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(1)

Phe application of superposition methoda to this funetion are
digenssed. A Mg minimom funetion, obtained from the Patterson
of those parts of Structure A related by a halving of the anit
cell in ¢, ie shown to be in agreement with the proposed molecnlar
two-strand helical configurstion of phosphorus atoms, (11 nuecleo-
tidea per turn each strand), and also to indicate inter-helical
linkages.

The molecular parameters deduced from this study are discuased
in relation to other physicel studies of NaDNA. It is conecluded
that the Structure B molecular configuration probably persists

in solution,
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A

Nucleic acid was first recognised as a separale entity by
Friedrich Miescher, working at Basel in 1872.+ Since that
time much work has been done in the study of single nuclear
components. The importance of nucleic acid has been seen LO
lie in its inclusion with proteins Lo form the nucleoproteins,
a class apart from other types of conjugated proteins. 1t
has been recognised that it is the nuclear pruLuinq:thuL govern
the phenomena of cellular development and the living process.
More recently., followlng the transformation experiments on

c BsDs = gyidence has

pnenmococcl oy McCarty and Avery
accumulated which points to the pucleic acid alone in the
chromatin material as the body which gives the specificity of
cellular development. A knowledge of the structure of the
nucleic acids would, therefore, be of interest on its own
account in addition to any help it might give in studies o
the nuclcoproteins.

The nucleic acids which have been nost completely studied
are those Irom yeast and from calf-thymus gland. Each Lype
is composed of phosphoric acid, one kind of sugar, and four
different nitrogenons bases which may be present in varying
amounts. The trebly constituted component whieh forms the
fundamental unit is referred to as a nucleotide, Each
nuclectide is the phosphoric ester of a nucleoside which is
a pentose derivative of an amino—-purine or a substituted
pyrimidine. The nucleic acids are classified according Lo
the pentose sugar, which is always elther d-ribose or

L
d-2-deoxyribose. Those containing d-ribose (yeast type, are
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referred to by the abreviation RNA, whilst those containing
the deoxy sugar (such as the nucleic acid extracted from
calr—Ltwama) are referred to as DNA. It is with this
latter type of nucleic acid that this thesis is concerned.

DNA has been isolated from calf-thymus, spleen, liver,
kidney, fish sperm and other sources of animal chromatin.
Although the chemical composition of DNA, extracted from all
sources, has been found Lo follow the general pattern oul-
lined above, the relative amounts of the four bases varies
with the spucius.} More recently it has been shornj‘u' that
an extract from s single speclies may be separated into fiactions
-huvin; different proportions of these bases.

The "molecule” of DNA is believed to consist of long
unbranched polynucleotide chalns, polymerised by means of the
phosphate—-ester bonding belween the sugar rings of the
nucleotides. That is, each phosphate group is linked to two
nucleotides through the CE and C4 positions of the sugar ring.
The nucleic acid component can be separated from Lhe protein
and precipitated in the form of its sodium salt by a variety
of methods. The more mild the process the greater the weight
of the resulting sodium polynucleotide "particles”. iolecular
weights of up to ﬂ,b'?'ﬁ' and 1:,9' millions have been reported.
The work to be desceribed in thls thesls is an attempt to
discover something of the structure of this maeromolecule.

A study has been made of the X-ray diffraction patterns
obtainable from orientated specimens of a high molecular weight

preparation. The material used was a highly purified




preparation of the sodium salt of' DNA (NaDNA ) from calf-thymus,
kindly given to this Laboratory by Professor Signer of Berne.
The method of preparation was that published by Signer and
J'l.:;'a--'i.Lf]Ljdr-!:j

X-ray fibre diagrams of NaDNA have previously been
obtained and discussed by Astbury et al.lh The X-ray powder
photographs of non—-orientated agueous systems of NaDNA have
been studied by Riley and UﬁLBT-ll None of these X-ray
diasgrams showed discretle reflections at angles corresponding
to spacings smaller than E.Dhﬂ. In the study presented here the
smallest spacing observed was Z2.DA". It was realised,
therefore, that even a complete juantitative study would not
be capable of yielding the abomic positions in the structure.
However, it was thought that this might not prove an
insuperable obstacle to the determination of the general
structural form, since the configuration of the constituent
base componenbLs was well-established 12+ 13. and the sugar
confisuration suguested by analogy with RNA. 14 Furthermore,
it was felt that, in any case, a comparative study of the
different X-ray diagrams obtained under different conditions,
combined with a detailed guantitative lnvestigation of those
diagrams which showed the highest degree of crystallinity,
gshould yield a certain amount of new information.

One of the most striking features of NalNA, revealed
by this investigation, is the high sensitivity of the structure
to the humidity of the surrounding atmosphere. It has been

found that the polynucleotide chalns can exlist in two distinetly

different helical configurations, depending chiefly on the
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vater content of the specimen. A general qualitative

survey of this effect is described in Chapter IV. A
guantitative study of the two different types of fibre
diagram, corresponding to the two possible helical structures,
is presented in Chapters V, VI and VII. The work described

in these chapters was carried out in close collaboration
ks

with Dr. R.E« Franklin.
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The polynucleotide chalns of NaDNA are belived to
oocur mainly in an unbranched condlition and to consist of

L ]
phosphate di—ester groups joining Jﬁ - d - 2 - deoxyribofuranose
L]
[+

residues hy ﬁ :+ 5 linkages. In calf-thymus DNA the four
bases are; adenine and guanine (purines), cytosine, plus a
small amount of 5 — methyl cytosine and thymine (pyrimidines).
The chemical formulae of these bases are shown in Fig. l.

Since they contain grouplngs:-

= NH = C.0 - - N = Ce (OH) -
Keto Enol

and — NH - C.(NH) - -N-Ce (NHo) -
Imino Amino

both purines and pyrimidines are capable of existing in

tautomeric forms. There is some evidence, 1 that. the most

#r ]

probable tautomeric forms in the nucleic acids are the keto

and amino groupingse. he formulae of Fig.l. have, therefore,
been drawn with these groups. Further evidence on tautomerie

form is listed in Chapter 1l.

Structure of the Nucleosides.

The nature of the sugar in a deoxyribonucleoside was
first established by Levene and Morli im 1929.< The sugar
from the guanipe nucleoside of calf-thymus nucleic acid was
isolated and shewn to be a deoxypentose, and from experiments
on optical rotations it was identified as d - X deoxyribose.
rk by Levene and his assoclates on i f_lrj'?',j.:ll showed that

the ribonucleosides were ring nitrogen glycosides and that

the sugar component occurred in the furanose condition {l?jEJj-
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These conclusions were confirmed convincingly in 1946 by

h__
o
w

2t al, 4 using synthesls techniques. It was naturally
suggested that the sugar in DNA was also in the furanose form
and Levene and Tipson (lﬁ}ﬁ}j were able to show that certain
derivatives of thymidine had reactions indicating a furanose
structure. Makino {1955}“* by similar tests was able to obtain
the same indications from the d - é — deoxyriboside of guanine.
However, more direct evidence was not forthcoming until the
experiments of Lythgoe and Brown in 195u.? They showed that
all four deoxyribosides, isolated from enzymic hydrolysis of
herring sperm DNA, had the furanoside structure.

Experiments on the base-sugar linkage in nucleic acids

y 9 e e - a8 .
were first reported by Levene and Tipson (1934)% who showed

that the pyrimidine ribonucleosides were N3 — glycosides.

Similar methods used by Bredereck, Muller and Berger [1@40}9
showed that im thymine deoxypentoside the glycosidie radical
was also attached at Hj. Sspectroscopic evidence was fTurnished
by Gulland and his assocliates (1938)10 that in the purine
nucleosides of both RNA and DNA the sugar was attached to the
N_ position of the purine. That this was so, for RNA, was
demonstrated by direct synthesis by Todd et al. who also showed
that the glycosidic centre was in ikuifg configuration in both
the purine and pyrimidine rlhunuulaobLJeS’?igq?r 1948 )
Thus, although since 1947 the four nucleosides of DNA have

usually been forumulated as 9
of guanine and adenine, and the 3 -}9*—& - 2 = deoxyribofurano-
Sldes of cytidine and thymine, the experimental evidence with

regard to the ur}? nature of the glycosidic linkage is still
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not conclusive and is based largely on the established
structure of the ribonuclecsides.

Structure of the Nucleotlides.

The four nucleotides, adenylssic, guanylic, eytidylic and

thymidylic acid were first isolated in crystalline form by

ELE r l-.r_ - - i~y

Klein and Thannhauser > (1933, 1954 and 1975). The existence
of a fifth nucleotide, deoxy = 5 - methyl eytidylie acid,

in such enzymic digests of DNA, has been demonstrated by Cohn
14951} This has not yet been isolated in crystalline form.

For some time it was considered that the phosphoryl group

in these natural deoxyribonucleotides was in each

1
case AaLu 'y

of the sugar residue, mainly by analogy with the natural

: : e 15« 16 - : . -
ribonucleotides, 7" “ In 1951 experiments with purified § -

¥
nucleotidase led Carter~! to suggest that they were almost

L]
certainly 5 = deoxyribonucleotides, and this view has been

confirmed in the case of thymidine by the work of Michelson

(3l 5 = | J_:I T L v " E _,_'
and Todd. {135;J. They synthesised thymidine 3 - phosph:te
1
and thymidine 5 - phosphate and found that it was the

]
synthetic 5 - phosphate which corresponded in its properties

Lo the natural thymildylic acid, being identical in paper
echromatographic and ion-exchange cheracteristics, The case

ol the other three nucleotides awaits such direct experimental

1_;1!1_d',_‘.t']1_'.d-

Internucleotide Linkages

The loecation of the phosphate residues in nucleic acids

was 1'irst studlied in the natural ribonucleotides by Levene
: r K o an 15 . : 1
and Harris (1932,%° l?j}lb} who concluded that the phosphate

resldue eslterified the hydroxyl at C'. However, Csrter in 19569
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separated from a preparation of adenylic acid, two isomers
a and b. These have been confirmed by Todd (1952)<C to be
the 5 and ﬁ phosphates of adenosine, respectively. This work

has re-opened the guestion of the phosphate linkages in RNA.

Todd<Y has shown that under scid conditions either of the isomers
can produce a mixture of the two and has suggested a mechanism

for phosphoryl migration involving the cyclice intermediate:—

I |
ADENINE — CH ——C -C CH - CHo+ OH
prjﬂ
0 OH
However, Todd has pointed out that no such action can occur in
DNA, because of the absence of a hydroxyl at C5 which precludes
the essential formation of the cyelic structure shown above.
This, it is suggested, accounts for the greater stability of
the phosphodiester linkages in DNA towards acid end alkali
compared with RNA.
in DNA the Gf;r in the sugar is occupied in ring formation
and Ci carries no hydroxyl groups. Therefore, only the hydroxyl
groups at ﬁ and 5 are available for internucleotide linkage.
It is generally assumed that polymerisstion of nucleotides
occurs by means of these two linkages.
It was observed by Brown and. Todd {i?ﬂ”"a‘ that if DNA

¥
L]
is essentially 3 : 5: linked polynucleotides then a certain
n T
amount of pyrimidine nucleoside 3 : % diphosphates would be
expected from mild acid hydrolysis of DNA. Recently,

Dekker, Michelson and Todd(1953)21 have isolated thymidine
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3 : 5 diphosphate and deoxy-cytidine B : 5 diphosphate from
acid hydrolysis of herring sperm DNA. This was proved by
showing the isolated condituents to be identical with the
synthetie products prepared by phosphorylating thymidine and
deoxyeytidine. The authors remarked that the amount of
diphosphates produced by the hydrolysis was rather high for
them to have been formed solely by random fission. They
suggested that these pyrimidine diphosphates could arise from
those positions in the polynucleotide chain J%re a pyrimidine
nucleoside is adjacent Lo a purine nucleoside. The initial
step in the hydroylsis might then be the removal of some
0l the purine residues, leaving free deoxyribose residues
attached through phosphate groups to other similar residues
and to pyrimidine nucleoside residues. Then further
hydrolysis might lead to rupture betwesn the sugar residue
‘nd phosphorus, so that pyrimidine nucleosides bearing two
phosphate groups would be produced,

This work therefore constitutes further proof that the
macromolecule of DNA consists of é : é linked polynucleotides.

Nucleotide Sequences

It was for some bLime bellieved that DNA contained the
four bases, cytosine, thymine, adenine and guenine, in equi-
molar proportions, and the suggestion was made that the
fundamental unit of the polynucleotide was a tetra—nucleotide.
Careful analysis by Chargaff and co-workers (1949}2:' have shown
this to be untrue. Their results, together with the more
recent studies of Sinsheimer and Koerner [1952J23‘ and of

Markham and Smith [1952}“4 of the fragments obtained hy
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enzymatic digestion of DNA, huve suggested that the sequence of
nucleotides in the chaliln is complicated. This conclusion was
to be expected when one remembers the biological specifieity
demanded of the molecule.

1t was polnted out by Stern [lﬁd?}£5 that the two purine
and the two pyrimidine bases possessed configurations at
corresponding carbon stoms, namely NHo groups in adenine and
cytidine and C =0 groups in guanine and thymine, which were
known to give rise to strong hydrogen bond formation. Since
such hydrogen bridges rarely extend over dist nces larger than
anﬁ, Stern suggested that purine and pyrimidine bases formed
adjacent pairs along the polynucleotide chaln. Such a pairing
of the bases has been postulated in the recent detailed atomie
model put forward by Watson and Crick [lﬁ*ﬁ'ﬂ}:ﬁ'. In this model
the purine-pyriuidine complex is planar. It is formed by
hydrogen bonding between guanine snd cytosine (guanine and-5-
methyl cytsoine) denoted by G : C, adenine and thymine
denoted by A : T. It is further postulated that, for the
spatial arrangement demanded by the model, this hydrogen
bonding is specific if the bases exist in the keto form.
That is, combinations other than G : C, and A : T are excluded.
This idea is supported by the results of Chargaff et al, who in

1951¢7 drew attention to the constancy of the 1 ; 1 ratio

e

found for amounts of G : C and A : T in analyses of prepara-

tions from a wide variety of sources; the G : A ratio had been
4 = 3 i1 — '.‘I

found to wvary guite considerably. Wyatt (19;23“8 has also

reported similar rindings.

B




Recent work by Chargaff et al (1953)27 and by Brown and

Watson {l_jjjju has pointed quite startlingly to the fundamental

Bature of this 1 : 1, A : T, and G : C ratio. These workers |
have shown that a purified preparation of calf-thymus DNA,
hitherto regarded as a macromolecule formed by a complex, but
fixed, specific and single sequence of nucleotides, ecan be
separated into several fractions. In these fractions the ratio
of A+ T to G+ C, varies widely, but the A : T, and G : C,

1 : 1 ratio is maintained. Chargaff, in considering the
implications of these results, concluded that "c¢calf-thymus DNA
is not one molecular unit but consists of a very large number

of differently constituted individuals with an entire spectrum
of chemical structural gradualiions.”

Maeromolecular Structure

The electrometriec titration of NaDNA, as studied by Gulland
and Jordan {194?J,3l'j3 revealed no groups titratable when acid
or alkali was first added to the solution in water, over the
range pH 5.0 to 11.0. If the pH was once taken outside these
limits there ocourred a rapid liberation of groups titrating
in the ranges pH 2.0 - 6.0 and pH 9.0 - 12.0 respectively.

On bagk-titrating with acid or alkali a different curve was
obtained from that produced by the initisl titration. Further-
more, the back—titration curve was the same whether from pH 2.5
or from pH 12.0. Gulland and Jordan concluded that the groups
titrated between pH 8.0 and pH 12.0 were the hydroxyl groups

of the bases whilst those titrating between pH 2.5 and pH 6.3

were the amino groups, and since acid and alkali had the



same effect in liberating these groups some linkage must have

existed between them. Tney suggested that, in the original
neutral solution, these groups were linked together by hydrogen
bonds. It was further pointed out that, for steric reasons,
such bonding could not occur between the amino and hydroxyl
groups of the s me base, but must exist between nucleotides of
the same or adjacent chains.

Whilst the base groups appeared to be initially blocked, no
difference in the forward and back titration of the phosphate
groups was observed. Gulland and Jordon reported four primary
phosphoryl, and not more, but probably lessthan, 0.25 secondary
phosphoryl dissociations for every four atoms of phosphorus and
concluded that the data was consi:stent with an unbranched chain
structure. However, it was pointed out by Jordon (1952),27that
this estimate of secondary phosphoryl dissociations was based on
the ratio of amino—groups to phosphorus determined by chemical
analysis, since shewn hy Charu&ffzz (and by Wyatt34} to be too
high. ‘The correct value was 2.6 amino groups for every 4 atoms
of phosphorus. This had the effect of inecreasing the estimated
amount of secondary phosphoryl dissociation to the value obtained
by Lee and Peacocke.~?

In 1951 Lee and Peacock 2 reported results of elecirometric

titration of NaDNA which confirmed the suggestion of Gulland and

Jordon that the difference between the forward snd bsck-titrations
was due to hydrogen bonding between the base groups in different
polynucleotide chains; they also confirmed that these linkages

were responsible for the high structural vicosity of DNA
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solutions arcound neutral pH. Further evidence to support
these suggestions was advanced hy showing that ultrasonic

irradiation decreascd the displacement of the forward from
Lhe back-titration curve and at the same time reduced the
structural vicositye.

