  humidities ( ty p ic a lly  from 33% to 57%). An increase 

in re la tive  humidity gave a mixture o f the A and C-forms (a t 66% re la tive  

humidity) (figu re  2). Further hum id ification  ( ty p ic a lly  from 75% to 92% 

relative humidity) o f the f ib re  environment gave a c ry s ta llin e  A-form 

(figure 3). Occasionally, mixtures o f the A and B forms were observed a t



Figure 1 : Semi-crystalline C-form Diffraction Pattern of 
Na poly d(AC).poly d(GT) at 44% R.H.
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92% or 95% re la tiv e  humidities (figu re  4 ). At 98% re la tive  hum idity, a 

sem i-crystalline B-form was observed (fig u re  5).

Reducing the re la tive  humidity o f the fib re  environment from 

98% to 44% does not re s u lt in  a simple reversal (as observed fo r natural 

DNAs, see Chapter 9 ), o f the C -*■ A B conformational change as described 

above. While the B to A tra n s itio n  does occur when the re la tive  humidity 

is reduced from 98% to  75%, an A-type d if fra c t io n  pattern persists even 

when the re la tive  hum idity has been reduced to 33%. However, when fib res 

(which had been through the above described humidity sequence) were re-wet 

and re-drawn, they behaved in  exactly the same way as the o rig ina l in  a ll 

respects o f the hum idity cycle.

Further increase in  the s a lt content o f the fib re  gave an A and 

C mixture at low hum idities ( ty p ic a lly  from 33% to 44%). An A-pattern was 

obtained at intermediate re la tive  humidities ( ty p ic a lly  from 57% to  86%).

At 98% re la tive  hum idity, a sem i-crysta lline  B-form was observed. Reducing 

the humidity resulted in  the appearance o f the A-form from 86% to 33% 

re la tive  humidity. High sa lt fib res  gave poorly c rys ta llin e  and generally 

unoriented B-type patte rns, dominated by s a lt  d iffra c tio n  a t lower hum idities.

The polymorphic behaviour o f low and medium sa lt K poly d(AC). 

poly d(GT) is  very s im ila r to tha t o f Na poly d(AC).poly d(GT) f ib re s .

However, the fib res  prepared with s lig h t ly  higher s a lt content gave an A- 

and "D-type" mixture pattern (figu re  6) up to  92% re la tive  hum idity. A 

sem i-crystalline B pattern was obtained a t 98% re la tive  humidity ( f ig u re  8). 

Reduction of the re la t iv e  humidity o f the f ib re  environment down to  33% 

gave a mixture o f the A and D forms.

Further increase in the s a lt content of the fib re  produced semi- 

c rysta lline  B patterns, even at low hum idities. The S form was not observed 

as reported by Arnott e t a l . (1980) neither fo r Na poly d(AC).poly d(GT) 

nor fo r K poly d(AC).poly d(GT) fib re s .





/Figure 6 : Mixture of A and "D-type ’ forms. Diffraction 
Pattern of K poly d(AC) .poly d(GT) at 92% R.H.

Figure 7 : Mixture of A and "D-type" forms. Diffraction 
Pattern of Na poly d(AT) .poly d(AT) at 33% R.H,
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11.3.1 Discussion

The synthetic polynucleotide poly d(AC).poly d(GT) is  an example 

of DNA with an "average" nucleotide composition, but a highly regular base 

sequence. W hilst the C-form is  also observed fo r fib re s  o f th is  DMA 

containing low amounts o f excess NaCi, a t low re la tiv e  hum idities, these 

fibres d i f fe r  from those o f natural DMAs in the re v e rs ib il i ty  o f the 

trans itions . The behaviour o f poly d(AC).poly d(GT) is  reproducible in 

th is respect, as is  evidenced by the resu lts  obtained from many fib res 

(both re-wetted and new). I t  may be tha t during drying o f the gel in fib re  

preparation, excess s a lt  tends to c ry s ta llis e  as a separate phase leaving 

the s a lt  content in  the polynucleotide phase so low tha t the C-form is 

favoured a t low re la tive  humidity. Gradual increase in  the re la tiv e  humidity 

of the f ib re  environment resu lts  in water entering the fib re  which would be 

expected to dissolve the s a lt  c ry s ta llite s  and lead to  a more uniform 

d is tr ib u tio n  o f s a lt .  Subsequent reduction o f the water content o f the 

fibre may not resu lt in  the recurrence o f a separate sa lt phase because the 

sa lt ions aggregate less read ily  in  the wet fib re  than in the gel, and as 

a consequence, the concentration of excess sa lt in  the v ic in ity  o f the 

polynucleotide may then be above the level which even a t a low humidity favours 

the C-form. At re la tive  humidities in  the range o f 44% to 66% these fib res 

give C-patterns with a well-defined s a lt ring cha rac te ris tic  o f NaCi. micro

c ry s ta llite s  (figu re  9 ,- taken by Dr. N.J. Rhodes, in  th is  laboratory). 

Increasing the re la tive  humidity about 15% resu lts  in  the disappearance o f 

the s a lt r in g . Neither th is  ring  nor the C-pattern reappears when the 

re la tive humidity is  reduced to 44%.

I t  should be emphasised that no ind ica tion  o f ir re v e rs ib i l i ty  in  

the C A tra n s itio n  has been observed fo r any o f the natural DNAs studied 

in the present work (see Chapter 9). I t  may be th a t th is  unusual behaviour 

of poly d(AC).poly d(GT) is  a consequence o f its  p a rtic u la r nucleotide 

sequence resu lting  in  a s ig n if ic a n tly  d iffe re n t base-stacking contribution
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to the conformational energy, or to favouring a d iffe re n t pattern o f 

solvent in teraction  around the nucleic acid.

Arnott et a l . (1980) reported tha t they have observed occasionally 

the S pattern fo r Na poly d(AC).poly d(GT) which is  normally observed fo r 

poly d(GC).poly d(GC) under 'high s a lt ' conditions (Arnott e t a l . ,  1980 and 

Mahendrasingam, e t a l. ,  1983). In the present work no S form was observed. 

However, a pattern suggesting an A/D mixture was observed fo r  K poly d(AC). 

poly d(GT). This sort o f mixture is normally observed fo r Na poly d(AT). 

poly d(AT), (Figure 7), (see Chapter 5 ). This is  the f i r s t  report to suggest 

that the D-conformation may be adopted in  fib res o f Doly d(AC).poly d(GT).

The polymorphic behaviour o f poly d(AC).poly d(GT) thus appears to be very 

s im ilar to e ither poly d(GC).poly d(GC) o r poly d(AT).poly d(AT) depending 

on sa lt conditions in the fib re s .

11.4 Results and Discussion fo r Li poly d(AC).poly d(GT) and NH.
______ _____ poly d(AC).po!y d(GT) fib res____________________

The material used in th is  study was precip ita ted with ethanol 

from 0.1 M s a lt solution. Fibres prepared from th is  material by redissolving 

in deionized water (w ithout adding s a lt so lu tion) gave well defined C 

patterns (figure 10) at low humidity ( ty p ic a lly  33%). This persisted at 

increasing re la tive  hum idities un til a tra n s itio n  occurred ( ty p ic a lly  at 

95%) to a sem i-crysta lline B-form (figu re  13) o f the type observed a t high 

humidity fo r both LiDNA and NaDNA (Langridge et a l . ,  1960). The C-patterns 

were well defined throughout the humidity range over which they were observed, 

with the highest degree o f  c ry s ta ll in ity  obtained at 66% (figu re  12). The 

helical parameters of th is  C-pattern are quite d iffe re n t from those observed 

for LiDNAs (Marvin et a l . ,  1961). The sem i-crysta lline  C-forms from the 

lithium sa lt o f natura lly  occurring DNAs are non-integral w ith approximately

9.3 nucleotide-pairs per continuous h e lix  p itch o f 31 A and are c la ss ifie d  

as 283 helices and designated C (Marvin e t a l . ,  1961). The un it ce ll
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parameters in  th is  work fo r Li poly d(GGT).poly d(ACT) by Leslie e t a l . ,  

(1980) and quite d is t in c t from the hexagonal la t t ic e  w ith a = 22.1 A and 

c = 58.2 A which these authors observed fo r  the C" form o f Na poly d(AG). 

poly d(CT). This C"-pattern has a 92 h e lica l symmetry. Hence, hereafter 

the C pattern observed fo r  Li poly d(AC).poly d(GT) is  denoted as a C'-form. 

The best c ry s ta llin e  pattern was obtained a t 66% re la tiv e  humidity and has 

been indexed in the present study. The observed and calculated p values 

are given in  table 1. The detailed s tru c tu ra l analysis o f th is  pattern has 

been carried out by Hr. V.T. Forsyth in  our laboratory. Changes were 

observed in  the deta iled in te n s ity  d is tr ib u tio n  o f the C-patternsas a 

function o f the re la tive  humidity (figu re  15). Some o f these changes were 

typical o f a sampling e ffe c t due to va ria tio n  in  the la t t ic e  parameters as 

a function o f the water content o f the f ib re ,  but others such as the 

variation in  the re la tiv e  in ten s ity  o f the eighth and ninth layerlines 

indicate a change in  the molecular conformation as a function o f re la tive  

humidity.