Contrary Lo Lhe previous work of Gulland and Jordon,
but in agreement with the corrected values of that work
(as explained above) Lee and Peacocke reported that the number
0f secondary phesphoryl groups lay in a range from just above
the upper maximum suggested by Gulland and Jordon to values as
high as 1 for every 10 phosphorus atoms. They pointed qut,
that the molscular or particle weight of the preparation
Studied was so high that these secondary groups could not be
Ssituated solely as the ends of unbranched chains. Now the
d - é - deoxyribofuranose residue has only the E? and C5
positions available for internucleotide linkage so that
branching, if it occurs al all, must take place at triply
bound phosphorus atoms. Therefore in a branching structure,
if there are no free sugar hydroxyl groups, the number of
secondary phosphoryl dissoclations should equal the number of
Ltriply bound phosphorus atoms and also the number of phosphorus
atoms without corresponding base units. That is what Lee and
Peacocke found; they therefore, postulated the branching struc-
ture showm schematically in Fig. 2. It is difficult to
reconcile this interpretation of the data with the general

body of chemical and physical evidence on DNA.
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Previously in 1951 Stacey et ﬂijh had reported work
interpreted asshowing that in the nucleic acid polymeric
chain there occurred, infrequently, a d - :j = deoxyribofuranose
unit which did not carry a glycosidically bound purine or
pyrimidine base. Instead the glycosidic linkage at ci was
a labile phosphate bridge between two polynucleotide chains.
With regard to nucleoprotein siructure it was suggested that
in addition to the electrovalent linkages these labile
glycosidic phosphate linkages might play a part in linking the
nucleic acid Lo the protein component. In the paper of
Lee and Peacocke, mentioned above, avidence was advanced in

support of this idea ol labile C} phosphate linkages.
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tonclusions

The evidence reviewed briefly in this Chapter establishes
the chemical structure of the NaDNA polynucleotide chain.
Thus a length of such a chain with the four diiferent bases
Placed consecutively may be written as in Fig. 3. The
titration data discussed in the last section shows that what-—
ever the spatial configuration of this chain structure, the
pPhosphate groups are in a readily accessible position whilst

the base groups are shielded.
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GCHAPTER 11

BVIDENCE ON THE STRUCTURE OF NaDNA

FROM PHYSICAL

STUDIES OF THE MACROMOLECULE

I'IIH L 1 Il‘..‘:-'li

DEGRADATION PRODUCTS.
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structure of the Pyrimidine Bases

(1) Spatial Configuration

Various substituted pyrimidines have been investigated
by X-ray diffraction and spectroscopic methods, but detailed
structure has been determined in only a few cases. Direct
studies of isolated preparations of Lhe pyr.midines known
to occur in DNA have not been reported. However, Furhargl
in an analysis of the structure of the ribonucleoside
cytidine has dgtmrmined the structure of the pyrimidine
cytosine.

From their studies on halogen substituted pyrimidines
Clews and Cochranz’j' concluded that the pyrimidine ring was
planar.

(ii) Teautomeric Form.

Clews and Cochran suggested that the crystalline pyrimidines i’
studied®*J* were in the amino and mot the imino form. Pitt4,
in the analysis of the structure of 2 hydroxy - 4.6 dimethyl
pyrimidine, found that although the hydrogen appeared to be
coyvalently bound to the oxygen the C = OH bond was 1.25 + 0.04A°
and so possessed considerable double bond character. This
indicated a tendancy towards the Keto form.

From infra-red spectral studies of crystals of cytosine,

uracil and thymine, Blout and Fields” concluded that cytosine
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was in the enol form whilst uracil and thymine were in the
keto form.

The major ultra-violet absorbing configuration in both the
pyrimidines and the purines was shown by Cavalieri et al.ﬁ'?'to
be the conjugated system formed by the atoms in the 3,4,5 and ()
positions of the pyrimidine ring (see fige 3 Chapter 1).
Therefore, it was to be expected that the tautomeric form would
effect the ultra-violet spectrum. However, the spectrum of
both the purines and pyrimidines in aqueous solution (at room
temperature ) naé been found to be a broad band between 240 mpu,
Lo 280 mp . In the case of Uracil, Brown and Randall® have
shown that this lack of specificity can be avoided by working
at liquid air temperatures. However, uracil was the only one
of the pyrimidies studied to show fine structure. In the
recent studies by Marshall and Wwalker? of the U.V. absorption
of substituted pyrimidines in solution, care was taken to adjust
the pH to ensure the presence only of neutral molecules, cations
or anions, so that the specira obtained were not confused by
being those of a mixture of ions and neutral molecules.
Murshell and Walker concluded that the pyrimidines occurred in
the keto form.

Structure of the Purine Bases.

(1) Spatial Configuration.

The first X-ray studies of a purine derivative were those by

10

Bernal and Miss Crowfoot™ ~on adenine hydrochloride. The complete

structure of both the purines occurring in DNA has been determine

by Miss Broomhead working on adenine and guanine hydrnchlurid&}.'
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The pyrimidine and iminazol rings were found to be co-planar and

bond lengths and bond angles in both structures were very closely B
1{

More precise data on the adenine hydrochloride have

13,

similar.
been obtained by Cochran

(ii) Tautomeric Form.

The position of the lydrogen atoms in the adenine cation

has been considered by both Miss Broomhead and Cochran who con-—

olude that it is the keto—amingform which exists in the

erystalline stale. The location of the hydrogen atoms in the

guanine cation is not known so precisely but again the keto—

amino form seems mos b likely.
It is of significance, with regard to the evidence pre-

sented by Gulland and Jordon for hydrogen bonding between the

buaus,ldand the suggestiions of Crick and Watson that such

A 5 _ ® \
bonding 1is speuifLulﬁ(diaaussed in Chapter 1), that in the
crystalline state pobth purines and pyrimidines have been shown

Lo form strong hydrogen bonds involving the ring nitrogens and

the C = O groups. The high melting point of most of the

purine and pyrimidine derivatives may be attributed to this

intermoleculer hydrogen bondinge.
There seems Lo be no conclusive infra-red or ultra-violet

spectrographic data on the tautomeric form of the purines

ogcurring in DNA.

Structure of the Nucleosides and Nucleotides.

The chemical evidence reviewed in the previous chapter,
has in the case of RNA been directly confirmed by the work of
Furberg who has determined the structure of cytidine by single

orystal X-ray analysisl. lNo such direect studies on any
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deoxynucleosides or deoxynucleotides have been reported. The
two most, important features of nucleoside structure, with regard
Lo the structure of DNA are:-—

(i) Relative orientalion of the sugar and base residues.

(i1) The spatial configuration of Lhe furanose ring.

In Furberg's analysis of cytidine it was shown that the
N4 - C{ bond lay in the plane of the pyrimidine ring and that it
farmed angles of 109° and 115° with the adjacent bonds of the
d-ribofuranose ringe Therefore, contrary to the previous
Suggestion by asuburyl7 that the two rings were parallel, it was
found that they were approximately perpendieular. From some
Preliminary work on uridine, adenosine and guanosine, Furberg
8lso sugyested that the mutual position of the base and sugar

Tings in all ribonucleosides was the same as that in eytidine.

There seems to be no reason to Suppose that this relative con-
figuration of Lhe base and sugar rings should be any different
in the deoxyribonueleotides although direct confirmation of this
Point is necessary.

Evidence of the configuration of a furanose ring comes
from the work of Furberg mentioned above and from the work of
Beevers and Couhranlb. In both these cases there was agreement
that the three carbon atoms C{ C3 ¢4 and the ring oxygen were
Very nearly co—planar, and that C3 stood out of this plane by
about 4 A%  But in both eases the furanose ring had hydroxyls
8L €2 and C4 It might well be that with the hydroxyl group
removed from C3 as in DNA, the configuration of the ring is
altered. This would have an immediate effect on the radius of




the helical structure of DNA proposed by Watson and Crick,1d
T'or thie structure is quite sensitive to a change in the con-
Tiguration of the sugar ring, which has been assumed t6 have
the same spatial form as d-ribofuranose.

Blout and Fields'® have obtained the infra-red spectra of
adenosine and guanosine and assigned observed absorption
frequencies to certain bonds, and have also published the infra-
red spectra of adenylie, cytidylie and guanylic acids. The
infra-red spectra oi the four deoxynucleotides, the demqrriboaidaa
of bthymine, hypoxanathine and eytosine, the four ribonucleotides
and the nucleosides together with spectra of various preparations
Of RNA and DNA have been reported by FTaser19 The greater
SPectiral resolution obtained in this work revealed extra detail
ln the band spectra compared with previous data, However, it
i1s still not possible to make definite structural determinations
from sueh data, although it is suificiently specifie to make it
very useful for amalytical purposes.

Structure of the Macromolecule of DNA,

The apparent particle weight of NaDNA in solution has been
measured by a variety of me thods <0+ ~ EB"I‘ha values obtained
Seem to depend on the method of extraction, and range from
106 to 8.106, The higher values are associated with the
mildest of the extraction and separation methods, All
determinations show the particles to be highly asymmetric in
shape. The molecule of DNA is thus known to be close in form

b0 a very lomg thin rod.

1

i
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(i) Light Scattering.

It is possible to obtain a value of the weight average
molecular weight of a substance, without any assumption as
L0 shape of the molecule, from a knowledge of the angular
distribution of the lntensity of the light scattered by that
substance in solution. It is necessary to extrapolate the
intensity to zero angle. One of the most reliable methods
o doing this is that devised by Eimmkg. The greatest
particle dimension, or related parameter, is generally obtained
by comparing, graphically, the observed scattering curve with
the theoretical scattering curves calculated for various
ldeal particle forms e.g. Rods or Coils. There is general

agreement, in all the more recent aurh,£4 3 da'bhat the

experimental curves for NaDNA fall between tLhe nearest theoreticsl

curve for a random coil and that for a stiff rod and it is
Suggested that this is consistent with the picture of the
Oucleic aecid particle as a somewhat extended, partially coiled,
thread. The results of Steiner2’? are shown in Table 1. These
results are typical of the order of values obtained by the light
scattering method for the "particle” dimensions of NaDNA samples
obtained by very mild methods of extraction.

The recent work of DuLy?O has suggested that the
Tlexibility of the NaDNA particles in solution is dependent on
the pH of the solution. Measurements on NaDNA solutions at
PH 6.5,pR 3.0 and 2.6 were reporteds It was found that the R

Value, i.e. Root mean sguare end Lo end separation of the

bParticles, decreased on lowering the pH, whilst the molecular




TABIE I

Results from Tight Scattering Measurements on two
25

8amples of calf-thymuns HeDNA in O.2M, ECl, by R.FP, Steiner,

Partiele Dimension

Molecanlar Welight m
(+ 15%) (= 10%)
|
4,4,10° L, 47304°
L, 3880A° !
Iz 67104°
7.8.10° 50804°
| L, 41604° |
| I; 7180A° !

Iz =

root mean squere end to end separation caleulated on the
besis of monodisperse randomly kinked coils,

root mean square end to end separation, ealenlated on the
basis of polydisperse random eoils with & ratio of waight
average to number average molecular weight of 2,

length oalculated on the basis of monodisperse rods,

(The Thymonucleies scid nsed in these experiments was

Prepared by the method of Gulland, Jordean and Threlfall

-




TABLE I1I
B 20 " T4 uht S R
Results of Doty et al from Light Scattering
Measurements on Sodium Thymonucleate in O.2M NaCl showing
the changes induced by Dilute Acid.
The followinyg values are for the same specimen, the
mo lecular weight remained constant throughoul the pH

Variations, at value T-T-lﬂb*

pH. R

6.5 A4110A9

3.0 35501
-f:l ].7{:‘:.]? o

6.5 (return) 425049

R = Root mean square end to end separatlion caleculated for
polydisperse unbranched random uuiis; the polydispersity
gorresponding to a ratio of welight to number average
molecular weight of two.

The NaDNA sample was prepared by following the method

of Siyner and Schwander<’*(b).




Weight remained constant. (Results summarised in Table IL1s

Murthermore this process was reversible, the R value returning
Lo approximately the initial value on returning the pH to 6-5’
there again being no change in the molecular weight. It is
ilmportant to note that, as Doty points out, this work was done
180 0.2 i NaCl whieh would mean that, at pH 3.0 and 2.6, less
minoe groups would have become charged than one would expect
from titration data in the absence of salte It follows that
03¢ 0f the inter—-base hydrogen bonds, known to exist from
bitrution work, would still be intact despite the low pH, so
that a complete breakdown of the structure would not occur.
However, that hydrogen bonds were broken with a resulting
increase in the flexibility of uhe molescule, showed that these
inter-base linkages play an important part in determining the
configuration of the molecule. The fact that the results
Were reversible with pH, lndicates that these hydrogen bonds
Gan reforme.
A different mthod of approach to the problem of inter-—

Pretin; the light scattering data has recently been reported

by PeLurlin.jl Experimental scatitering curves were compared
with the sgatlering ocurves Lo be expecied Lheoretically from
finite lengths of a thread-like molecule with varying degrees of
Tlexiblility. The form of these structural curves was derived
by following the treatment of a “thread” model of continuous
Wass distribution and curvature discussed by Kratky and Pur0d32

in relation to X-ray scattering. The curves were plotted in

berms of the parameter x, where x = L. "L" was the total lengﬂIT

h j'

a

=
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©f the thread and "a" was the persistence length. ' This latter
term was defined as the average value of the projection of" the
Straight portions of the thread on a tangent Lo one end of the
thread, The persistence length, and hence the value x, was
Lhus a measure of the flexibility. Ifa=1L, x =1 and the
turve became coincident with the known scattering function for
SUiff rods.

In this way Peterlin has shown that his own results on a
Sample of calf-thymus NaDNA prepared by Signer, and the results
of Bunue,z? may be interpreted on uhe basis of a long coiled
thread-like particle of line density 156 (Signer), 152 (Bunce).
These results are shown in Table III.

In considering the results of Bunce®! for a NaDNA solution
at. pH 3 Peterlin concluded that the action of acid yielded a
more extended coil which was linked to neighbouring chain
Segments so increasing Lhe apparent line density. This is in
contradiction to.the folding suguested by Doty's recent results.
However, these data of Bunce, together with similar drastic
elfects observed by other workers are, as Doty points uut?ﬂmost
Probably due to lowering the pH too rapidly. A decrease in
molecular weight would then occur due to breaking of the
Phosphate-sugar chain at a few points along its lemgth by local
Ction of strong acid before uniform concentration was achieved.
In the work of Doty mentioned above the pH was lowered
Continuously and slowly by dializing against NaCl solutions
8djusted to the desired pH and an ionic strength of C.2, the

€quilibrium pH only being reached after 6 hours.




TABLE LII

Resulys of Peterlin’d! from ealeulations on Light Scattering

"€asurements of Sodium Thymonucleate.

—
Sample | Molecular X a 4 | Line Density
Weight M/L
M
1 6. 7. 100 150 | 28749 |43,000A° 156
2 4,0, 10° 100 | 263A° | 26300A° 152
3 |2.64.20° | 16 | 541a° | 8700A° 305
X = L/a. L = Total length of molecule.

a = Persistence length. (i.e. the average value
of the projection of the straight portions
of the molecule on a tangent to one end).

aamEle 1 Supplied by Signer and experimental values
obtained by Peterlin.
Samgls 2 The results shown were calculated from the

published experimental values of Bunce</s

Values calculated from results of Bunue‘T on an

acid degraded specimen (pH 3.0).




(11) Sedimentation Experiments.

By measuring the sedimentation velocity of solute

molecules in a solution subjected to a very high eentrifugal
field of known magnitude, the sedimentation constant character-

iSinu those molecules may be calculated. From this their

molecular weight can be computed, if the molecular frictional
Fesistance to sedimentation is known. It is generally assumed
that this frictional coefficient is equal to the frictional

Tesistance to diffusion, alternatively it may be obtained from

Visoosity data. However, when the solute molecules are highly

Symmetric this assumption is only valid for very dilute
It is therefore,

Solutions. This is the case for NaDNA.

Necessary to determine the variition of the sedimentation

tonstant with concentration and extrapolate to zero aoncentratinn{'-

This procedure inevitably involves assumption concerning the
Shape of the curve at very low concentrations and so introduces 4
% oertain degree of uncertainty in the final result. However,
the molecular weight value so derived is without any assumptions
88 to molecular shape or solvation, and for this reason the
method is regarded as a direct measurement.

Tennant and Vilbrant33 have reported sedimentation studies
On NaDNA in acqueous solution for concentrations up to 0.3 by i
Welght. The NaDNA was obtained from three sources, and in
€ach case was prepared by the method of Hammarsten.34 The
Sthors found that the sedimentation constant increased with

dﬂﬂrﬂasing concentration so rapidly as to make reasonable

€Xtrapolation to infinite dilution impossible. It was

thererore assumed, in calculations of molecular weight, that
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al the same finite concentration the frictional coefficients

Tor sedimentation and diffusion were equal. By combining this
sedimentation data with diffusion and partial specific volume

Measurements, the average eross—sectional diameters of the

Particles in several specimens were calculated, using the Perrin

eQuation3%s The values reported range from 13 to 16° A, for !
The highest ‘.'

Particle lengths of approximately 5000 to 30004°,
value of the molecular weight for the specimens studied was
55U-1G3, this indicated that the preparations were all somewhat
degraded. However, it was remarked by the authors that all the
samples studied showed in solution particles of practically the
same cross-sectional diameter, regardless of their length.
they suggested, confirmed the picture of NaDNA as a long thin !
column with the first step of degradation beiny the cutiing of
that column into smaller fragments of the same cross-—section.
Cecil and Ugstnnzo have made sedimentation and diffusion
experiments in the coneentration range of 0.5 to 0.03 g/100 ml.
The NaDNA used was prepared in Gulland's laburatoryab. They |
reported particle weights in a range from l.D.lDb to 1.3.106, '
with axial ratios for the ecuivalent ellipsoids between 140 and
170, These authors point out that they did not observe the
very rapid increase of sedimentation constant reported by
Tennant and \Filbra.nt-33 at. low concentrations.
Steiner<’ has compared the sedimentation characteristics
of nucleo-histone and NaDNA, both from ealf-thymus. It was
found that the limiting sedimentation constant of NaDNA was much |
less than that for the nucleoprotein and also that the ;

sedimentation constant of the nuclesoprotein was not so

This, |
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"ﬁonuanhratinn-ﬂapandenL" as that of the NaDNA. These data
Were interpreted as suggesting that the NaDNA particle is
Considerably more asyafkhriu than the nucleohistone particle.