Reduction of the re la tive  humidity o f the environment o f a fib re  

which had assumed the sem i-crysta lline B-form resulted in  a tra n s itio n  

(typ ica lly  a t 92%) to a C-form which gave a pattern s im ila r to tha t in  

figure 11 except tha t i t  was semi-crystal 1ine with streaks rather than 

Bragg re flec tions on lower layerlines o f odd order (fig u re  14). C-patterns 

of th is  general form continued to be observed as the re la tiv e  humidity was 

reduced to 32%. This form is  referred as C1* .  The presence in  the C'* 

pattern in  figure 14 o f streaks on t=l and 3 and Bragg re fle c tio n  o f t=2 

indicates tha t the molecules in  the u n it c e ll are randomly displaced from
C

the re la tive  position determined above fo r  the C' structure by /

Fibres prepared w ith  s lig h t ly  increased s a lt content gave 

crys ta lline  and well defined C-patterns even a t low re la tiv e  humidities 

(typ ica lly  from 33% to 57%) (figu re  11, taken by Dr. N.J. Rhodes). In th is  

pattern an additional meridional re fle c tio n  h a lf way between i,= 4 and t=5



Table 1

The observed and calculated p-values of the C '-pattern at 66% re la tive
humidity_______ ____________ _____________

RH = 66% 32.4 A 29.0 A

-1
h k l

<
OCL

1 1 0 0.0613

3 0 0 0.1068

1 0 1 0.0489

2 1 1 0.1009

3 0 1 0.1123

1 0 2 0.0776

2 0 2 0.0990

2 1 2 0.1165

2 1 3 0.1397

2 2 6 0.2411

PC(A - ')  

0.0616 
0.1068 
0.0496 
0.1003 
0.1122 
0.0776 
0.0991 
0.1167 
0.1399 
0.2409



Figure 10 : Semi-crystalline C'-form Diffraction Pattern 
of Li poly d(AC).poly d(GT) at 57% R.H.





Figure 12 : Crystalline C'-form Diffraction Pattern 
ST"Li poly d(AC).poly d(GT) at 66% R.H.



F ig u r e  14 : S e m i- '- c r y s ta l l in e  O f o r m  (C ' ) D i f f r a c t i o n  
P a t t e r n  o f  L i  p o ly  d ( A C ) .p o ly  d (G T ) a t  33% R.H.



Figure 13 : Semi-crystalline B-form Diffraction Pattern 
of Li poly d(AC).poly d(GT) at 987 R.H.

Figure 15 : Semi-crystalline C'-^form Diffraction Pattern 
of Li poly d(AC).poly d(GT) at 757 R.H,
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was observed. This can be a ttr ibu te d  to e ith e r small differences between 

successive residues along the double-helix (as discussed in  Chapter 7) or 

to ions or water ordered with a p e rio d ic ity  equal to twice the trans la tion  

per nucleotide. The C'-form persisted up to 95% re la tive  humidity. A 

sem i-crysta lline  B-pattern was observed a t 98% re la tive  humidity. Reduction 

of the re la t iv e  humidity o f the environment resulted in  a tra n s itio n  to the 

C-fora and gave a pattern s im ila r to figure  14 with streaks ra ther than 

Bragg re fle c tio n s  on lower layerlines o f odd order (figu re  16 taken by 

Dr. N.J. Rhodes).

The polymorphic behaviour o f NĤ  poly d(AC).poly d(GT) is  very 

s im ila r to L i poly d(AC).poly d(GT). However, the C-patterns are not 

c rys ta llin e  lik e  in  Li poly d(AC).poly d(GT) C' patterns. NĤ  

poly d(AC).poly d(GT) C patterns (figure  17) are sem i-crysta lline  and 

very s im ila r to those obtained from Na poly d(AC).poly d(GT).

/



F ig u r e  16 : S e m i - c r y s t a l l i n e  C ' - f o r m  (C*) 
P a t t e r n  o f  L i  p o ly  d ( A C ) .p o ly  d (G T )  a t

D i f f r a c t i o n  
44% R.H.





CHAPTER 12

Conclusion and Suggestions fo r  Further i-'ork 

12.1 Introduction

A number o f d iffe re n t techniques have been used in  the study 

o f synthetic and native polynucleotides since the overall structure o f 

DNA was f i r s t  elucidated in  1953 by Watson and Crick. During the course of 

these investiga tions, i t  has become abundantly c lea r that DMA is capable o f 

a high degree o f conformational f le x ib i l i t y  and perusal o f th is  polymorphism 

is marred by the fac t that f ib re  d if fra c t io n  only enables reso lu tion  down 

to v 3 A. This lim ita tio n  in  our knowledge o f the DNA molecule and the 

way in which i t  changes has to  some extent been a llev ia ted  by the re la t iv e ly  

recent a v a ila b il ity  o f high q u a lity  single crysta ls  which enable data 

co llection  and subsequent analysis to atomic reso lu tion . The one proviso 

that must be attached to these data and the solutions obtained therefrom 

is  an awareness o f the fac t tha t in  a ll like lihood  there are ooing to  be 

differences between the polymer structure as determined from a crys ta l 

containing (fo r example) oligomers, and tha t determined from a 'continuous' 

polymer as envisaged in a f ib re .  Hence, although single crysta l studies 

must be considered with caution they can be used constructive ly to 

corroborate evidence already obtained from fib res to stimulate new ideas. 

Examples o f such corroboration have been provided by single crysta l studies 

of the duodecamer (d(CGCGAATTCGCG))which has been shown to be s im ila r to the 

classical B structure (Wing, e t a l . ,  1980). Other workers have reported 

'A -like ' structures from work done on oligomers (Conner et a l . ,  1981,

Shakked, e t a l . ,  1981, 1983 and Wang e t a l . ,  1982a, 1982b). The a v a ila b il i ty  

of such data has fu rthe r enabled the evolution o f new theories re la tin g
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to sequence dependent loca l va ria tion  and hydration (Dickerson and 

Drew, 1981, Dickerson, 1983 and Drew and Dickerson, 1981).

12.2 Is D-DNA Left-Handed?

I t  has been found that there are s tr ik in g  s im ila r it ie s  in  the 

scheme o f conformational tra n s itio n s  seen in poly d(AT).poly d(AT) and 

poly d(GC).poly d(GC) f ib re s .

(a) In Na poly d(AT).poly d(AT) fib res  the sequence o f 

trans itions  can be represented as follows

C + A + D ^  B

increasing re la tive  humidity

(b) In K poly d(GC).poly d(GC) fib res  the sequence is : -

B" + A + S ^  B
+ -

increasing re la tive  humidity

Once the D-form is  assumed i t  is  p a rtic u la r ly  stable even a t 

high re la tiv e  humidity, a feature which is  reminiscent o f the behaviour o f 

S-DNA fo r  poly d(GC).poly d(GC). Furthermore, another in te res ting  

s im ila r ity  between the D and S forms is  the observation tha t in  K poly d(AT). 

poly d(AT), once the D form is  assumed in  the f ib re , the fo llow ing  conforma

tional trans itions  are observed:-

ct-D-DNA B-D-DNA ^  B
■«- - f -

The tra n s itio n  from a-D-DNA to B-D-DNA was observed a t 92% R.H. coupled 

with an increase in  p itch from 24.0 A to 25.7 A, i .e .  a 7% increase. In 

poly d(GC).poly d(GC), analogous behaviour is seen: once the S-form is  

assumed, the fo llow ing sequence o f trans itions  was observed:

si :  sn :  b

The tra n s itio n  from Sj to Sjj was observed at 92% or 95% re la tiv e  hum idity, 

coupled with an increase in  p itch from 42.8 A to 45.3 A, i . e .  a 7% increase. 

This s im ila r ity  in  the behaviour o f poly d(AT).poly d(AT) and
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poly d(GC).poly d(GC), together with the fa c t that good left-handed 

models can be generated to explain the D-form d iffra c tio n  patte rn , give 

fa ir ly  strong support to the suggestion tha t D-DNA is  a left-handed he lix  

(see Chapter 4).

Another in te resting  feature about the D-DNA patterns obtained 

from poly d(AT).poly d(AT) is  the f i r s t  laye rline  meridional re fle c tio n  

(see chapter 4 ). This could be due to an ordered ion-water assembly in 

the major or minor grooves. The same re fle c tio n  was not observed fo r 

A-DNA patterns (see Chapter 5) obtained from the same fib re . However,

B-DNA patterns obtained from th is  fib re  did contain the f i r s t  la ye rline  

meridional re fle c tio n . The spec ific  binding o f ions in D-DNA may be one 

of the reasons fo r  i t s  great s ta b i l i ty .

12.3 The B -> A ->• C Transition

The crysta l structure o f B-DNA revealed a well ordered water 

structure in  the minor groove, which is  believed to be the s ta b iliz in g  

feature o f the structure (Drew, e t a l . ,  1981). Conner et a l . ,  (1982) 

reported tha t in  A-DNA, there is  no trace o f th is  spine of hydration. 

However, the hydrated phosphate groups partic ipa te  in  a network o f 

solvation tha t laces together the two edges (phosphate group) o f the 

major groove. The f i r s t  la ye rline  meridional re fle c tion  seen in  B-DNA 

and B'-DNA patterns (see Chapter 5) may be due to an ordered water structure 

sim ilar to the one observed in the crysta l structure . Hence, the B A 

trans ition  could be caused by a disruption o f the ordered water structure 

in the minor groove. Added support fo r th is  idea is  furnished by studies 

on d iffe re n t native DNAs (Chapter 9). I t  was found that a ll natural DNAs 

(including phage, which has modified bases) could a tta in  the B conformation. 