{i11) viscosity Experiments.
Intrinsic viscosity has been defined by Kraemer

v = [ae]

Where \zr = viscoslly of solution relative to that of the

7 as:-—

solvent. I

C = concentration of solute. il

Flory has shuwnaﬂ that it is possible to derive, from measure-
ments of ¥ , a value of the "viscosity average" molecular
welght which under certain conditlons may be reduced to a weight

average value. Flory et al, have shown that the molecular

configuration of high molecular weight polymers may be investi-

gated effectively by viscosity measurements, and have derived

L.
the necessary rﬂluhiunships-Bg’ N

Signer, Casperson and Hammarsten®® have made viscosity ,:
measurements on NaDNA solutions and applied formulae derived by
Euruarsq'j. They reported that the molecules of' their prepara-
tion of galf-thymus NaDNA had, in solution, a shape fasctor of
300 and molecular weights ranging from 0.5 to l.D.lﬂb. HquVer,i'
the work of Gulland, Jordan and creeth?® has shown that, at' all
concentrations studied, the relati e visceosity of their prepara-
tions of NaDNAJ® in solution decreased with the applied pressure.
As these authors pointed out, this means that quantitative

interpretatipn of viscosity data on NaDNA will be bound to in- .
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Volve g high degree of uncertainty until the theoretical
treatment of such structural viscosity data has been completed.
The qualitative imterpretation of viscosity dalta can,

hGWEver, be an important confirmation of the struectural implica-

tions of other physical measurements. The change of relative

viscosity of NaDNA solutions with pH. reported by Gulland et al®*
agreed closely with the titration work of those authorsl4. Onm
the basis of the titration data it had been suggested that

hydrogen bonds existed between the N-H,and C=0 groups in the

bases of adjacent nucleotide chains and that these bonds were

broken in solution outside the pH range 5-1l. In support of

this, the viscosity was found to remain unchanged (at constant
Pressure ) between pH 5.6 and 10.9, but outside these critical
limits it fell to a low value. ©On returning the pH to 7.0
there was found to be a difference between the behaviou# of the
acid treated solution and the alkaline treated solution. it
was reported that when a 0.243% solution of NaDNA was left at
PH 12.5 for 15 minutes and then returned to pH 7.0 the relative
?150951&3 increased steadily with time, regaining its structural
character, and after 91 hours 1t reached a value 1ln the region
of that of the original untreated solution. For the acid
treated solution, with concentrations of NaDNA up to 0.5%, there
Was no appreciable increase in the relative viscosity on re-
turning to pH 7.0 after leaving the solutions at pH 3.5 for
15 minutes, but a 10f solution gelled on standing for 12 hours.
The failure of the acid treated dilute solutions to regain
& high viscosity was most probably due to a too rapid lowering

Of the pH as discussed on page 23 « A decrease in the

:|' I.
|

I| -_ r‘
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welght would then be likely to oseur due to breaking

Molecular

Of the Phosphoric-ester linkages at certain peints along the

length of the polynucleotide chain by the local action of strong
acld before uniform concentration was reacheds. Then on return-
ing the solution to pH 7.0 although the inter-base hydrogen bonds
might re=form, the particles would be much smaller, and the
relative viscosity consequently less than in the original

Solution, The inter—nucleotide linkages being more resistant

Lo the action of alkali there was probably very little
depolymerisation on rapidly lowering the pH to 12.5; hence if
bhe inter—base hydrogen bonding can be reformed at return to
PH 7.0, particles might be formed of the same size and average
Sonfiguration as were present in the original solution, the
Viscosity would then regain a corresponding values

Zamenhof and Uhur&uf?bhuve reported that calf-thymus NaDNA
Wiich was protected in the course of its isolation from the action
of high temperatures, aeid and alkali, as well as that of
depolymerizing enzymes, gave a solution which showed no

thixoLruEg.

irravﬂrsib‘g when the preparation was degraded by acid, alkali,

It is reported that this characteristic was lost

Or heat and then permitted to repolymerize} the high viscosity
Was then re-established but was thixotropic. It was also found

bhat the viscosities of solutions in which the DNA had undergone

Tepolymerization were affected by heat in quite a different
Ranner from the original preparation. A preparation of NaDNA
frog Yeast was reported to give results 8imilar to those uutlinnd

8ove, However, it should be noted that all these experiments

"ere made on solutions containing 0.05 M Sodium Chloride, whilst
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in the experiments of Gulland and Jordon the NabDlNA was in

ajueoys solution. Zamenhof and Gh&l‘b{ﬂff have also compared the

PH dependance of the viscosity of solutions of NaDNA from

different sources. They found that such solutions behaved

differently in their stability to acid but differed much less

in their behaviour towards alkali.
That the relative viscosity of NsDNA solution was dependent

on the ionic strength of the solution was first reported by

Ureenstein and Janrette46. The addition of sodium chloride or

guanidine chloride was found hy Gulland et al’® to lower the
relative viscosities of solutions of NaDNA quite considerably.
The viscosity decreased rapidly at first, with increasing salt
Goncen tration, and then reached a critical value at 0.01 I of with
both sodium ehloride and guenidine chloride, respectively.
Increasing the concentration of salt abwe this eritical value
Produced only comparatively small changes in viscosity. Huwaverf.=
there wus a rise to a small peak in 1.0M NaCL solutions, fillowed
by & decrease to the previous low value which continued to fall
only very slowly. The value in 6.0M NaCL, which was the
Breatest salt concentration used, was little different from

that in 0.01M.

This diminution of viscosity hasbeen found to run parallel
With loss of streaming birefringence. Greenstein and Jenrattu46
have studied the change in birefrigence in NaDNA produced by
S€veral reagents. In some cases,e.ge with guanidine chloride ,
the double refraction was almost reduced to zero. These effects

Were found to be readily reversible, the birefringence being




Teéstored to very nmearly its original value when the added salt

Was removed. These data sugyest that 1t is the fﬂldiﬂE of the

Dolecule to a more symmetrical shape, as indicated by the loss

of birerringence, that is largely responsible for bthe decreases

in viscosity.

Zamenhof et aia? have correlated the changes, produced by
Various agents, in the viscosity and bidogical activity of
Solutions of DNA isolated from Haemophilus influenzae; the
material had a high transforming activity. This paper was one
o the first reports in which any quantitative measurements
0f the biological activity of DNA have been made at the same
time as the measurement of physical properties. The effects
Of heat, pH and iomic strength were Tound to cause the aclivity
L0 vary in a similar manner to the viscosity, though at a
different rate. It should be noted that the activity of a
Solution of ionie strength 10-6 dropped to 2.4% of its initial
value when left to stand for only four hours at 309C, whilst
the viscosity remained at 98.5%¢ of its previous value.
LDWuring the temperature to 6“C only extended the time of
Standing to 30 hours before a similar loss in activity was
Observed; the viscosity remained high (96% ). A solution with
lonic strength 0.02 lost BOZ of its initial activity after
Standing 24 hours at 6°C. For the activity to be preserved
an ionic stremgth of at least 0.1 would seem to be reguired.
The effect of dehydration of the transforming principle on the
transforming activity was also studied. The authors reported

that drying under the conditions of the procedure suggested by

T




—32-

Slgner and Luhwuuder,gj'a‘and preservation in those conditions
Lor 4 days at 239C, resulted in a 99¢ imactivation,

Stelner®? found that there were no structural viscosity
@ffects in the case of nucleohistone solutions in 0. 015M

Phosphate buffer at pH 7.2 and that the intrinsie viscosity

Observed lead to an axial ratio of 25. This was assuming a

Particle density of le3, g/ce and applying the equation of
Simha4® for the intrinsic viscosity of rigid prolate ellipsoids
0l revolution. The molecular weight of the nuclechistone was
glven as about 6.106, hence, as Steiner pointed out, the

molecular asymmetry found for the nuclechistone was much less

than that for nucleic acid of the same molecular weight. These M

data are not incompatible with the suggestion of Watson and
Criekl? that the association of protein and DNA is caused by

the protein chain becoming a third strand in the DNA helix.

Strand would remove the replusive effect of all of these
charged phosphate groupse. This would permit -a greater folding

Ol Lhe particle in solution tending to a mueh less asymetriec

By combining with the phosphate groups of the DNA the protein r

Shape for the nucleohistone molecule.

liv) Flow Birefringence and Ultra-Violet Dichroism.

The first measurements on the double refraction of flow in i

Solutions of NaeDNA were reported by Signer, Cassperson and |

Hampersten42, The “particles” of NaDNA were found to reseﬂhle,;

in shape, long thin rods and to be negatively birefringent, i.e. |
|
; |
Of the particles. The fact that the optical anisotropy was |
|

the greatest refractive index was at right angles to the length

Very great was interpreted as showing that the purine and

| b




all lay in parallel planes and were near

P¥rimidine rings

perpendicular te the long axis of the molecule.

The variocus theoretical treatments available, and the

general aspects of the problem of quantitative measurements of
Streaming birefringence have been discussed by Edsall .

An approximation of the Perrin euuabiunjﬁhas been applied by

42

Edsall to the resulte of Signer et al, and those of Kausche

et 11§65 assuming & length/breadth ratio of 200, the
: . o
approximate length of the particles was calculated to be 4,500A".

This corresponded to a particle breadth of 22+ 54% The
associated molecular weight was between 0.5 and 1.0 million.

5 . g 510 :"24
Luwever, the recent work of Schwander et al on streaming

birefringence lead the authors Lo report a value of B000A° and

10A°, respectively, for average particles length and breadth

TalDNA

-

of calf-thymus ! prepared by the method of Signer and
schwander.
seeds has

studied the ultra-viclet dichroism exhibited by J

orientated films and fibres of NaDNA at various humidities D38

and has discussed the implications of the measurements, includingl]
i

those of' other workers, with regard to the molecular structure
of NaENA53b: Seeds coneluded that the purine and pyrimidine
bases were so arrenged as to lie, on the average, at a small

angle to the normal to the long axis of the molecule and that
this angle decreased with an increase in the water content of
the specimen. Observations on calf-thymus nucleoprotein were

interpreted as showing that the ultra-violet absorbing groups

in the structure were orientated in a manner similar to the

arrangement in NaDNA.
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\v) X-Ray Diffraction.

Jrientated Specimens:

The first studies of X-ray diffraction patterns from '
54,17
were those reported by Astbury et al. B

orientated NaDNA specimens

Interpretation of the X-ray fibre diagrams led Astbury to suggest

that the molecule of NaDNA was a stiff columm” of nucleotides Ne
piled one on Lop of the other in such a way that the arrangement
was repeated every eight nucleotides, along the length of the
columne. Further, the nucleotides were considered to be "flat

Be

plates” lying at right angles to the length of the column, the
q ey

effective thickness of each nucleotide being about 3.4A%. This

lalter sugyestiion required Lhe plane of the sugar ring to lie

parallel to that of the base ring systeme. Thus =2 column of sugh

nugleotides would have a drong repeat of about 3.4A° alony the
axis of the column. In this way the very strong meridional are
of 3.34A%, seen in the X-ray fibre diagram, could be explained.
Astbury's interpretation of the X-ray data, as outlined
above, differs from that which will be advanced here. This is
because Astbury's X-ray diagrams, although interpretated ag from |

& single phase, were due to a mixture of two different structural
phases of NaDNAi. This will be discussed in Chapter IV.

The work of Eurbﬂrgl made Astbury's Suggestion of a planar J
nucleotide rather doubtful. Furberg found that the plane of the

sugar ring was almost at right angles to that of the base

cumponent in each of the four ribonucleosides. 50 Tar no

structural work on any desoxyribonucleosides has been reported.

However, Furberg considered that it was likely that the relative
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confijuration of the sugar and base rings in the DNA nucleotides i

would be the same as that found for the RNA components. Making

this assumption Furberg suggested two possible structures for DNA.

These are shown in Fig.l. In each structure the base rings Wﬁre.s

co-planer and 3.4A0 apart in the direction of the long axis of

the molecule. The phosphorus atoms also lay close to this e

plane. Structure I was a helical array of phosphorus atoms

e

=

surrounding the sugar rings and base groups, which were turned
inwards toward the helical axis. The diameter of this single ‘

strand helix was about i;ﬂo. The pitch of the helix was given e,

as about 27AY to correspond with the layer line spaeing reported
by Astbury. Jtructure 11 was a rather open arrangement con- |
sisting of a single zig-zag chaln of phosphate groups, with the

base rings projecting on alternate sides of the phosphate chain.

The total breadth of this structure was given as 1849,

Furberg pointed out that although many possible structural

forms between those of 1 and II might exist, Structure I was to

be preferred due to the stability given by the van der Waals u
attraction between the base rings, which formed a flat pile
along the helical axis. Also the density of Structure I was -

higher than that of Structure II. n

The first workers to suggest a helical structure for the J 1
NaDNA ﬂuleculﬂ, from a direct study of the X-ray fibre diagram, | !
were Stokes and Wilkins in 1951.77 Since the completion of the |
experimental work presented in this thesisy the micro—techniques
used by Miss Franklin and the author56 have been extended hy F

Wilkins et :3:.1,*]'Tllr who have obtained X-ray fibre diagraoms of NaDNA

showing nearly twice the number of sepsarate reflections observed
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1so shown?/that the same "erystalline” diffraction

red from several
ifferent sources; e.g. Cali-thymus, Mouse sarcoma, Human white
blood cells, E«Coli, Pneumoccoccus and Paracentrotus sperm. In

ysis of the X-ray fibre dlagrams Wilkins et al have

ollowed the method of direct comparison between the welghted

seiprocal lattice diagram, oblained Irom Lhe observed dilirag-—
| ¥ - F fiawn . ] 1 it B aTa]] Hir &n ] A Tatds $ - | S o .I.-_L.,.': " e
PR EE§ !- LUl Iy n L1 L SNOWnN LA CERLCULALLON wQ Da ‘\.""I_II. cweq .LI'om
rious helical models. ne conclusions, as L0 Lhe molecular
;ructure of Na ! ict ve been reached so far in thelr
sLUdy; are 1n [pany ways slI iilar to those rrive at here Ifrom
J o LNe "BLGA 3 In & ran (8] LIl 30 LLUITE &
gh=urieniaived W01 i e
5 | - TR . -
11le) | ster/Ystudied non—-orientated systems of NaDNA
na liounag wnav at ¢artaln low ater contents L@ Speclimens gave
i + Ty i) 4 - El - L W - = P . f
A Sharp, crysvailine, diliraction pattern. Un inecreasing the
® " - . n_—— i e e - i a T
Ler content of the speglmens wvhey observed that this

L <3

crystalline state passed over to a more disordered st

.ate, termed

oy them the et gel state. The transition between thes

rnese

states appeared to be ¢

hiefly a function of the water content

of the specimen and was reversible. They interpreted their

data 1n Lerms of inter-molecular changes due to migcelle
:-..'-:.'...'-".:.._;,'.Iﬂ or aLLer

= ternatively, as due wo a contlnuous intra-—

i 9 1
-n-.-'--I:--.l'l.:ll.l.l-.."1I -\-:I-I-!i "-!!'
te

[he relation of that work to the work pre-
sented here is discussed in Chapter 1V,

\vi) Electron Microscopy.

OUne of the first reports

of electron microscope studies, of




ipecimens, was that hy Juuttjg in 1948. The material

was isolated from rat liver following the methods of

and Pollister. icrographs, taken with an R.C. A.
odel EMB electron microscope, were obtained from drops of
solutions with various concentrations, all of the order of
) TE/CCe These specimens were shown to contain a2 net work
of laterally branching fibres of variable length and width.
Mo wvalues were given by Scott for the diameters of these
ibres, but from the published micrographs they seemed to
vary from about, 400A9 down to

the limit of resolution, which

eared to be 50A9; the len gths of the fibres commonly

Bayley~—"has obtained micrographs of surfaoe replicas of

NaDlNA, which appeared to exhibit globules of about 100A©
llismeter. It was suggested hy Bayley that these globules

; i f 1 T hwd T = :'L---.ﬂ'_bz-- - =1 _—

colilled up fibrils. L ilward¥Y<has taken micrographs of
els of Nal ipread directly across the microscope grids
rithout the support of collodion 1ilm.

In the studies mentioned above the "particle"” dimensions

observed were undoubtly those of multiple filaments. The first

: rphs ; i 3 :
electron Mlgrulﬁfﬁg to showd particles of comparable size wit

the molecular dimensions obtained from other me thods, was tha
il 14 - E':Ij Ty, A eT-Te L h . 1 = 192 @] e o 3 ~Te e ™ .

of Williamse. Ihe specimens used were obtained by means of

particular freeze-drying technique, developed for use with

iological material in an attempt to preserve any three

dimensional structure that night be present. Micro—volumes

h
t

-]

0 a waler solubion of 0.01% NaDNA, (prepsred by the method of
-

Signer and schwander), were sprayed onto microscope grids at




liguid aip temperatures, the ice was then sublimed off under

Vaguo, Wicrographs of portions of such freeze dried droplets,

. .
(nvevq;e droplet volume was estimated at 10 “ml), showed a

Bet~like three dimensional structure of fibrils. In many places

bthese fibrils appeared Lo have agyregated into bundles, it was
Sugges ted that this might have happened during vacuum sublimation.
9ince the individual fibrils were of very small diameter the

Width of seccumulated “shadowing’ metal was greater than that of

& 1ibril, thereiore measurements were imade of the shadow lengths

and the height of the fibrils deduced from the known shadow angle.