However, not a ll the DNAs could a tta in  the A-form. In studies o f phage 

DNA (Tg DNA and SP15 DNA) f ib re s , the A conformation was never found to 

occur. These phage DNAs have modified bases. In T2 DNA, a ll the cytosines
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in  i t  are replaced by hydroxymethyleytosines, 70% o f which are glucosylated 

and S% o f which are d ig lucosylated (Wyatt et a l . ,  1953 and Lehman et a l . ,  

1960). In SP-15 DMA, the f i f t h  pos ition  o f the methyl group is  modified 

by a bulky group as shown below (p riva te  conmunication, Professor M. Mandel) .

These modified groups l ie  in  the major g ro o v e , and as such, may 

d isturb the hydration layout necessary fo r  the acqu is itio n  o f the A-form. 

However, i t  is  in te res tin g  to note that another phage DNA (<t>w-l4) which 

has a small lin e a r group attached to thymine methyl group (putrescene;

-CH2 NH (CH2) NH2) does give an A-DNA patte rn , but the tra n s itio n  was 

s ig n if ic a n tly  d i f f i c u l t  compared w ith  tha t seen in  c a lf  thymus DNA. Therefore 

i t  is  possible tha t the -NH2 group a t the end o f the putrescene group forms
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an e le c tro s ta tic  in te raction  with the phosphate group ( i .e .  across the 

major groove) oxygen in  the next chain. Hence, the s ta b i l i ty  o f the A-DNA 

structure found in  <f>w-14 DNA could be higher than tha t from ordinary 

DNAs.

Another observation is  the fa c t that low humidity C-DNA patterns 

obtained from poly d(AT).poly d(AT) have a meridional re fle c tio n  on the 

f i r s t  la ye rlin e  tha t is  s im ila r to the one seen in  B and B'-DNA. Given 

the fac t th a t the C-conformation is  supposedly a minor variant o f the B-form 

i t  is  conceivable tha t a s im ila r hydration process is  occurring, although 

perhaps not to the same extent (the re la tive  in te n s ity  o f the re fle c tion  

is  lower than that seen in  B-DNAs). When the re la tive  humidity o f the 

environment o f such fib res  is  increased, the C-pattern disappears and is  

replaced by an A-pattern in  which there is  no sign o f the aforementioned 

re fle c tio n .

I t  is  d i f f i c u l t  to formulate structura l theories o f hydration 

on the basis o f f ib re  d iffra c tio n  alone. However, single c rysta l studies 

(Drew et a l . ,  1981 and Conner e t a l . ,  1982) have, however, enabled resolution 

o f water molecules and i t  is  on the evidence o f these studies (combined with 

that from f ib re  studies) that the follow ing hypothesis has been put 

together.

The tra n s itio n  from C -»• A involves 'a winding up1 o f the he lix  

such that the ro ta tion  per residue changes from 38.6 to 32.7, and i t  occurs at 

re la tiv e ly  low hum idities. I t  is  reasonable to assume tha t the most e lec tro 

negative parts o f the double he lix  (namely the phosphate groups) w il l 

become hydrated f i r s t ,  leaving a re la tiv e  absence around the exposed polar 

base atoms o f  the minor groove. Such p a rtia l hydration could ( in  the scheme 

of the resu lts  obtained by Conner e t a l . ,  1982) be seen to re s u lt in a 'lacinci 

together' o f the two strands which d e lin ia te  the major groove, and which may 

then cause changes in  sugar puckering, conformation angles and u ltim a te ly  a
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'winding' o f the h e lix  to form the observed A-structure.

In the context o f th is  theory, fu rthe r hum idification is  seen 

as a process whereby the polar base atoms exposed in  the minor groove are 

more a c tive ly  hydrated. This means tha t the sugar rings are l ik e ly  to be 

influenced in a d if fe re n t way from tha t outlined above fo r  the C -*■ A 

tra n s itio n . I f  such hydration induces a change in  puckering back to the 

o rig ina l C2-endo, i t  could be envisaged tha t the A-conformation would 

then undergo a change (invo lv ing unwinding) back to a structure s im ila r 

to the o rig ina l C type. In practice, a ' B' structure is  usually observed, 

but i t  is  believed tha t B-DNA and C-DNA are closely re la ted. At high 

hum idities, the B conformation is  assumed to be s tab ilized  by a strong 

water network in  the minor groove, implying that the minor groove is  

narrow and the major wide enough to prevent the 'la c in g ' which possibly 

s tab ilizes the A-form.