In this way the fibrils were estimated to have diameters of
Similar results to those of Williams have

’:d & Sa h..
been reported by Kahler et al. These =uthors obtained

approximately 15A0.

ilcrographs of NaDNA showing long fibrils, of 10 - 2049

dlameter, which appeared to have a strong wendency Lo intertwine
b ] E

Wwith neighbouring fibrilse

- ——

—




The experimental data that have been accumulated by
Measurements of the physical properties of DNA are often
Gonflicting, it is therefore, diffiecult to draw from such data
more than very general conclusions as to the structure of the

dlacromolecule. That tne molecule was c¢lose im shape to a very

long, thin, flexible thread has been suggested by light scatter—

ing, Streaming bireiringence and ultracentrifuge datae This
Sug estion would now appear to be certain in view of the recent
electron microscope worke MeasuremeniLs of the Ultra-violet
dLuhruLuﬁ, exhibited by orientated specimens of NaDNA, have
shown that the base rings lie in planes parallel to each other
@nd inclined at an angle between 60 - 90° to the long axis of
the molecule, also that the polynucleotide chains are so
arranged that i the water content of the specimen is increased
Lils angle of inclination of the bases approuaches more closely
Lo GOY, Intformation as to the detailed arrangement of the
Polynucleotide chain, or ¢hains, in this long thread-like

molecule has so far only been obtainable from a study of the

A-ray diffraction patterns given by NaDNA. The suggestions of

Previous workers have been outlined above and the structural

implications of the study presented here are discussed in the

lollowing Chapters.
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Preparation of Orientated Specimens of NaDNA. Ei

The material used throughout this work was highly L

purified sodium nucleate from calf-thymus gland, kindly supplied Jw?

to this Laboratory by Professor Signer and pregfgfd according m
Lo the published method of Signer and Schwander. The NaDNA I
from this preparation is a white fibrous solid which is capable |
of taking up large quantities of water to form a gel, the
process being a continuous one ending ultimately in solution.
(1) Sheets. .

By means of suitable mechanical treatment and drying, the
gel can be used to obtain highly orientated specimens. If the
gel is sheared between glass plates, thin “sheets" of the
material can be obtained, The molecules are orientated in
the plane of the sheet and in the direction of sghear. These
"sheet" specimens show the highest deygree of orientation when
diffracting in the "edge on" position. A narrow strip of the
sheet is placed so that the X-ray beam is perpendicular to the | |
direction of shear, but lies in the plane of the sheet. The
effective dis-orientation of the particles, (individual muleculeai
or erystallites), is then the projection of their angular dis- |
placement on the direction of shear.
(11) Fibres.

In considering the problem of obtaining more highly
orientated specimens, Wilkins (1949), noticed that it was l
passiblﬂ to draw fibres from a gel of the Signer material, 1
but not from other preparations available at that time. This

was done by adding sufficient distilled water to a small piece .

of the fibrous solid to form a stiff gel, and then placing a




nesdle point, or any suitably shaped object, in the gel and

slowly withdrawing it either by hand or by using the rack and
Pinion motion of a microscope. The latter method is to be
preferred if fibres of fairly uniform cross—section are re-
quired. By suitably varying the speed of withdrawal, and also
the water content of the gel, fibres of diameter from sbout 10q&

down to less than 1 jo can be obtained at will. These fibres ps.
exhibit considerable negative birefringence (Wilkins et al 1951) ;
which may be taken, to some extent, as a measure of the degree

of particle orientation. It was confirmed later, when the
diffraction pattern of single fibres could be obtained, that

the most highly orientated specimens were those which showed
complete lengths of the fibre with the same degree of bire-
fringence, rather than different domains of birefringence at

the same cross-sectional level along the fibre; the greater

the thickness of the fibre the more usual is this latter
appearance. Although some very highly orientated fibre

diagrams have been obtained with thick fibres (ﬁ%u}, in general ’
the smaller the diameter of the fibre the ygreater the degree

of orientation.

lnitial Apparatus.

The first diffraction patterns of NaDNA, obtained by the
author, were taken with a 3 cm radius Unicam single-crystal

camera and copper radiation from a Raymax tube. The specimens

were thin, negatively birefringent, sheets prepared by Wilkins. {

With such weakly diffracting material it was necessary to

minimise the effect of air scattering. This was done by

passing a continuous stream of hydrogen through the camera.




The only serious escape of gas from the Unicam camera occurred

at the collimator entry hole. This was almost eliminated by
Wing a brass sle@ve into a cecentral hole cut in a eircle of
some very thin rubber, the outer edges of which were then waxed
down on the outside of the camera. The collimator was then in-
serted into the camera through the tightly fitting brass sleave.

Diffraction Patterns of Sheelt Specimens.

Sheet speciwens were examined for signs of double orienta-
tion, i.e. preferential orientation of the particles in the
plane of the sheet. However, no difference could be discerned
between the diffraction patterns obtained with the plane of the
specimen normal and "edge on" to the X-ray beam. In each case
the beam was at right angles to the direction of shear. The
pattern frmJIshaet specimen of Signer NaDNA in hydrogen at 90%
relative humidity is shown in Plate,l. The specimen was main-—
tained at this high humidity by passing large bubbles of hydrogen |
through a small quantity of water before allowing the gas to
enter the camera. The relative humidity of the hydrogen was !
measured, before it entered the camera, by an Ednay Paper
Hygrometer. The definition of the pattemmwas found to be baihfxz
at high humidities but no systematic study of the variations

of these "sheet” patterns with humidity was made.

The pattern, (Plate 2), obtained from a sheet specimen of
NaDNA from herring sperm(prepared by Dr. Mary Fraser in this
laburaLury)ut 90% ReH., was found to be similar to that of
calf-thymus NaDNA at the same humidity. Both patterns show

a rather diffuse reflection on the meridhn, the centre of -
S

which corresponds to 6.9A°, in addition to the usual




PLATE 1  Sheet specimen of calf-thymus NaDNA. X-rays perpendicular
to plane of Sheet. Unicam camera filled with hydrogen at 90%

Relative Humidity. Copper Radiation,
Exposure 4 hours

FLATE2 Sheet specimen of herring sperm NaDNA. X-rays in plane of
shest. 90% Relative Humidity. Exposure 5 hours

N.B. In each case direction of shear in sheet is meridional.

R e e
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3.4A° arc. These "sheet’ patierns differ from those of
[ =

J .
Astbury, probably due to the high humidity and the method of ,

preparation (by shearing the gel) of the specimens. Astbury :4
et al used thicker specimens, in air at room humidities. The ;m
patterns éhawn here are c¢losely related to the patterns found j
for single fibres at high humidity which will be discussed in |
Chapter 1V.

“Crystalline" Diffraction Patiern from Fibre Specimens. f

Owing to the large 3paniman—rilm distance and beam size r
of the Unicam — Raymax arrangement, it was necessary to use a i
bundle of NaDNA fibres as a specimen. The exposure time for L
a single fibre with that arrangement would have been prﬂhibihiveJ
Accordingly a bundle of about 30 fibres of diameters 10-30u :
was made up on a.wire support. The distance between the legs |
of tha1suppurt was made quite small, about 0.5 c.m., and long .

lengths of fibre wound round the support and held in position

by Lepages cement, a fast drying cellulose glue. In this way
the required thickness of the composite specimen was readily
achieved. Suitably long fibres were obtained using a .
microscope rack and pinion movement to control the drawing of t
the fibre from the gel. In this way fibres up to 7 or 8 cm |
in lenyth were drawn. Unce 1in position on the frame, the

fibres were grouped into parallel alignment by cementing them
together for some distance along their lengths, from each end.
The legs of Lhe frame were also opened slightly to add tension

to the bundle. However, it was diff'icult to obtain the fibres ||

in perfectly parallel alignment and this was a defect of the

multi-fibre specimen technique.
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In order to increase the resolution, of the X-ray patterns,

Cobalt radiation was used; Plate 3 shows the pattern obtained from |

& bundle of 30 to 40 fibres at about 90Z R.H. The pattern
¢losely resembles that to be expected from the rotation of a
single crystal. Therefore a fibre must contaln many crystal-
lites aligned closely parallel to the fibre axis, but having
random azimuthal orientation around the axis. The diffraction
broadening in arcs about the origin of the pattern is due to
the fact that the eorystallites are not perfectly aligned with
respect to the fibre axis.

Crystallite Size.

The breadth of single reflections measured along a line
Joining the reflection to the origin, is approximately constant
over the whole photograph. The diffraction breadth due to the
individual crystallites is therefore small compared with the
geometrical broadening. Hence the effective crystal diameter
cannot be less than approximately 1000A© (10”50mj,

Reversible role of Water.

The high sensitivity of the NaDNA structure to the humidity
of the surrounding atmosphere is shown hy comparing Plate 3
(90% R.H.) with the pattern obtained from the same specimen
at 15% ReHey Plate 4. It will be noted that in the latter case
the three dimensional order in the specimen has decreased.

To determine the effect of strong drying, the specimen was
placed in a Pp0s desiccator for several days and then heated in
the camera, in an atmosphere of dry hydrogen to a temperature of

about 80°C., by inverting a small, steam heated, copper can

over the specimen. Two co-axial brass tubes were soldered to




PLATE 3  Multi-fibre specimen containing about 35 fibres a1l
T of NaDNA; diameters between 10 and 30p.

Unicam cemera hydrogen filled; 90% R.H. |
Exposure 4 hours. Cobalt Radiation. |




PLATE 4 Specimen as for Plate 3; Relative Humidity 15% ||
Unicam camera, hydrogen filled.
Copper Radistion.

Exposure 4 hours




L

the base of this can, so that steam could be passed down tlhe
inner tube and led away through the larger outer tube. These
tubes also served as supports Lo suspend the can from the 1lid of
the camera. A control experiment with a mercury-in-glass
thermometer, placed with its bulb in the centre of the can,
indicated a temperature of 78°C; the can was not shielded by
the rest of the camera. The specimen was heated for two hours
before the exposure, the copper can was then withdrawn to the
p of the camera and maintained at steam heat throughout the
exposure. The photograph obtained, Plate 5, shows that if all
the water is removed and the fibres are heated, the three
dimensional order disappears completely. Furthermore, large
irregular holes are formed in the structure as indicated by

the strong low angle scattering.

After this experiment the specimen was maintained in a
hydrogen atmosphere of 90% R.H. for twelve hours. The
diffraction pattern then given by the specimen, Plate 6, was
the most highly orientated pattern obtained with this
Unicam-Raymax-multifibre specimen technique. These experi-
ments indicate that water 1s essential to the structure of
the crystallites; also that the process of crystallisation is
not prevented, or apparently altered, by previous strong drying
or heat treatment to about 80°C. _

Crystallite Formation.

From the work of Riley and Oster (Chapter II page 36 ) it
is likely that the crystallites are formed mainly in the gel

and aligned by the fibre, rather than being formed as a result

e,

r‘_."-._ f 3 |
of the strong orientatiofi ‘eré¢hfed by drawing the fidbre. 1In
l|_ Lt ‘_-.-._.I £ i i




PLATE 5
Specimen as for
Plate 3.
Dried over P:\__:[]J_‘i
and heated in
camera to about
&50°C prior to
exposure,
Camera filled with
dry hydrogen.

Cobalt Rediation

Exposure 5 hours

PLATE 6
Specimen as for Plate 5
(3 and 4)

Exposure taken after
drying experiment shown
above.

Specimen mainteined at
90% R.H. in hydrogen for
12 hours prior to exposure.

Cobelt Radiation.

Exposure 3 hours

e e ———— -
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either case, since the macro-molecule is known to be a long thin
Chain, it is likely that one chain passes through at least two
erystallites. Therefore & 1ibre most probably consists of a
large number of regions of high three dimensional regularity
connected by an irregulsr arrangement of inter-erystallite chain
lengths, similar to the structure of rubber suggested by Bunnf
Some of the water up-take of these fibres will then be due to
this amorphous matrix of inter-crystallite chains. The
erystallites themselves would seem to require water as an essen-
tial part of their structure, which is broken down by strong
drying or heatinge. The greater detail seen in the diffraction
patitern obtained from fibres which had been allowed to take up
water after strong dryling, may be due to the formation of larger
erystallites since re-crystallisation had to take place in the
fibre rather than in the gel state,
Unit Cell.

The projection of the unit cell im a plane at right angles
to the fibre axis was found to be very close to hexagonal, but
it was lmpossible to index the rest of the photograph on that
basis. However, a close agreement was found between the
observed spacings, and those calculated on the basis of a C
face—centered monoclinic cell, with C parallel to the fibre axis.
Unfortunately, due to the small number of reflections, the
layer lines for L;hﬂ proved difficult to index unambliguously
with ra;,ard to the value of C¥ andP"' The value of C* sin'&
l.e.fﬂz, was obtained directly from the layer line period, the

values of &~ and b* were obtained from the equator. A rectan—

gular a* — b™ net was then constructed and the various layer

R
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line 8§ values were indexed by graphical agreement with the net,
using displacements of the origin by f. o+ cusﬁ‘“ along the
negative direction of the a* axis for hkf values and in the
positive direction for hkl velues.

Indexing Plate 6 by direct inspection, in the manner out-
lined above, led to the values; Afa? = 22.6A%, b = 42,049,
e = 28.5A9, Due to the ambiguity with regard to the best choice
of C¥ cosﬁ"', the value of 4 was uncertain.

The need for a Miero-Technigue.

It was aviﬂqnb that a photographic system of higher re-
solving power might be expected Lo show a greater amount of fine
structure in the diagram. This, it was thought, in addition to
providing more informalion, mi ht reduce the ambiguity in the
indexing. Moreover, a bundle of fibres could not be maintained
easily in perfect parallel alignment, therefore it was evidently
desirable to be able to work with a single fibre of the order of
o0 (M diameter. In order to use such a small, weakly diffracting
specimen without prohlibitive exposure tLimes, a small specimen-—
film distance was necessary. To combine this latter requirement
with a system of high resolving power, a well-collimated

micro—beam of high intensity was essential.

Micro—Comera and Tube.

A sulteble micro—camera was avalilable commercially,
manufactured by North American Phillips. A drawing of this
camera is shown in Fige.l. 1t consists essentially of a lead
glass capillary collim tor of 10 mm length with either 100 u

or 504 bore. One of two alternalive flat plate {ilm holders

may be set at 15 mm or 10 mm, respectively, from the end of
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the eollimator. This arrangement was very suitable for work
with single fibres which were mounted directly on the flat
face of the collimator, and fixed with a cellulose glue.

A micro-beam of high intensity, for the reasons stated
above, was the primary gonsideration in deciding the type of
X-ray tube required for this work.e With a 100p diameter
collimator inclined at 3° to the target, the projection of
the collimator entrance on bthe target is an ellipse with minor
axis 100 and major axis 2 mm.

would be one with a line focus O.1l mm by 2 mm and as high a

Therefore a suitable tube

target loading aspossible. Consideration of the tubes available
showed that the Ehrenberg-Spear Fine Focus Tube would give the
highest intensity beam and least angular divergence with a IUUfA
collimator, although the focal spot of 50}L diameter was in fact

smaller than the optimum size.

Erection of X-ray Tube and Associated Circuits.

Details of the Ehrenberg-Spear fine focus tube have been
publishag-gtand it is now manufactured commercially by Hilger
and Watts Limited. The tube which was used for most of the
work discussed here, was made in the Physies “orkshop of
Birkbeck College and was one of the few copies to be used out-
side that department before the complete commercial unit was
available. The author would like to acknowledge here the very
ready help and advice received from Dr. Ehrenberg and Dr.Spear
at Lhe time of the erection of the tube and power supply.

The tube was mounted horizontally on a wooden table; the

two windows, one on either side of the target, were 143" above

the table top, which itself was 3' from the floor level. A




Metrovae 02B oil diffusion pump and a Hyvac backing pump pro- I

vided an adequate vacuum system. The target was cooled by a |
flow of light transformer o0il, which was pumped round a closed
series curcuit containing the target and a water cooled Leibig

glass condenser.
The high voltage supply was drawn from an ex—Admiralty

transformer rated at 45 Kilo—Volts peak output for 230 volts
input. This alternating high voltage was rectified by a series
chain of six Westinghouse metal rectifiers mounted horizontally

at the rear of the tube. The resultant D.C. voltage was

smoothed by connecting a condenser, of capsacity 0.05 microfarads,
between the end of the rectifier chain and earth. This smoothed
D«Ce voltage was then applied to the anode via a "protective"
resistance chain of 10 megohus, so as to prevent any surge of
current through the tube if the vacuum should fail. The
maximum current that the tube could safely pass, with = 50 e
diameter foecal spot, was 500 microamps. Thus the maximum
voltage that could be dropped down the protective resistors
was only 5 KV.

The control eireuit for the target voltuge, filament
eurrent, oll=-girculating pump and diffusion pump was as shown
in Fig. 2. With this circuit the usual safety measures were
achieveds The main "hold-on" relay, RL], ensured that if for
any reason the A.C. supply was cut off and then re—-established
later, none of the tube circuits became alive again until
hand operated. The author would like to druw attention to

the fact that Lhe voltage supply to a clock, CK, was controlled
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by a relay RL3 activated by the rectified A.C. potential

drop across a series resistance R4 in the filament circuit.
The filament current was drawn from a 230/12 volt transformer
To which depended for its supply on the voltage applieﬁ to

the primary of the H.T. transformer, T1, thls was cut off if
for any reason the tube overloaded. In this way the clock,

a 230 volt A.C. synchronous motor, was stopped if the filament
burned out or the tube overloaded. This is a feature not
generally found in commerecial X-rsy equipment. Most of the
control gear shown in Fig.2. was contained im a chasis 20" by
9" by 9".

With such a small focal spot on the target, and collimators
of' the same order, it was necessary Lo avold any relative motion
between the X-ray source and the camera. The micro—comeras
were Lhereiore mounted on a heavy piece of iron channelling,
1" wide and 21§" long, which was clamped firmly to the
vertical evacuating column of the X-ray tube and set at right
angles to the target—filament axis. The top of this
"stablizing" girder was arranged to Whe 84" below the centres
of the two windows on either side of the target.