12.4 B" -*• A -» S ■» B Transition

The observation o f the left-handed Z-form o f DNA has created a 

great in te re s t in  tra ns ition s  between the various conformations o f d iffe re n t 

DNAs. As discussed in  Chapter 8, K poly d(GC).poly d(GC) fib res  have been 

observed to undergo the fo llow ing conformational tra n s itio n : B" ^  A -*• S ^  B 

by simply changing the re la tive  humidity.

12.4.1 B" -» A tra n s itio n

The mechanism o f the B" -*■ A tra n s itio n  is  possibly analogous to 

the C ^  A tra n s itio n  in  Na poly d(AT).poly d(AT) and other KaDNAs discussed 

in th is  thesis. During hum idification o f the f ib re , the phosphate group 

atoms are more qu ick ly hydrated than the groups a t the edges o f the bases. 

This then might produce winding o f the h e lix  and cause a change in the 

sugar pucker from C2~endo to C^-endo, the former a feature o f the B-form, 

and the la t te r  a feature o f the A-form. Furthermore, as suggested fo r the
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C A tra n s itio n , the hydration around the phosphate groups possibly laces 

the edges o f the major groove together, resu lting  in  the eventual appearance 

o f a s tab ilized  A-conformation.

12.4.2 A ->- S -> B tra n s itio n

I t  is  reasonably well established that the A and B forms are 

right-handed and tha t the S-form is  left-handed. Hence a tra n s itio n  involving 

a change in  h e lix  sense is  o f considerable importance. Observations tha t 

tend to support th is  idea a re :-

(a) The A -*• S and S B tra n s itio n s  are observed through intermediate

mixtures o f (A/S) and (B/S) respective ly . These intermediate mixtures do 

contain d iffu se  scattering in  the centre o f the d if fra c t io n  patte rn , which 

possibly indicates the presence o f non-crys ta lline  (or amorphous m a te ria l). 

This could be construed as a consequence o f the change o f the handedness 

involving some sort o f amorphous intermediate sta te . A s im ila r s ta te  

might explain d iffuse  scattering on (B/S) mixture patterns. This type of 

d iffuse scattering in  the centre o f the pattern has not been observed in 

e ither (C/A) mixture patterns o f (A/3) mixture patterns. In the C A -*■ B 

tra ns ition s , no change in  he lix  sense is  involved, and changes possibly 

ju s t involve simple winding and unwinding. On th is  basis one would not 

expect any great reorganisation invo lv ing  an amorphous state.

(b) I t  was found th a t a period o f annealing a t about 92% is  required fo r

B +  s tra n s itio n  to occur. Once the S-form is assumed, i t  appears to  be 

locked in  th is  structure and can only be induced to change from i t  by 

ra ising the re la tive  humidity to 98% when i t  changes to the B-form. I f  

the re la tive  humidity is  then dropped from 98% to 75%, a B + A tra n s itio n  

was observed. These observations again imply to S-DNA is  left-handed, 

since fa s t changes in  humidity do not appear to permit i t s  reacqu is ition .
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12.5 Polymorphism o f poly d(AT).poly d(AT)

I t  was shown th a t fib res  prepared from poly d(AT).poly d(AT) 

could a tta in  a varie ty  o f conformations (C, A, a-D, b-D, D1, D-type,

B' and B) depending on the 'type ' and 'concentration ' o f ions in  the 

fib re , and also the re la tiv e  humidity o f the f ib re  environment.

Also i t  has been shown tha t a single f ib re  could acquire the 

C, A, D, B' and B forms by simply changing the re la tiv e  humidity o f the 

fib re  environment.

A c rys ta llin e  B-form has also been observed fo r Na poly d(AT). 

poly d(AT). This form is  normally associated uniquely w ith the lith ium  

sa lt.

12.6 Polymorphism o f poly d(GC).poly d(GC)

I t  has been shown tha t poly d(GC).poly d(GC) can adopt a va rie ty  

of conformations (C, B", A, S j, Sjj and B) depending on the 'type ' and 

'concentration' o f ions in  the f ib re , and also the re la tive  humidity o f the 

fib re  environment.

I t  has also been shown tha t a single f ib re  can adopt the B", A,

Sj, Sn  and B forms by simply changing the re la tiv e  humidity o f the fib re  

environment.

Left-handed structures have been proposed to explain the Sj and Sjj 

d iffrac tio n  patterns from K poly d(GC).poly d(GC).

12.7 Polymorphism o f poly d(AC).poly d(GT)

This polynucleotide is  one in  which the base composition is 

quantita tive ly what one would expect (on average) from most natural DNAs.