The X-ray tube and all its assoclated gear was constructed
as a single trunsportable unit, requiring only a water flow
and return, and a 230 volt A.C. supply. The approximate
dimensions of this unit were 3' by 3'7" in area and 3' in
height to the top of the table; the tube, together with the

protective shielding over the target assembly, projected

approximately 18" above the table top.







Key to diagram of electric eirecuit for

Lhrenberg-Spear

31 H
SE :
H11 :
w- R - 'c -
P.H. ¢
N :
33 -
CuoPa 3
54 :
RLE H
H13 H

CE H

fine-focus tube.

Main Switeh.

gpring loaded switch,
(1.0.Will not remain
in the "on" position),
Main "hold on" relay;
controls A.,Ce.supply to
rest of eircuit.

Water Relay Contacts.
0il1 diffusion pump
heater.

Neon indieator lemp,
Switeh for oil eirecu-
lating pump. (Target
cooling ).

Cirenlating pamp.
Spring loaded switeh,
Relay controlling volt-
age to primary of H,T,
transformer, Tl'

Relay eontrolling volt-
age to A,C,synchronous
motor, CK.

24 hour clock.

O.R.
O«R.C,

-

Overload relay. r

Overload relay

Qﬂntﬂﬁtﬂ. {1

Potentiometer, 1000 g .
200 W.
10 megohms, |

Variable resistor,

900, K.0).
Variable resistor 7o,

Voltmeter, 0 - 250 v,

o
I
(%]
o
o

Nioroammeter,
Ammeter 0 - 3 amp, f

FPilament Transformer

B
£
i = . . -

230/12 v., 3 amp.

H,T. transformer.

e

6 Westinghouse metal
rectifiera; rated at
18 EV reverse voltage

and 0.5 milliamps,

0.05 #F + Condenser,

50 EV. Working, *
0. 1'.u-E'. Condenser. :




FLATE 7 The stand used with the North-American Phillips

Micro-Camera ' }
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Camera Stand.

In order to align the N.A. Phillips cemera with the

X~ray beam it is necessary Lo mount the camera so that it

has the following movements:-—

(1) Translation along and at right angles to the X-ray

beame
(ii) A radial movement, preferably about the X-ray source

as centre.
(i1ii) A small angular rotation about a herizontal axis
at righl angles to the collimator length.
(iv) Usual height adjustments.
The stand shown in Plate 7 satisfied conditions (i), (1ii)
and (iv) but not (ii). For ease of construction the radial
movement was centered on a point mid-way between the front Edgns
of the stand. The rails followed the usual Unicem design and
were c¢lamped to the girder bed, attached to the X-ray tube.
This stand was designed in conjunetion with Mr.L. A, Pitehes
of' the Physies Workshops.
Tracing the X-ray beam with a fluorescent screen was
satisfactory with the collimators used (i.e. down to 5qﬁ.}
but the use of a Gieger counter detector provided a more rapid
me thod,

Tiltiqg Micro—Camera.

In order to search for further reflections on or near the
Tibre axis direction, a micro-camera was designed to take
X-ray diffraction photographs of a fibre inclined to the X-ray

beam. In this way it was possible to explore any partieular

reclprocal lattice plane right up to the rotation axis (fibre

I
|
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axis ). A general view of this camera and its stand is shown
in Plate 8. The specimen carrier and film holder formed one
unit in which the film was held in a hemi-cylinder of radius

15 mm. Specimens were mounied so that they lay accurstely

along the axis of this cylinder; the whole specimen—film unit

could be rotated about a vertical axis which intersected the

eylinder axis at right angles, so that the unit could be set

at any angle to the X-ray beam. A cylindrical film holder

was used so thatl sbraight layer lines might be obtained whatever
the inclination of the X-ray beam to the fibre axis. The
collimation was by means of a lead glass capillary tube, made
inter-changeable with those of the North Americam Phillips

cumer a. The collimator was carried by a three plate stand
similar to the type used by Hirsuh}ﬂ This stand was set so

that the collimator face was 8 mm's in front of the specimen.

(i) Collimator Stand.

The lead glass capillary, approximately 1 cm. long with
bore in the range 100;¢ to 5UF‘ » Was fixed in a brass muunt?>;
Which could be inserted in a tube soldered to the plate A shown
in Plate 9. Plate A could be moved in either the horizontal
or vertical direction by the screws B and C working against
the spring D. This assembly was carried by the plate E, which
was held, in the vertical plane, by two springs agalnst two
locating screws and an adjustable screw F set in a third plate G.
This third vertical plate, G, was fixed to the base plate of

the camera. In this way the plate A, which earried the

collimator, could be given any desired "planar” movement and

-




PLATE 8 A general view of the Tilting Micro-Camera

and Stand
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also be tilted to the vertical over a small angular range.

(11,] Spegimen = Film Holder Unit.

The flat front face I, Plate 10, of the hemi-cylinder
H on which the film was mounted, had its inner surface
tangential to the cylinder axis. In the centre of I was
& hole into which the specimen holder KJ, might be inserted.
This holder consisted of a brass ring, J, into which was
screwed a dise, K, the whole being carried by a plate L
which had similar planar movements to plate A shown in Plate 9.
The specimen holder was retained in the plate L by means of
two Tlat phosphor bronze springs M and N. Disc K end ring J
are shown seperately in Plate 1l1; when mounted in plate L
the depth of the ring J was such that 1ts lnner face, shown
uppermost in Plate 11, was in the same plane as the inner
surfact of I, therefore it contained the axis of the ceylinder.
In order to arrange that the specimen lay along the axis
of the film, the following procedure was necessary. The
specimen was Tirst mounted taut across the knife edges of the
dise K, which was then screwel into the ring J, until the
specimen and the inner face of J appeared to be in the same
plene as judged by viewing them under a microscope. Then
on replacing the specimen holder KJ, in the plate L the
specimen was in the same vertical plane as the axis of the
eylinder containing the film. K was then required to rotate
the ring, in plate L, until the fibre was seen to lie along
the vertical axis o1l rotation of the whole unit, when viewed

through the low power microscope mounted on the camera stand




|
l
!
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FLATE 10 THE SPECIMEN-FILM HOLDER UNLT

PLATE 11 THE SPECIMEN HOLDER
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(Plate 8), The film holder was adjusted, previously, so that
its eylinder axis intersected the axis of this microscope, the
level of which was defined by the intersection of the eross-
hairs in the eyepiece. Therefore hy seétting the cross-hairs
With one along the direction of the rotation axis and turning
the ring J through 902 so that the fibre appeared to lay along
Lthe other ecross-hair, the fibre was brought into coincidence
with the axis of the cylinder; the film holder having been
constructed to have its cylinder axis at right angles to its
axls of rotation. _

A curved brass block, 0, was screwed to the baek of the
film holder, H, in order to shield the film from any back
scattered X-radiation. The direct beam was allowed to pass
out of the film holder through a hole in the film, This
"back stop" hole was located by a pin inserted through a
horizontal brass tube P, mounted at the correct height behind
the film holder. The backing bloeck 0 and the film holder
Were slotled on one side, as is shown in plate 12, to enable
the locating pin to position the film correctly at any angular
setling of the unit to the direct beam, A brass shield,
carried by the end of the tube P, covered this slot in the
film holder. The collimator - specimen - back-stop axis was
defined by the axis of the "back-stop” tube P, as is shown in
Plate 13. The axis of the low power microscope (50 mm.
objective ), shown in Plate 8,vas made to coincide with this

"back-stop" axis by tocusing on a small pin hole, lGU?A

diameter, in a single ended brass tube which could be set at




PLATE

12

A rear view of the Specimen-Film Holder Unit, H,

showing the backing block O and
0 to permit the escape of the di
angular setting of the unit.

the slot in H and
rect beam at any
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various positions in the tube P. The alignment of the

collimator and specimen was then achieved by adjusting their
position until an lmage ol each in turn could be focussed
onto the eross-hairs of the microscope.

(iii) The Specimen—Film Holder Mounting.

The specimen—{ilm holder was carried by a vertical T.--
Shaped stand R, atutached directly to a sector plate S, in
the horizontal plane, as is shown in Plate 14. This sector
plate was held by a strong spring, T, against a lever, U, in
the plane of the plate but caupable of independent rotation
about the same axis as the stand R. Thus the sector plate
gould be moved round by the lever and the angular rotation
from the zero position, i.e. X-ray beam normal to the cylinder
axis, read off on a scale, V, marked directly in degrees. A
fine adjustment was available by c¢lamping the lever and rota-
Ling the sector plate by working a screw, W, in the lever arm
against the tension of the spring T.

(iv) Camera Plate and Stand.

The units of the camera were carried on a flat rectangular
base plate whiech had a channel cut around the edge, as may be
seen from Plates 13 and 14. In this channel, which was rubber
lined, a heavy brass cover could be seated, so that the camera
might be evacuated. Alternatively the air could be replaced
oy hydrogen at the desired relative humidity, when the water
content of the specimen was critical. One corner of the base

plate was cut away to allow the camera to approach more closely

to the window of the tube.




Aligmment
Axis

: PLATE 13 Base plate of camera showing collimstor stand
and backstop tube, P, The axis of P defines
the alignment axis of the camera

PLATE 14 Base plate of camera showing specimen-film
holder mounting R, backstop tube, P, and scale V,
The collimator stand shown in Fig.l5 bhaa been

removad,.




The camera was mounted on a similap stand to that used

“ith the North American Phillips camera.

camera might be aligned at the X-pay tube,

in order that the

reémoved, loaded and

then replaced in correct alignment, the three half-ball

bearing feet of the base plate were located
stand by means of the usual three point kin
Gonsisting of a groove, flat and a hole.

designed Ly Mre. Ls.A. Pitches of the Physics

8ls0 made the complete apparatus.

on the supporting

amatic seating,
The stand was

Yorkshops who
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The majority of the X-ray diffraction photographs dis-—
cussed here were taken with the N.A. Phillips Miero-Camera,
and the Ehrenberg-Spear tube described in the previous chapter.
For most of the work the lUU}L collimator and 15 mm specimen-
film distance were used, together with nickel-filtered copper
radiation. The Ehrenberg-Spear tube gave a focal spot of about
ﬁ0’4 in diameter and was run at 35-40 KV, and 0.4 ma. The
specimens were generally single fibres of 30 - 40 4 in
diameter, requiring exposure times of about 50 - 100 hours;
For fibres of diameter about lUDF. exposure times were 20 hours
or less.

Preliminary investigations, deseribed in Chapter 111, had
shown that it was important to eliminate the air scattering
and also that the structure was very sensitive to water content.
Therefore, throughout each exposure, a steady stream of hydrogen
at constant humidity was passed through the camera. This was
acnieved by bubbling the hydrogen through a saturated solution
of a sultable inorganic salt. A list of the salts used, and
their relative humidities, is given in Table 1. A little of
the same saturated solution was also placed in a small con-
tainer inside the camera. Each specimen was left for at least
one hour at a constant humidity within the camera, before
startlng an exposure.

Phase Change with Water Content:

Structure A and Structure B

It had been observed (Chapter III Plates 4, 5 and 6) that

a high ambient humidity was required before the NaDNA fibres

gave a diffraction pattern indlcative of a fairly high degree




TABLE I

This table shows the relative humidity, at a given
temperature and in an enclosed spsaced, above the saturated
galt solutions used to obtaein constant humidity around

the specimen dor ing an exposaure.

Salt t‘ﬂcc '{IHi I:fl?
NaCl 16.4 30,5
CEGIE. E‘HED. 18- 5 55
Ca(N0g)y. 4HgO. 24.5 51
NaBO, 20 66
NaCl 0g 20 75
liag CO5z 10Hp0. 24,5 av
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of erystallinity. Attempts to achleve a further inecrease in
erystallinity by working at still higher R.H. resulted in the
observation that, at very high humidities, the NaDNA molecular
structure under-goes a well defined change, leading to a new
type of fibre-diagram. The two types of diagram are shown in
Plates 1 and 2. The molecular structures giving rise to these
two diagrams will be referred to as Structure A and B.

On passing from Structure A to Structure B the layer-line

u’ and this is accompanied by

spacing increases from 28A° to 334
a similar 20 - 30% lncrease in the macroscopic length of the
Tibre. This change from A to B is, in general, readily re-
versible, depending chiefly on the water content of the fibre
but also Lo a certain extent on the past history of the specimen,
A certaln amount of hysteresis was observed in the quantity of
water taken up by bulk specimens of NaDNA and also in the
structural change of fine fibres as indicated by their X-ray
patterns. Thus a diagram similar to Plate 1 may be obtained
frequently at 92¢ R.H. if the specimen has been strongly dried
previously over Pgﬂj.

The highly order Structure A had been obtained in
non—orientated form, by Riley and Dater} The spacings reported
by them for the “erystalline" structure, in the Signer and
Schwander preparation, agree to within 0. 1A° with those of
strong single reflections and also with the mean values of

doublets and triplets in the fibre diagram of Structure A

(Plate 1)« Riley and Oster also observed that the transition

from this state to the "wet gel" was reversible. However, no

— e m——




FLATE 1

Three fibres of
NaDNA;
diameters 18- 30w,
15 mm. specimen
to film distance.
Exposure 116 hours.

PLATE 2

Several fine fibreg .

Specimen to film

distance 15 mm,

Exposure & hours.
R.H, 92%

This specimen had
previously given
patterns similar to
Plate 1.

STRUCTURE B

ey
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measurements in the high—angle region with "wet gel” or “moist
erystalline” specimens were mnde, therefore it was not observed
that this reversible change was an intramolecular transition

between two distinct states. They interpreted their data,

from observation of the changes in the diffraction pattern at
low angles, in terms ol inter-molecular changes due to miscelle

formation, or as an alternative, a continuous intra-molecular

change. This latter interpretation required the molecules to
be regularly coiled or folded in such a way that their dia-
meters, as well as the repeat distance along their axes,
éxpanded on increasing the hydration of the specimen. 1t
would seem from the work presented here that the intra-
molecular change is not continuous, but that a discrete
transibtion — Structure A to Structure B — occurs in NaDNA
specimens containing above approximately 40% by welght of water.
Although the axial repeat period of B is greater than that of
A, the diameter of the molecules probably deereases at the A
to B transition. (Chapters V and VI).

Using some samples of ealf—thymus NaDNA, although it was
possible Lo obtain well-orientated fibres (as shown by optical
birefringence and X-ray diffraction pattern), it was not found
possible to obtain Structure A. Fibres from such samples gave

diagrams indicating Structure B at all relative humidities above

about 60%¥. The pattern gradually became less distinct on drying

comparable to the behaviour of Structure A fibres. The railqu

to obtain Structure A in these specimens may have been due to

degradation during extraction of the DNA, though this seems
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unlikely, or to the presence of some other material, perhaps
traces of protein, which could cause a certain degree of
eross—linking so preventing the contraction of the molecule
into Strueture A.

Reversibility of Phase Change A to B.

For specimens in which Structure A could be obtained, when

R.H. 75f was approached from the dry side,only, Structure A
was formed. When, with the same specimen, R.H. 92% was
approached from the wet side the resulting diffraction pattern
indicated a complete structural change, showing conly Structure
Be At intermediate humidities mixtures of A and B were
obtained.

Mixture Pattern A plus B.

o mintufe
An example of this é&;tng pattern" is shown in Plate 3.

=s J»

The published fibre diagrams of Astbury et al were all of

Structure A plus a small amount of Structure B. One of tLhe
differences between the two patterns i1s the complete absence
of a strong meridional are in the pattern of Structure A,
whilst the meridional arec at 3.73A° is one of the most striking
features of the diagram of Structure B. A mixture of A and

B therefore suggests that an apparent layer line period of
27.5 — 28A° (due to A), is to be associated with a repeat
spacing of 3.3A° (due to B), both along the fibre axis. It
was this interpretation of the mixture as a single phase that
caused Astbury to suggest that the arrungement in space of the
nucleotides was repeated along the fibre axis every eight |

nucleotides, taking the effective thickness of a nuclectide

as about 3.4A0,
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MIXTURE PATTERN

PLATE 3 Single fibre, diameter 50u.
Specimen-film distance 15 mm;

R.H. 75%

expogure 30 hours.
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The presence of a small amount of Structure B in a

pattern of A is most readily detected by the effect structure
B has on the innermost eguatorisl reflection, cirea 20a°.

In the Structure A pattern this reflection is very weak and
the second equatorial reflection, 11.3A°, is very strong
(Plate 1). The Structure B pattern however, shows no
equatorial reflection at 11.3A° but a very strong reflection
at about 20A°, or higher, depending on the hydration. Thus
a combination of A and B often produces a pattern in which the
two innermost equatorial reflections have high intensities

as is shown in Plate J.

Irreversible Change A to B.

It was found that sometimes a fibre that had been in use
in the csmera for some days (in eome cases even weeks), and
whiech had passed through the reversible A to B transformation
a number of times, suddenly passed irreversibly to Structure B.
The photograph shown in Plate 4 was obtained at R.H. 75%
from such a fibre. These fibres behaved subsequently like
those mentioned above from which Structure A could not be
obtained.

The difference between Plates 2 and 4 was largely due
to the difficulty of photographing a very wet fibre in a highly
orientated state. A fibre under-going the A to B trans-—
formation suffers a length increase of about 25%¢. Therefore
in order to follow the process with the same specimen it was
necessary to attach the fibre to the collimator at points

very close to the capillary bore, s0 that the fibre could not

move out of the direct beam. Even so, some buckling of the




PLATE & Single fibre, diameter 50n

Specimen to film distence 15 mm; Exposure 62 hours

R.H. 75% ,

Result of irreversible A~ B change ,
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fibre, did occur in lhe wet state with consequent deterioration
of the diffraction pattern recorded. No such length change
and hence no such difficully was encountered with fibres whioch
did not glive Structure A.

Structure Below 75% R.H.