I t  is ,  however, d is t in c t in  that whereas natural DNAs (from a s truc tu ra l 

point o f view) are, 'random' in  sequence, poly d(AC).poly d(GT) is  obviously 

very regular. These features make i t  a p a rtic u la r ly  in te resting  polymer 

to study in  re la tion  to the work tha t has already been described on
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a lte rna ting  A-T base pairs and a lte rna ting  G-C base pairs. I t  also makes 

i t  in te res tin g  in  tha t any difference between native DNA and poly d(AC). 

poly d(GT) must presumably be due to the re p e titive  re g u la rity  o f the 

synthetic polymer.

I t  was found tha t Na poly d(AC).poly d(GT) fib re s  prepared under 

low s a lt  conditions gave a C ->■ A -*• B sequence o f tra n s itio n s , which is 

s im ila r to that observed fo r the sodium s a lt o f native DNAs. However, the 

C ■+ A tra n s itio n  was irre ve rs ib le  fo r Na poly d(AC).poly d(GT) and reversible 

fo r Na DNAs. Arnott e t a l . (1980) did observe the S-form fo r  Na poly d(AC). 

poly d(GT). The S-form was not observed fo r Na poly d(AC).poly d(GT) in 

the present work. However, in  the present work 'D-type' patterns were 

observed from K poly d(AC).poly d(GT) fib re s . At high re la tiv e  humidity 

th is  pattern changed in to  semi-crystal 1ine B-pattern. This is  somewhat 

s im ila r to the polymorphic behaviour o f Na poly d(AT).poly d(AT).

Vorlickova et a l . ,  (1982) reported from c irc u la r  dichroism studies that 

the salt-induced tra n s itio n  o f poly d(AC).poly d(GT) is  by low degree o f 

coopera tiv ity , the ion ic  s p e c ific ity  and k ine tics  being much more s im ila r 

to tha t o f poly d(AT).poly d(AT) (Vorlickova e t a l . ,  1980) than to poly 

d(GC).poly d(GC) (Pohl and Jovin, 1972). The polymorphic behaviour of 

poly d(AC).poly d(GT) thus seems to be s im ila r e ithe r to poly d(AT).poly d(AT) 

or to poly d(GC).poly d(GC) depending on the conditions (e .g . 'type ' and 

concentration o f ions, re la tiv e  hum idity).

For Li poly d(AC).poly d(GT) f ib re s , a c ry s ta llin e  C'-form was 

observed a t 66% re la tiv e  humidity. I t  changed to a sem i-crys ta lline  B-form 

at 98% re la tiv e  humidity. When the re la tive  humidity was reduced the C '- 

pattern was observed, but i t  was screw disordered.

/

12.8 Mixtures o f (A/C) and (A/B)

In A-DNA patterns, the f i r s t  equatorial re fle c tio n  (a t '^ v0.055 A) 

and the meridional re fle c tio n  a t ^ 3.3 A were normally regarded as being a
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B-form im purity . Since the observation of the C-form at low re la tive  

humidity (Rhodes e t a l . ,  1982) the above re fle c tio n  observed in  the A-DNA 

d iffra c tio n  pattern could possibly be from the C-form rather than the 

B-form. The above p o s s ib ility  has been discussed in  Chapter 6.

12.9 Does the heteronomous structure ex is t in  homopolymers?

Arnott e t a l . ,  (1983) has proposed a heteronomous structure fo r 

a-B '-DNA and e-B '-DNA fo r Na poly d(A).poly d (T ). In Chapter 10, the 

p o s s ib ility  o f heteronomous and homogeneous structures has been considered. 

I t  was concluded from the evidence available th a t b-B'-DNA is  possibly a 

heteronomous structure  and a-B '-DNA a homogeneous structure .

12.10 A lte rna ting  Structures

The p o s s ib il ity  o f the existence o f the a lte rna ting  structures 

in  the co-polymers has been discussed in  Chapter 7. There is  reasonable 

evidence available to suggest the existence o f a lte rna ting  structures in  

co-polymers.

12.11 A-DNA

A-DNA has been observed fo r a ll natural DNAs w ith the exception 

o f SP-15 and T£-DNAs and DNA's containing the lith iu m  ion. The A-form was 

observed in  poly d(AT).poly d(AT), poly d(:GC).poly d(GC) and poly d(AC). 

poly d(GT). However, in  the presence o f Rb+ o r Cs+ ions poly d(AT). 

poly d(AT) was not observed to adopt the A-conformation.

12.12 B-DNA

The B-form was observed fo r a ll DNAs (natural and synthetic) 

irrespective o f base composition, sequence, and the type o f ions present. 