I; with a speclmen showing Structure A the humidity in
the camera was appreciably reduced from 75%, the intensity of
the reflections decreased relative to that of the diffuse
background. Thlis effect increased progressively with de-
creasing humidity and was accompanied by a slight shrinkage of
the structure, mainly in a lateral direction. This can be
seen Irom the four diffraction photographs shown in Plate 5.
After prolonged drying at room temperature, (¢), only a broad
diffuse ring was observed. If the specimen was dried at 80°C,
(d), the diffuse ring at about 4 - 3.4A° remained and in
addition strong diffuse scattering appeared at low angles.

As was discussed in Chapter III the change from the
crystalline Structure A to this disordered state was wholly
reversible.

Double Orientation in Structure A.

By change, it was found that one fibre of 40,; diameter
gave a Structure A patbtern showing strong double orientation,
Plate 6. That is, the erystallites were not in random
orientation about the Iibre axis, therefore the resulting
X=-ray patiern was something intermediate between a rotation
and an oscillation photograph. It may be seen from Plate 6

that many pairs of egquivalent reflections in adjacent gquadrants

f.




iy

({c) Specimen ag for (a)
Exposure 24 hours.
Dried over Po0s at
room temperature.

(a) Single fibre. Diameter
120pn. Exposure 27 hours.
Relative Humidity 668

(b) Specimen as for (a)

Exposure 19 hours
Relative Humidity 409

(d) Cirea 35 fibres.
Diemeter 10-30pw.
Unicem cemers.
Specimen dried over
Po05 at room temperature
gnd then heated in camera
to about 80°C prior to

exposure.




PLATE 6

DOUELE ORIENTATION OF STRUCTURE A

Single fibre, about 40 diameter.
Specimen-film distance 15 mm; R.H.

Exposure sbhout 100 hours

75%
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have marked different lnlensities.

It was thought that this double orientation effect was
probably due to either, a mechanical accident to the fibre, or
a preferential orientation of the crystallites which lie near
the surface of the 1ibre. Two series of attempts to reproduce
the effect were therefore made, both being unsuccessful. First,
single fibres were placed on a glass slide and flattened by
rolling a glass rod along them, in the direction of the fibre
axis. When this was done at room humidity the fibres became
positively birefringent, as first observed by Lilkinsf and gave
a disordered diffuse diffraction pattern. Therefore, fibres
were rolled while at a relative humidity near to 75%. The
fibres remained negatively birefringent but they subsequently
showed the less ordered Structure B pattern. In the second
series, X-ray photographs were taken of single fibres placed
on the collimator so that only a small region near the surface
of the fibre was in the X-ray base. This technique gave
several well-oriented photographs of Structure A, but none with
any traces of double orientation.

Meridonal Reflections in Structure A.

The tilting micro-camera described in Chapter III was
built primarily to search for extra reflections close to the
fibre axis in the A structure. To obtain a reflection with
reciprocal space cuﬂurulinrat.35§= 0 a..‘nd'x=3|_, the rotation axis
(i.e. fibre axis) should be inelined at an angle ¥ to the
direct beam, wheré sin ¥ = BH&' Therefore a fibre giving a

good A pattern was selected and a series of exposures were

W L]
taken, with values of ¥ ranging from 4°30 to 19° 30. The




FLATE 7 Single fibre, dismeter B0n.

Specimen-film distence 15 mm;

R.H. 75%

119 hours

This film was taken with the tilting miero-cesmera
described in Chapter ILII. In this instence the specimen
and the cylindrical film holder were inclined at ldé“
to the X-ray beam.
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only extra reflection observed with this technique was the
meridional arc on the llth layer line. Inmne of the many
exposures showing this reflection was their any indication
that the are might be resolved into two discrete reflections.
The pattern obtained for ¥ = 14° 30, corresponding to Tq .
is shown in Plate 7.

The extra resolution produced on the higher layer lines
by these tilting experiments was useful in indexing the
patterns obtained with the Phillips camera.

Disintegration of NaDNA fibres by X-rays.

On a few occations a fibre which had been in use for some-
time, showing a well orientated structure, would give a powder
diagram of a few sharp rings similar to the type of pattern
to be expected from small crystals of an inorganic salt. This
powder pattern was always superimposed on a diffuse background,
an example is shown in Plate B. With a fibre that was com-
pletely in the X-ray beam, the fibre eéither disintegrated or
8 sharp neck was seen where it crossed the collimator capillary;
with a fibre larger than the beam the X-rays appeared to drill
a hole through the fibre, as is shown in Plate 9.

It would seem, therefore, that irradijation with X—rays
can cause a collapse of the NaDNA structure. Whether the
effect is cumulative over successive exposures, or is a
spontaneous chain reaction through the irradiated area, or a
combination of both effects, is not known, However, the few
fibres 1in which the effect has been observed showed no succes—

sive deterioration of diffraction pattern prior to their

collapse.
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DISINTEGRATION OF NaDNA FIBRE BY X-RAYS
PLATE 9 A photograph of a NaDNA fibre mounted directly

on the collimator face. The irreguler hole in the

fibre, above the 50p capillary bore of the collimator,

oecurred during the exposure,
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Nater Content and Density Determinations.

For a quantitative interprdation of the X-ray data it is
important to know both the water content and the density of the
crystallites in these fibre specimens. Although it was
possible to measure Lhe water up—take of fibres, it was not
found possible to measure their densitles at various humidities.
Therefore it was necessary to use "bulk speeimens”. Homogeneous
pellets of dry NaDNA were prepared by allowing pieces of clear
gel to'dry slowly im air, taking care to remove any trapped
air, These air—dried pellels were then dried over P05 at
259C for several weeks, or in some cases, months. ~The average
dry weight of the pellets used was 5 milligrams.

(i) Dry Density.

All density measurements were made by a "float—sink"
method, in which the density of the liquid was varied by
altering the temperature. The dry density was measured by
floytation in carbon tetrachloride which has a density of
1.632 g/ec at 0°C. Each pellet was placed in a test tube,
gontaining some carbon tetrachloride and the temperature
allowed to rise slowly, from about - 109C, until the pellet
Just sank; the temperature of the ligquid at this instant was
noted. Care was taken to keep the pellet a little beneath
the surface whilst the tLemperature of the liguid was below
the dew point. In this way a density range of about 1.65 to
l.54 g/ec could be covered, corresponding to temperatures of -
10°¢ to 0°.

The density of dry NaDNA, as determined by the above

method, was 1.625 * 0.002 g/oc at 4 + 1°C. This finding is
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in good agreement with Astbury's Vulue3 of 1.63 g/cc. It
was, moreover, Lhe density of most of the pellets made; any
other value was lower than 1.025 and was probably due to
trapped air or other contaminate.

(ii) Density and Water Content at 75 R.H.

In 2ll cases the dry density was determined before any
water up-take measuremenis were made. Only pellets having
a dry density of 1.625 2.002 g/cc were used. These pellets
were maintained at the reqguired relative humidity until
equilibrium was reached, as indicated by no further weight
change. The pellets were weighed correct to + 10§E-US155
a Stanton Micro—balance. The weighings were carried out
as rapidly as possible because of the ready water exchange
between NaDNA and the surrounding atmosphere. With dry
pellets it was possible to observe a change of + 10‘@ in 2
or 3 minutes, if the pellets were allowed to remain on the
balance pan.

Several pellets were allowed to equilibrate at 75% R.H.
for about six weeks. The water up-take of these pellets
was found to be 37% of the dry weight with a variation of
only + 1%. The densities were determined, by flojhtation in
chloroform, to be 1.471+ .002 g/ec at 0° + 1°C. By using

chloroforu over the temperature range from - 10°C to + 30°C

densities from 1l.54 to 1.47 g/ec could be measured. This

range overlapped with that of the carbon tetrachloride density

between the same temperature limits. Thus, by using carbon

tetrachloride and chloroform, a continuous range of densities
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from 1.65 to l.47 could be covered with an accuracy of + .002
g/cc, corresponding to an error of i_l“ﬂ in the "just sinks"
Lemparature.

The diffraction pattern of several of these pellets was
obtained and found to correspond, almost entirely, to Structure
A, This was indicated by the absence of strong reflections
corresponding to spacings greater than 12A°,

It was found that the water-—content of the pellets was
always lower than that of fibres at the same humidity. Fibres
at 75% R.H. were found to take up sbout 42 - 45% by weight of
water.

(11i1) Density and Water Content at 92% Re.H.

The pellets used for determinations at 75% R.H. were main-
tained at a relative humidity of 92¢ for more than nine weeks
before a denéihy daberﬁin:tiun was made. Toward the end of
that time the weighings were constant to within + 5 107@. The
water up-take was found to be 60 + 2¢ for all the pellets used.

For the determination of density by flogtation method, a
liguid is reguired which will not absorb water. A liquid with
a density in the required range and an accurately known tempera-
ture coefficient of expansion is p-bromotoluene, vhich has a
melting point of 28°C. Using this liquid and the float sink
method, the density of the pellets was found to be in the Fange
1.380 + «002 g/cc corresponding to a temperature range of
41°% + 29C. These pellets at 927 were used as specimens in
the micro—camera and gave powder diagrams showing spacings at

about, 2249, This indicated that the A to B transformation had

taken place in these bulk specimens and that the density of
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1.380 g/cc was related to Structure B.

Relation of Bulk Speclmen to Crystallites.

The equilibrium water content of NaDNA pellets at 715% R.H.
was found to be fairly constant for a number of different
specimens. However, it is likely that the water up-take of
the erystallites was different from that of the amorphous
reglions. It may be Lhal the sirong orientating action of fibre
drawing increased crystallite formation compered with the slow
drying of a gel, so that the Crystallite/Amorphous weight ratio
in a fibre was higher than Lhat of a dried pellet of gel. 1
this were true, since the water content of fibres was always
found tu be higher than that of pellets at the same humidity,
it may be concluded that the water content of the crystallities
was grealer than that of Lhe inter—erystallite regions. This
is in accord with the work of Wilkins, who has concluded that
the water up-take of specimens with a low Crystalline/Amorphous
welght ratio is appreciably smaller than that of specimens with
a high value of this ratio. An alternative explanation is
that there may have been excess water in layers on the surface
of the crystallites. However, if the former explanation is
accepled then the water content of bulk pellets must be regarded
as a minimum value for the crystallites. The density value of

1.471 g/cc found for pellets at 75% R.H. is accordingly a

maximum velue for the density of crystallites, at that humidity.
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Qualitative Interpretation of Experimental Data.

One of the first structural suggestions that may be made,
from the form of the diffraction patlerns presented above, is
that Plate 4 (Structure B Putltern) is strongly characteristic
of the type of diasgram shown by Cochran, Crick and vand?
(simultaneously and independenlLly derived by StnkesK, Lo result
from a helical structure. The guantitative interpretation of
this pattern on a helleal basis is discussed in Chapter V.

With regard to both Structures A and B; the most polar
parts of the NaDNA molecule are the phosphate groups, it is,
therefore, with these groups that the water molecules are most
likely to be assoclated. It may be noted, for example, that
the compounds (C2Hs50)2 PO2 Na and (C4H70)2 PO2 Na, in which the
bonding of the phosphorus is similar to that in NaDNA, are
highly hygroscoplce. Bemuse of the polar nature of these
phosphate groups, it is likely that they assoclate with each
other in the crystallite structure, in a manner similar to
ecarboxyl groups in crystals of organic acids and their salts.
That is, intermolecular links of the type shown in Fig.l. may
be expected.

(1) Inter-molecular Phosphate — Phosphate Bonds.

The extreme rapidity with which water is taken up or lost
by NaDNA fibres when the humidity of the surrounding atmosphere
is changed, the large guantity of water which can be absorbed
and the continuity of the process, which leads ultimately to
gel formatlion and solution, suggest that the phosphate-—

phosphate intermolecular links postulated above are in a re-

latively accessible part of the structure. Vhen the water

Sl
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content of those NaDNA Tibres that show Structure A is suf-

ficiently increased, Structure B always results. It is cleapr
from the X-ray diagrams that Structure B has a lower degree of
order than Structure A. This suggests that the additional
water has in some way weakened the directional property of
these phosphate-phosphale bonds. This could oecur by water
molecules associating themselves directly with the sodium ions
and forming a new intermediate in the link, which would make
possible some degree of intermolecular displacement in the
direction of the fibre axis as well as an intra-molecular re-
arranygement. The suggestion of water as an intermediate is
supported by the photograph shown in Plate 10 (a). Here the
equatorial reflection at about 22AY which is a prominent

feature of Structure B, appears as a well-resolved doublet.

This is shown more clearly in Plate 10 (b), which is an enlarge-

ment of the centre reyion of Plate 10 (a). The spacings
corresponding to these equatorial reflections are 21.24° and
23.749.  The difference between these spacings, 2.5A%, is
approximately equal to the thickness of a single layer of water
molecules and seems Lo indicate, therefore, the possible co-
existence in the structure of at least two different hydration
states.

(ii) NaDNA Structure in Solution - Structure B.

The water content of fibres showing Structure B may vary
within wide limits so that it would seem that Structure B can
Co—-exist with a large guantity of inter-micellar water. In-

creasing the water-content beyond the lower limit necessary for

the A to B transformation increases lateral swelling of the




PLATE 10 (2)

8ingle fibre,

50p. diemeter.

Exposure 62 hours.

RIHI 75%‘

Regult of irreversible

.ﬁ = B Ehﬂ.ngE.

PLATE 10_(b)

Enlarged centre of

Plate 6(a), ghowing ‘

equateorisl doublet.
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fibre but causes no lurther appreciable length change, or
change in the general form of the X-ray diagram. It would
seem, therefore, that Structure B may quite possibly be close
to the molecular configuration of NaDNA in solution. The
titration work of Gulland and Jordan, also Lea and Peacocke,
mentioned in Chapter 11 has suggested that in aqueous solution
at neutral pH small stable agyregates of polynucleotide chaing
exist, linked by hydrogen bonds between their base groups and
having thelr phosphate groups exposed. Since the transforma-

tion A to B is readily and rapidly reversible, it seems reason-

able to suppose that these small molecular ag.regates of the wet

state can be easily derived from the grouping existing in
Structure A. This suggests that in the crystallites we may

expeet Lo find a small group of chains held together as a unit,

by hydrogen bonds between their base groups and that thesge units

are linked in three dimensional order by phosphate—phosphate

bonds of the type postulated above.




(iii) Coneclusions.

It may be concluded that, in genmeral, the NaDNA structure
consists of hydrogen bonded units of polynueleotide chains
linked by Phgsphate—phauphate bonds and assoclated water mole-
cules. Furthermore, that these polar phosphate groups lie
on lines or surfaces which extend throughout the structure.
Hydration, swelling and solution will then result from the
distention of these polar regions leaving the hydrogen bonded
units intact, but not necessarily always in the same configura-—
Lion.

This conception of polynucleotide chains forming units
in whieh the hydrogen-bonded groups are turned inwards and the
phosphate groups outwards, explalns the ready availability of
phosphate groups for interaction with proteins. Moreover,
since both Lhe protein in nucleo—proteins and Lhe water in NaDNA
fibres are believed to be associated with the phosphate groups,
it is conceivable that the NaDNA structure might exist without
great modifieation in the nucleo-proteins, the protein taking
the place of the structural water. That this would appear to
be true has been shown by the similarity between the diffraction
palterns of nucleo-protein and Structure B, obtained from
various specimens by Wilkins and Randall.

The molecular configuration of the hydrogen bonded units,

mentioned above, is discussed in the following Chapters, dealing

with the quantitative analysis of the X-ray diagrams.

=
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Values of R—space Co—ordinates.

For the measurement of the position of reflections the
micro-photographs were projected on a white Bristol board
sereen using a magnification of' about 10. The centres of the
reflections were then marked on the card and their x and y
co—ordinates measured. For broadened reflections an indica-
tion of the length of the arc, or layer line streak, was also
recorded. The use of the projector rather than a travelling
microscope was found not only to be much less fatiguing, but
also to provide a more reliable estimate of the positions of
weak reflections, and a more convenlent method of making mea-
surements on curved layer lines.

Calibration of the scale of the projected photographs was
made by indentification of one or more of Lhe reflections
measured, with reflections on photographs taken with a Unicam
single-crystal camera. In this way the very strong meridional
ar¢ of Struecture B was found to correspond to a Spacing of
Je JLA9, Using this value, the appropriate demagnification
factor was caloulated for converting the measured x and y co-
ordinates of the projection to the scale of a Bernul Chart fop
a flat film, with a 10 cm specimen to film distance. Hence the
average 3 value for each layer line was Tound and from 4irés the
mean value ni‘]ﬂ, » the layer line period C, was established.
Once this had been done the ¥ values were obtained from the

radial distance, r, of the reflsctions from the origin. For

r and z (2 = apparent specimen to film distance of the

N z L 2
projection) gdve P= /d. and ‘0 = 3+§ .




TABLE I

The Structure B pattern shown in Plate 4 Chapter IV was
calibrated by comparison with several Structure B patterns
obtained with the Unicam single erystal camera. The polar are
of Plate 4 was shown Lo correspond to a spacing of 3.31A° 1n
this way the specimen to film distance of Plate 4 was calculated

and the following § and E values were derived.

1 Values. (Correct to + 0.001.)
L 1 2 3 4 5 6 7 8 9
WL |.046 .046 .046  Absent .046 Weak 046 .047 .047

Aritometic mean of 3/L, = 0.046 + 0,001 (i.e. C = 33.54°%).

To the accuracy oi these measurements the mean value of jfL

may be taken as 0.0465, corresponding Lo a layer line period of
33.14% 1.0, C = 33,14°
'g Values.

— The following § values were calculated from the measuped
radial co-ordinates of the centres of the observed reflections,

assuming the layer-line period to be Bj.lﬁﬂ.

, S0P i ¢ o e g g 1 L= 3;- L« i
.035 | 26.4 | 072 | 9.8 | .200 | 4.03
L = 0;=-
-ﬂﬁj 2l.8 098 9.03 L=§8
-0295 P
«066 | 19.0 .16 791 | 134 | 3.89
. 066 23 2
1 L= 2;— L, = 5;— I = 9;-
082 18. 8 6 )
«037 | 1544 1 .1 - 5 iy 3450
117 o7 37 | 15 2 | 535 3T | 35
ED?I 13-1 02?8 4-34 ,[_. = _I_ﬂ;—
1251 515‘ b
«098 11.4 L=06;- "
400 3. 85 ;i e i
«239 | 4.19




The § and } vilues obtained im this way from the pro-

Jection of the photograph shown in Plate 4 Chapter IV are
listed in Table 1l. The corresponding reciprocal lattice
diagram is shown in Fig. l. Within the error range of the
measurements it was found that the layer line period was ten
times the spacing corresponding to the meridional arc.

Several photographs were taken with the fibre axis inelined
to the X-ray beam, but it was found that this 3.731A° are

could not be resolved into discrete reflections, but always
appeared on the meridian. Therefore this reflection was
assigned zero } value and 3 vilue 10}&:. The fact that it
appears with the fibre (rotation axis) at right angles to

the beam must be due to disorientation of the diffructing
unitse. This would have the effect of replacing the R-lattice
point by an arc centered at the origin, the tall ends of this
are cutting the reflecting sphere. The apparent I value of
this reflection would then be p cos 8, which is less than the
gorrect I value. This was found Lo be Lhe case; the meridional
arc was Just below the level of the 10th layer line on the
measured projection. The value Of.z observed was 0.455 +
.002 compared with p cos 6 = 0.452, confirming that if the

reflection has g = 0 then it does occur on the 10th layer

line.

e







Helical Structure.

It was mentioned in Chapter IV, that the diffraction
pattern of Structure B is strongly characteristic of the type
of X-ray diagram shown .;-Lu result from a helical strueture.
It should also be pointed out that it has not yet been
established that only a helix can give this type of pattern.
However, from the data presented in Chapter IV the structural
units in the Structure B fibres would appear to be relatively
free from the influence of neighbouring units, due to a
surrounding sheath of water. 1If this is the case, then each
unit will be free to take up its least energy configuration
independently of its nelghbours. Since these units consist
of long-chain molecules it is likely that the configuration
will be helical.

A 10 Residue repeat Hellix.

Le e
It has been shown that. in the rotation diagram of a

smooth single-strand helix, rotation axis parallel to helical
axis, the structure factor at any point on the n'th layer
line is given by

in (@ +7/2 ).
Fn = Jn Li’.‘rr.l".f/‘h} e 5 5 2)

where, Jy (u ) = n'th - order Bessel Function of u.

Radius of the helix.

Azimuthal co—-ordinate in R-space.

Distance from helical axis, in R-space.

r
A Wavelength of incident radiation.

This gives rise Lo a diffraction pattern imn which the inner-

most maxima on successive layer lines lie approximately on

straight lines radiating from the origin, so forming a central
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OI'0SS. If instead of a continuous smooth helix the structure
is formed hy a serles of residues equally spaced along the
helix, then the expression for the structure factor becomes
mich more complicated. However, if there is a whole number, ,
"1, of residues per turn of the helix, the transform is that
for a smooth helix with the addition of the central cross
pattern repeated with its origin at heights me™, 2me™, etec; o
being the fibre-axis repeat period. Thus the double diamond
pattern, always present in Structure B X-ray diagrams, is
characteristic of a hellcal structure having a whole number of
residues per turn of the helix. In this case the second
origin is at the meridional arc on the 10th layer line. Lines
of maxima radiating from this 3.31A° reflection, as from the
origin, may be seen on the fifth and lower layer lines (Fig.l).
The two series cross on the fifth layer line, giving rise to
the first fairly strong reflection seen at that level, There—
fore, if this structure is helical, there are 10 residues per
turn of the helix.

Hadlus of Helix formed by the Phosphate Groups.

Since the linear array of innermost reflections is one of
the strongest features of the X-ray diagram, it may be con-
cluded that the outside of the diffracting unit is a helix
formed by residues which are, crystallographically, important
parts of the structure. Now the Ieaviest scattering com—
ponents in NaDNA are the sodium phosphate groups. This inter-
pretation of the X-ray diagram on a helical basis, therefore,

provides further evidence that the phosphate groups are on the

outside of the structural units. By applying the theory




(1,4 i
mentioned above, it is possible to calculate the radius 'h

of this outermost helix from the f values ol the first reflec-
tions on the successive layer lines, f= 1, {= 2, _€==3' ete.,
which should correspond Lo the first maxima in first, second,

third and higher order Bessel functions respectively. Considep f
the first, rather broad, reflection that occurs on the 5th :l:
layer line at the point of intersection of the Origin and 10th H
‘ layer line series of maxima. If the diffracting unit consists i

effectively of a single helix the g value of this reflection

is related to the radius of the helix by the expression:- '|

b.42 = EIH.F.gjfr where r = Radius of helix r
‘ A ) = 1.539A0 |
6.42 = Value of u at the Tirst

maxima of Jﬁ{ul- _
Now Lha‘g value of the centre of this reflection is 0.169 and ”
hence the corresponding value of r is 9.3A% In Fig.1l, the i ;
line joining the centre of this reflection to the origin is I
seen to pass through the first group of reflections on the
lower layer lines. However, as may be seen from Plate 4,

Chapter IV, the most intense reflections in these lower layer

.

line groups are the 2nd and 3rd reflections in each case.
Therefore, it would appear likely that the phosphorus atoms .

lie on a helix of radius less than 9.3A°%  Unfortunately the [i]

detail in the diagram is not sufficient to permit an exaect
evaluation of this radius. This may be due, in part, to [

the spatial spread of the phosphate residue. The limits of

the range of possible values of r are given by the edges of :
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the first fifth layer line reflection. These are marked in
figure 1 and correspond to values of r equal to 10.7 and 8,349,
The intensity distribution, mentioned above, of the first three
reflections on the lst, 2nd and Jrd layer lines, favours a
value toward the lower limit. It would appear then, that the
heaviest scattering members of the phosphate residues, i.e,

the Phosphorus atoms, must lie on a helix whose radius is

some thing between 9 and 8.3A°.

The Number of Polynucleotide Chains in the Helix.

Structure B does not occur alone, in fibres showing the
A to B change, at humidities lower than 92% R.H. It is likely
then, that whatever the humidity, the amount of water to be
associated with polynucleotide chains having a well defined
Structure B form is greater than that assoclated with Structure
A, and is probably not very far from that found for pellets of
NeDNA at 92€ R.H. i.e. 60% of the dry weight of the specimen.
This means a value of 528 for the molecular weight of a
nucleotide with associated water. The density (p) of the
diffracting material is more difficult to ascertain, since
Structure B ean co—-exist with a large quantity of water. It
is likely, however, that at humidities lower than 927 the B
helices are c¢lose packed and the density quite high, even close

to the value 1.471 g/ec of the crystalline A form, since the

two states can co-exist as shown by mixture diagrams. Therefora,

Tfor the purpose of approximate calculation, we may assume a
hexagonal closely packed structure of denmsity 1l.47 g/ecc, with
the diffracting unit as a oylinder of radius 8.5a% The volume

of the hexagonal primitive cell (a = 17.0A°, ¢ = 33.14A° )

——— =
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is then the minimum volume to be associated with one B helical
unit of NaDNA. Hence an spproximate value for x, the number
of nucleotides (i.e. phosphate residues) in one turm of the

helix may be derived:=

2
%X = ledJel] ' 331" 0.8660 = 20.4

528 I.00
NB if P = 1.738 g/ee, x = 19.1

3ince the X—-ray disgram requires the helical units of
Structure B to have a repeat of 10 phosphate residues per
turn of helix, the above galculation suggests that each unit
contains phosphorus atoms on Efg_cc+axia1 helical chains with
a common radius of aboutb 8.5ﬁ°. If these two chalns were
spaced equally along the fibre axis, the diffraction theory
would require the n'th layer line 10 depend on Jofu), where u
is ETLrﬂgfi as defined above. This would mean that the first
reflections observed on the successive layer limes 1, 2, 3 ete.,
should correspond to the first maxima of the Iunclions Jo(u),
Jalu) Jp(u) ete., respectively. The linear array of the
origin series of reflections would then indicate a value of
about 17A° for the radius of the helix, which leads to an
impossibly low value lfor the density. Therefore the chains
must be unegually spaced along the fibre axls. If one strand
is displaced relative to the other by about three—eighth's of
the fibre axis period, i.e. lj.Eﬂ“, it would account for the
absence of the fourth layer line and Lhe weakness of the sixth
in the X-ray diagrame.
Packing Of Helices.

The equatorial reflections in Plate 4, Chapter 1V, are not

those expected from a hexagonal lattice. Furthermore, in no

T
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Structure B pubberﬂ,lﬂb any humidity, hos the ratio of edquatorial |
reflections been found to correspond to that of hexagonally i.
packed units. However, it 1s found that the fairly sharp re- }
flections observed on the equator and first three layer lines L]
may be indexed in reasonable agreement, as shown in Table 2,
with a monoclinic cell having the following parameters. .{
a = 26.24°, b=52R°, o = 33,1A°, and ﬁ = 974°, |i
Now Plate 4 was obtained at 75% R.H., therefore the density of '

the crystallite regions may be close to that found for pellets

of NaDNA at 75% i.e.P = 1.471 g/cc. Fibres at this humidity |

show about 40%-45% water up-take {puruentage of dry weight )

! but. the water content of a Structure B cryvstallite isg likely to

be higher than that, possibly 007, as was suggested above.

Thus 1f k 1is the number of two-strand helices running through

each unit cell then:— h

k = l-d?it -‘_)b-ln 521- 33-1 - j.ﬂ
2leD28s le DD

Here the molecular weight of a "wet" nucleotide, M, has been
taken as 528, i.e. 60 by weight of water, corresponding to 11

molecules of water per nucleotide. If M were equal to 474 i.e, |

43.6% water, then the value of K would be 4.2.

! Non-Circular Cross-Section.

The argument presented above indicates that the proposed

unit .cell probably has 4 two—strand helical molecules passing

through it. One simple way of packing them is shown in Fig.2.
This flattened hexagonal arrangement suggests that the helices

are not of circular cross-section. The fact that a complete

halving of the unit cell does not oecur could then be explained




hkl
010

100)
020)

110

120

J00)
060)

011
101

101
111
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TABLE II

% calc.

0295
.U59

. 066

.083

- 177
.031

.0529

065
072

In this table UbSﬂFVﬂd"f-VHlu

Weak or
Absent

066

082

- 177
«035
«033
+066

hkl

032

071

+083
101

.076
.072

€8 are compared with
those caleculated on ULhe: basis of a monoelinic cell having

26,249, b = 52.04%, © = 33.1A% ana f= 97.50,

¥ calc. ¥ obs.

«037
.071

.098

072

.098

«136
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by molecules X and ¥ (Fig. 2) having different orientations
of their cross—sections.

Equatorial Intensity Distribution.

Although the suggested unit cell accounts quite well fop
the 1st, 2nd and Jrd layer line reflections, the eguatorial
indexing raises some difficulties. The 010 reflection is
comparatively weak, the 100 and 020 reflections are coincident
and must either be absent, or, so weak that they are lost in
the spread of the very intensa 110 reflection. The arrange-—
ment shown in Fig.2 would be expected to have 100 weak and

200 strong. Similarly 010 and 020 would be weak and Q40

stronge. The difficulty is that 110 is so very strong and
close to 100. Such a rapidly changing intensity distribution
is rather difficult to reconcile with the fairly smooth
varlations to be expected from the superposition of Bessel
functions. It may be noted that the first zero of Jo (U)
oceurs for U = 2.0605. Thus the first zero in the form factor

of the B.5A° radius helix, formed by the phosphafies atoms,

occurs at € = 0.075. If the rest of the molecule is considered

: . CLa- axigl . ¢ '
as a series of eeneenesie helices the zero's in their respective

form factors will all Tall at ¥ values larger than that due to
the phosphorus:helix. Therefore the 100 and 020 reflectionms,

11 dependent only on the form fact due to the helical molecule,

should be more intense than the 110 reflection. Hence, if the

indexing 1is correct, the large difference in the observed in-

tensity values of 100 (020) and 110 must be due to the departure

of the helices from eircular cross—section, (probably an elon-

[A]]
gation near to the 390 direction).
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Conclusions.

Whilst a complete interpretation of the fibre-diagram
of Structure B has not been attempted, the following genersl
conclusions emerge Irom the calculation and discussiong pre-
sented above.

The molecule of DNA is probably helical. The phosphate
groups lie on the outermost helix which has an equivalent
radius of 8.5 to 9A”, (probably nearer to 8.5A° for the
phosphorus atoms. )

The structural unit consists of tLwo polynucleotide chains
held "back to back” by hydrogen bonding between their base
groups in such a way that the phosphate groups are constrained
to form two co—axial helieces with the common axis parallel to
the fibre axis. These co-axial helices, radius 8.5A° and
piteh 33.1A9 are nﬂt'equally spaced along the fibre axis,
but separated by three-—eighth's of the pitech. Density
measurements in conjunction with a tentative indexing scheme
for the reflectlions observed around the origin, suggest that

the helices are not of clrcular eross-section although the

departure is probably not large.
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CHAPTER V1

THE CALCULATION AND INTERPRETATION OF THE

CYLINDRICAL PATTERSON FUNCTION OF

STRUCTURE A.




re
The fibre diagram repe¥duced in Plate 1 Chapter IV shows

66 independent reflections distributed on nine well-defined
layer lines. As mentioned in Chapter 111, attempis to index
this pattern by direct inspection had led to rather uncertain
results due to the ambiguities of indexing the reflections at
large angles, although it was fairly clear that the unit cell
was most probably C-face centered monoclinic with the C-axis |
in the fibre axis direction. Because of this uncertainty
in the indexing it was decided to calculate the eylindrieal
Patterfson Function as outlined by MacGillavry and Bruins in
1948} This function does not reguire the indices of the
reflections other than their lsyer-line numbers. It is,
therefore, periodic in the C direction only. It is the

function that would be obtained by rotating the full three-

dimens ional Patterson around the fibre axis, and then taking
the average axial section. The a and b lattice tramslations

should be revealed as important peaks in this Cylindrical

Pattersone. Therefore, it was felt that calculation of this
funetion would not only supply structural information, but
also resolve the uncertainties in the indexing and enable the

full three-dimensional, with higher information content, to

be ealculated.

Measurement 01 R-5pace Co—ordinate 7.
=

The projection method was used, as described in Chapter
Ve The calibration reflection in this case was the very

strong second eguatorial reflection. This was shown, by

photographs taken with the Unicam single—crystal cemera, to
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correspond to a spacing of 11.3A%

corprection to % for Tilting of the Fibre Axis.

wd

It was almost impossible to place the fibre on the

collimator face so that it was accurately perpendicular to the

KX—ray beame.

illustrated for a fibre inclined at (90 —-% ) to the direect

be ame A plane; in R-space, perallel to the layer planes

and at a distance from the R-space origin O given by 3: sinY

would give a straight line
layer planes above 35, would form

gurved and had reflections

fibre were normal to the direct beai. Layer planes lying

balowigswuuld form layer lines more highly curved having

reflections closer Lo the meridian.

layer lines would be as indicated in Fig.l. (b).

Let T , and S’be the apparant.g—-values measured above

and below the eguator respectively, for a glven set of
reflections corresponding to a spacing d = %4&.
shown that the required value of for the perpendicular
fibre is given hy

= casd + 2, p“su'..zf =% tog% — | s X(1)

3 :rr" 21" 3'2 5[0 :

ki %
whence ‘au = 31'3'4 /F,_ 2 (2)
e 7 =S¥ (3430 /z (3)

Measurements of 3-’ G -T:. und.ocan, therefore, be used to

determine ?f .

Most of the measurements were made on photographs for

In fig.l. (a) the diffraction conditions are

fs on the flat film. Therefore
layer lines which were less

more widely separated than if the

The general form of the

It can be




o

FIG..

FiG.1l (b) Appearance of photogre h for

Flat Film

//"tf-:f
1"'1 :

(a) Reciprocel lattice planes and reflecting sphere

for & tited fibre

tn

— = = -
- —— - —_— —

ln,
for diffrection conditions
1 v i’
showm in (a)
= Position of equivelent reflections with fibre

[
|

normal to the ¥—ray beam

¢« = Position of eomivalent reflections for fibre
inclined at (90 - ¥ ) to the X-ray beam
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which ¥ was found to be sbout 8%°.  Values of Y » obtained |

with the aid of equations (1) and (2) from measurements of
reflections on all the nine layer lines, are shown in Table 1.
Each value is a mean of measuremcnts on at least 3 reflections,
Negleeting the value obtained for the 3rd layer line, where

the reflections were weak and difficult to measure accurately, .
the mean value of 3 is 0.0547. This gives ¢, the fibre-axis

repeat period, as 28. 1A. | ‘
TABLE 1

L 1 2 3 4 5 6 7 8 9 ‘

3e/L .0550 .0540 .0533 .0545 0552 40548 0545 0546 0551 |

Caleulation of ¢ Values.
The most accurately observable parameter of any reflection |

in a fibre diagram is the radius r of the circle on which the IE
four equivalent photographic spots lie. Therefore, using
the apparent specimen film distance calculated from the 11.3a° :f
“caulibravion” reflection, the value of p ("hﬁ.}

was caloulated for each reflection from it's observed value of

r. Once the layer lime spacing, ¥ , had been estahlished_g
values were then determined from the relatiomship -'Siz P"_ 3". 1
The f values caloulated in this way are listed in Table II.

Measurement of Intensities.