However, the in te n s ity  d is tr ib u tio n  on these pattterns varies considerably.
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In the B-form o f A-T rich  DMAs, in te n s itie s  on the f i r s t  and th ird  layerlines 

are stronger in  re la tio n  to those o f the second la ye rlin e . However, in  G-C 

r ic h  DNAs th is  observation is  reversed: the second laye rline  re flec tions 

are stronger than those o f the f i r s t  and th ird  la ye rlin e s . One explanation 

fo r  th is  is  tha t the minor groove o f the B-form in  A-T rich  DNAs is  

narrower than tha t in  G-C rich  DNAs. Hence, these two regions o f DNA 

could possibly have a d is t in c t b io log ica l ro le .

12.13 C-DNA

The C-form was observed fo r  LiDNAs at low re la tiv e  humidities 

(Marvin e t a l . ,  1960). For the sodium s a lt ,  i t  was regarded as an unstable 

conformation. However, i t  has been established from th is  work and Rhodes 

e t a l . ,  (1982) tha t the C-form is  a low s a lt and low humidity form. The 

C-form is  also observed with the lith iu m  and sodium sa lts  o f a ll natural 

DNAs. Most o f the synthetic DNAs gave a C-form a t low humidity and low 

s a lt  conditions.

12.14 Suggestions fo r  Further Work

I t  is  abundantly c lear tha t DNAs (natural and synthetic) are 

capable o f a stunning degree o f polymorphism. However, very l i t t l e  is  

understood about the mechanism o f these conformational tra n s itio n s . Hence, 

fu rthe r work in  th is  d irec tion  is  very important and h igh ly necessary fo r  

a fu l le r  knowledge o f the molecular basis o f genetics. The conformations 

observed in  DNA fib re s  depends mainly on the fo llow ing va riab les :-

(a) 'Type' and 'concentra tion1 o f the ions present in  the f ib re .

(b) The re la tiv e  humidity o f the fib re  environment.

Condition (a) is  very d i f f i c u l t  to change during an experiment ( i .e ,  once 

the fib re  is  made, i t  is  constant). Therefore, the only variable accessible 

during the experiment is  the re la tiv e  humidity o f the f ib re  environment. I t  

has been shown throughout th is  work tha t fib res  made in  precisely the r ig h t
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ionic conditions can be made to  undergo a great varie ty  o f transitions 

simply by changing the re la tiv e  humidity o f the f ib re  environment 

(Rhodes e t a l . ,  1982, and Mahendrasingam, e t a l . ,  1983a, b ). Hence the 

a b i l i ty  to make fib res in a h ighly con tro lled  way is  o f paramount importance. 

Another extremely important fac to r is  the X-ray source in  use. A typ ical 

exposure time using a conventional X-ray source (GX6; ro ta ting  anode) is  

f ifte e n  hours, and time reso lution is  obviously lim ited . However, data 

can be collected a t Daresbury Laboratory, England, such tha t an average 

exposure on film  can be made in  % 5 minutes and th is  o ffe rs considerably 

increased time reso lution. The use o f the synchrotron radiation source 

(SRS) has been fu rthe r supplemented by the a v a ila b il ity  o f a m ulti-w ire 

proportional chamber (MWPC) which has been used in place o f f ilm . Using 

th is  detector exposures can be made so th a t d iffe re n t conformations can 

be well id e n tif ie d  w ith in  30 seconds. In i t s  present state o f conrrission, 

the SRS system has already enabled quan tita tive  examination of the C •+ A 

tra n s itio n . A pro ject to study conformational trans itions in  poly d(AT). 

poly d(AT) has recently been supported by SERC and is  curren tly  in  progress.

During the past few years the handedness o f the DMA double-helix 

has emerged as a central question in investiga tion  o f the re lationship 

between i t s  molecular structure and b io log ica l function. For most of the 

th ir ty  years since Watson and Crick proposed th e ir  two-stranded model fo r  

DNA, the major emphasis,in physical and chemical studies o f DNA has been 

on the analysis o f data in  terms o f right-handed he lica l models. However, 

recent studies o f the synthetic polynucleotide poly d(GC).poly d(GC) and 

related oligomers has focussed attention on the deta iled  structure of 

left-handed conformations, and the possible mechanisms o f trans ition  between 

le f t -  and right-handed conformations. A p ro jec t to study the trans itions 

between le f t -  and right-handed conformations o f poly d(GC).poly d(GC) has 

jus t been funded by SERC and is  curren tly  in  progress.
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Another important area fo r  the future work is  in  the in te rac tion  

o f drug and protein molecules with DNA. How do these molecules in te ra c t 

with DNA? What e ffe c t do they have on DNA structures? How do they 

e ffec t conformational tra ns ition s?  A ll these problems are not only o f 

d irec t in te res t to the biophysical community but are also o f importance in 

the search fo r a sensible b ios truc tu ra l approach to drug design.
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