The variety of shapes snd sizes of the photographic spots
mae it ilmpossible to estimate directly the integrated photo-

graphic intensity. It was necessary, therefore, either to

explore each spot photometrically, or to estimate its maximum




oo

intensity and to consider separately the question of spot

slze and shape. The latter alternative was adopted, since in

the micro-photographs available the graln-size was too large
in relation to the spot—size for photometry to be applied with
any degree of acCuracy. The use of fine-grain films would
have lead to excessive exposure times, when using single fibres,
and thus removed the advantage galned from the use of the
micro-technijue.

The maximum intensity of each spot was estimated visually

by comparison with a standard scale. For the preparation of
this seale the ultra-fine collimating system of a low-angle
cmnurax{slib width Ef;} was used to photograph the direct beam,
with exposure times varying from 3 to 90 seconds. A set of
streaks of width comparable with that of the spots on the
micro—photographs was obtained. The fibre-photograph was
projected, as for the measurement of the positions of reflec-
tions, and the scale displaced by hand across the photograph
in the projector. The standard steaks were placed as close
as possible to the spot whose intensity was being measured in
order to eliminate as far sas possible, the effect of varying
intensity of the background.

Relation between Maximum Intensity and Integrated Intensity.

The relation between the measured photographic maximum
intensities of the reflections and their R-space integrated
intensities depends on the following factors:-

(1) True diffraction breadth

The breadth of the reflections, measured along a line

Joining the reflection to the origln, is approximately constant
¥ Designed by K.P. Norris of this laboratory.
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over the whole photograph. It may, therefore, be assumed
that the true diffraction breadth is everywhere small compared
with the geometrical broadening (direct beam size).

(11) Spread of reflections in R-space due to disorientation

of the erystallites.

(a) If the crystallites are perfectly aligned with respect to
the fibre axis but in random orientation sbout that axis, eagh
reflection will be spread over a circle of radius g?l .
Maximum intensities must, therefore, be multiplied by Qﬁ'gfl
in order to relate them to integrated intensities.

(b) Imperfect alignment of the crystallites with respect to
the fibre exis results in a small anguler spread, @, (fig.2)
of each reflection along an arc of a circle with centre at
the origin and the fibre axis as diameter. The length of
this arc in R-space is equal to s ﬁ, where s is the radial
distance of the are from the origin, (s = Eis;ne)a )« Since
@ is a constant the R—space maximum intensity need only be
multiplied by s Lo relate it to the integrated intensity,

(iii) Geometrical factors involved in the transfer of R-space

effects to the photographic film.

Each reflection will be spread, in R-space, over a small
volume of eircular symmetry with mean radius %, and axis on
the fibre axis. An exial section of this volume (Fig,2
shows two elements, each of area ds.dl; ds is the true diffrac-
tion breadth of the reflection and dl. (= s @) is the length

of the arc resulting from disorientation of the erystallites

with respect to the fibre axis. The effect on the photographie

e—
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moximum intensity of the obligue intersection of ds and dl

with the reflecting sphere must, therefore, be considered. !

When a reflection intersects the reflecting sphere
obliguely two extreme eifectts are possible, 0]
(a) If the diffraction breadth is much less Lhan the |

geometrical breadth then the photographic spot-size is in-

dependent of the diffraction breadth, and oblique intersection
leads only to increased photographic intensity. This is ,
normally true in single—crystal work and is corrected for
in the Lorentz factor.
(b) If the diffraction breadth is much greater than the
geometrical breadth then oblique intersection with the re-
flecting sphere leads ®o increased spot breadth on the film |
but does not influence the maximum intensity.

In the present case (a) is true for the dimension ds.
Since ds makes an¥ angle & with the surface of the reflecting
sphere, the observed maximum intensity must be multiplied hy
cos. & to relate it to the integrated intensity.

With regard to the dimension dl, it happens that all re-
flections for whiech the intersection of dl and the reflecting

sphere have appreciable obliguity occur at diffraction angles

large enough for the length of the photographic arc Lo be Iy

much greater than the geometricul broadening (direct beam size).

Therefore condition (b) holds true and no special correction

is reqguired.

At small diffraction angles, where the diffraction

broadening (dl) is not very much larger than the direect beam




size, some correction is necessary for the effect of the

geometrical broadening on the apparent photographie maximum

intensity. Now dl is given by $F where ¢ is the angular spread

due to disorientation. To obtain @ a visual estimate was made
of the half-peak length of the arcs for equatorial reflections
at large ©. Since the value of the correction to be applied
was in any case small, this method of estimation was considered
adequate. This value of @ was then used to calculate the
R-space lengths, dl, of ares ococurring at small ©. The
lengths, d{, of the photographic arcs for reflections at small
& were then obtained, by calculation, from the dl values and
the known diameter of the direct beam using the method of Jones,
If the effect of obligue intersection with the reflecting
sphere be neglected, the ratio of the R-space maximum intensity
to the observed photographic maximum intensity is then given by
dlydl. The measured maximum intensity values of reflections
at small angles must therefore be multiplied by this factor.
It is shown in what follows that any error introduced by
neglecting the obliquity correction for the reflections at

small & has no serious effect on the resulting Patterson

Tunction.

Intensity Corrections

From the above disocussion it follows that the R-space
integrated intensity may be derived from the observed maximum

intensity values by applying the following corrections:-—

1. Multiply by Sf} . (see (ii) (a) above).
25 Multiply by cos ©. (see (iii) (a) above).




Jo  Multiply by s (see (ii) (b) above).
4. For reflections at small &, multiply by di{dl, !

5 Multiply by the polarisation faetor 2/(1 + cos? 26 ). |
6. Correction for the influence of the angle of incidence il

of the diffracted X-rays on the film. I
Te Correction for variastion of specimen-film distance with
& for a flat film.

8, Absorption correction.

S

Correction 8, was negligible throughout. Moreover, in the
range of & used in this study, corrections 2, 5, 6 and 7
token together never exceed 10%, which is within the limit
of experimental error oi the intensity measurements. Only
corrections 1, 3 and 4 were therefore used. :
The equatorial reflections of any given value of s form | |
only two equivalent photographie spots, whilst the reflections | j
for any value of s with L > 0 contribute to Tour equivalent E

spols. Therefore the observed intensities of the egquatorial |

reflections must be halved. f

For the complete set of intensity measureme nts, corrected

values shown in Table II, twelve films were used. These were
obtained from two exposures on each of two different specimens,

using three films for each exposure. The total range of in-

tensities measured in this way was from 1 to 96, and agreement

obtained between diiferent sets of measurements was better than
20% for all expect a few of the weakest reflections. Some

further small error may have been introduced by the approxima-—

tions involved in obtaining integrated from maximum intensities,




TABLE I1

DATA USED IN CALCULATION OF THE CYLINDRICAL

PATTERSON SHOWN IN FIGURE 3.

2 2 —
£ - -8.8 ¥ 2 —a£ < '
__'/:I'l. «10% Iﬂ_ '._-‘_'#Iu-'ﬂ /A + 10 Iﬂ: Ig_"ﬂ 8 |
ZERQ LAYER rd LAYER
Be 25 10 4.5 2“‘IETET 13 7
8. 85 157 6{ 14.55 13 7
10.00 4 o 14,95 1 8
10.50 5 2 19. 80 6 2
13.25 19 5.9 21.50 7 2 .
13. 80 1; L) :
15.75 2:9 4th LAYER
17.55 1; 4.5 Z. 7 3
18.20 4 10.5 14,10 473 19 .
18.85 25 6 14.95 64 27 '
20.00 17 Fe D 16.90 50 18
22.10 83 6 22.75 24 5 .
52.55 g l%-ﬁ |
4,00 4 ' J
o o Jth LAYER
lst LAYER Ic.§~a.s 12.40 33 25
4.90 24 22 14.00 9 3
5.20 12 11
8. 60 46 39 bth LAYER —
9.05 28 23 P~ '
10. 10 13 10 8. 40 35 12
13.10 24 16 10,40 Zz o8
15+ 30 1l y. 11.90 9 19 .
13.10 12 7 13.50 79 o1 '
22.60 28 10
2320 30 9 7th LAYER
2nd LAYER 7+ 90 b, 9
4.55 50 42 11.00 5 11
4.9 50 42 12.85 29 12
e O 35 2 : -
3% g2 53 8th LAYER |
11.15 27 19 10. 80 129 16 |
13.00 67 42 12.50 133 15
%%.Sg gg g% 15+ 70 39 3
20. 00 11 5 9th LAYER
21.90 36 12 2«70 105 2
22. 51 16
26. 19 4
27.90 21 3 NB Ic¢ = Corrected intensity.

(ie. Integrated intensi
e ty )
s = 2 sin 8/ .

——"
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but. suech error will vary only smoothly and slowly with "s™
and will not, therefore, have a major influence on the main
features of the Patterson diagram.

Artificial temperature factor.

Since the corrected intensities showed little, if any,
tendency to decrease with increasing & and "artificial
temperature factor" was applied. Intensities were multiplied
by a—azszwhera the value of a was chosen to be 4.56. This
reduced to 0.3 of its value the intensity of the furthest
equatorial reflection observed.

Caloculation of the Cylindrical Patterson Function.

The cylindrically symmetrical Patterson function ¢ (z, x)
is given by the equations:-
- il oo PN i / AN
P’L(x) -ﬁ foH(i,g ), Jq{:'?“'g I).g.dg. (1}

and 7
ﬁ’{g_ﬁ;) = “.l'f: ,@i[xj.msﬁi*rl.x. (2)

where €'= €/y 1 § being the Bernal Co-ordinate and A

the wavelength of the incident radiation.

11('ljglj = The observed, corrected, intensity on the Lth
layer-line relating to a distance g’ from the

fibre axis in R-space.

Jo (u) = The zero order Bessel funetion of U.
v = Volume irradiated.
N = Total number of periods in the fibre axis direction.

If each layer-line shows only discrete reflections whose in-

tegrated intensities can be measured, the integral im equation

(1) may be replaced by a summation thus:-—

&, (x) = g‘;i’"f(l.%')al‘ucms‘fi)- (3)
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!
where I ( {,§ ) is the integrated intensity of a reflection !
. .
on the th layer-plane in R-space, distant € from the fibre axig.
/
Hence By (x) =N.V. 531 () -

The values of the 63 corrected (integrated) intensities,

I {i,éh were therefore assembled in groups corresponding to
their layer line value { . The product, I {ﬂ,g!).do[ﬂir gfx ¢ 5
was then caleculated at intervals of 1A° in x over the range

x = 0 to 50A° In this way the summation of equation (3)

was oerried out, and values of ﬁ; (x) per layer line, for each
value of x, were obtained. In order to evaluate Jo {.ﬂ?r'gfx ) I
over the desired range in x, values of Jy(u) for u up to 76 |
were raqgirad. Values of Jg(u) were only available for u = ¢
to 40.4'j- Therefore the higher orders of Jy(u), u = 40 to 76, <A |

were calculated from the approximation formula:-—

Jo(u) = sin u + cos u , at intervals of O.J in u. The results
uw)'s .
obtained are tabulated in the Appendix. For the caleulation |

of Jg [Q-ﬁ.gf:} it was found convenient Lo express the values
of Jy(u) above u = 15, graphically. To the accuracy of the |
intensity measurements a plot of Jo(u) correct to 0.001 was '
sufficient.

Having calculated ﬁ;Exj the reqguired Patterson function

was then obtained, for each value of x, as a function of 3z

from the cosine series of eguation (2). The summation was

carried out with Beevers-Lipson strips.
The resulting cylindrically symmnetrical Patterson

function is shown in Fig. 3. The contours were drawn at

relative field figure intervals of 20. The dotted lines
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indicate negative values.

Influence of Errors in Intensity Measurements.

The greatest possible source of error lay in the two
strongest spots, these were the 11.3A° reflection on the
eguator and the 11.8A° reflection on the 2nd layer line. Each
of these was an unresolved doublet, a fact which was allowed
for only by making a visual estimate of the breadth of the
Arc. Moreover, in the case of the 2nd layer line doublet,

no correction was made for oblique intersection with the re-—

flecting spere (see above) and the intensity value adopted

was therefore somewhat too high. It was estimated that,

for these reflections, the maximum possible error Irom all

sources was about 30%. The eylindrical Patterson function

was therefore calculated, for values of X up to 26A9, for
these two doublets alonme and one-third of it subtiracted from
the function shown in Fig.3; the result is shown in Fig. 4.
The principal features of the function were substantially
unaltered by this procedure, so that the effect of the

estimated experimental error in the intensity measurements

was not serious.




FIG. 3 The eylindrical Patterson funetion of Struecture A.
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A half-ecell height nleot of the f11:|:'_4.'_‘t."|_::-:1 sHown in ™

with the econtribution of strong reflections reduced
by one-third.
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Interpretation of the Cylindrical Patterson.

(1) A Helix im Structure A.

I1f a co—axial two-chain helical molecule exists in

pmiﬂi,_.— :
Structure B it must—edse exisi§ although in modified form, in

Structure A since the change irom A to B is easily and rapidly,

reversible. In this case structural deductlons might be ex-

pected to be more exact because of the far greater amount of
information presented by the A pallern.

The Patterson showed rather few, obviously composite peaks
of fairly high intensity relative Lo that.iof the origin. This
was probably d ue to the small number of reflections available.
However, since the unit cell contalned a very large number of
atoms, circa 1000 (excluding hydrogen and water), it seemed
likely that the main features ol the Patterson represented,
Phosphate-Phosphate veclors, the phosphate groups being the
heaviest groups in the structure. On this basis the very
strong peak on the fibre axis at the half-cell helight at once
suggested that the two co-axial phosphate chalns expected were
equally spaced along the Tibre axis, with the phosphate groups
of one chain exactly above those of the other. In order to
determine if these two chains were in helicali form, it was
first necessary to decide on Lhe general form of the Patterson
function of a helix and then to identify such a function in
the Patterson of Structure A.

The Patterson of a single, very narrow, helix of con~
tinuous and uniform electron density will be a smooth curve of

positive vector density. For a helix whose axis is coineci-

dent with the fibre axis this curve may be constructed from the
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equations:—
x = 2. re 8ind, and z = ky
where r = Radius of helix
£ = Angular orientation, (projected on a plane at
right angles to the fibre axis), of the intra-
helical vector having co-ordinates x and z.
(in the sense shown in Fig.3).

A constant determined by the pitch of the helixl

L]

k

For Structure A the value of z for one turn of the helix is

28.1A°, the height of the unit cell, hence k = 28.1/27r = 4.470.

The presence of a single, narrow helical structure with

one turn in the e period, should therefore be shown in the

Patterson as a chain of vector peaks lying on a curve whose

maximum X value ocours at the half-cell height and is equal to

the diameter of the helix. Between this chain of peaks and

the ¢ axis there should be low vector density and a marked

absence of vectors in the ¢ direction or at small angles to c.

In Fig.3 a narrow curve of positive vector density ocecurs

around the z = $C level with x about 18A% This suggested the

presence of a helix whose radius was 9.‘\0 to within guite close

limits (.24°). This 1s shown more clearly in the corrected

Patterson of Fig. 4. Therefore the Patterson of a single con-

tinuous helix of radius 9A® was calculated, according to the

above equations, and superimposed on the corrected Patterson.

This curve is denoted by (i) in Fig.3>. To this was added

curve (ii) which completed the intra-helical vectors to be ex—
pected from two continuous co—-axial helices separated by z = %c.

Curves (i) and (ii) together follow most elosely the

E—




X A? —»

FIG. 5 Cylindrical Patterson for Structure A as shown

in Fig. 4.
Curves (i) and (ii) are the Patterson fungtions of

two co-axial "contimuous line" helices of pitch equal
to G, separation O/ and radius 9k,

X = Theoretical peak for an intra-helical phosphorus-
phosphorus vector, assuming 11 phosphorus atoms to
lie on one turn of each of the helices represented

by curves (i) and (ii)
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general form of the positive regions of the Patterson. This, |
together with the complete absence of vertieal and near vertical ‘
vectors, except at the half-cell height, is very strongly inm !

favour of the helical modele.

(i1) The number of phosphate residues per turn of the helix.

The real structure is not -continuous. From the discussion
presented in previous chapters it was to be expected that the
twin helix of radius 9A%, suggested here for Structure A, was
due to the spatial arrangement of the phosphate groups of two
polynucleotide chains. Mow the only meridional reflection in
the A pattern is a rather weak one on the eleventh layer line.
This suggested that there was possibly eleven phosphale residues !
per turn of the helix. This was reasonable, since it must be
close to the number 10 found for the B structure because the A
to B transformation is easily and rapidly reversible. The

-

Patterson suggests this “elevening" (and also confirms the

radius of the helix) if the well resolved peak alb 5«TA® from
the pseudo—origin peak at the half-cell height may be con- }
sidered as largely due to a phosphorus—phosphorus vector.

For 5.7A° is just that distance between neighbouring

phosphorus atoms if eleven are equally spaced along one turn

of & helix of radius 9A°.  Therefore in Fig.), there are
superimposed on the contlnuous helix curves crosses, denoting
the Lheﬁr&ticalrpﬂ&ks of intra-helical phosphorus—phosphorus
vectors, calculated on the basis of the following model; - ;
two co-axial helices 9A® radius, pitch 28,1A°, with eleven

equally spaced phosphorus atoms along each turn of each helix,

the phosphorus atoms on one helix being directly above, in the
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z direction, those 1ln the other helix.

The agreement between the observed Patterson peaks and the

suggested model 1s seen to be good.

(1ii) The Unit Cell.

As well as giving structural information, as discussed

above, the eylindrical Patterson also revealed the principle

lattice veclLors. fhe first region of high density that might

have been a possible lattice translation occured at x values

of 12 to 14A° and z between 5 and 9A°, It was found, however,

that it was impossible Lo index the equatorlal reflections on

the basis of a unit eell having one parameter with an X~

component of about 13A9.
The peaks around X = 224°, z = 2A%; and x = 40A%, z = 0,

were then considered as possible lattice translations. These

values of x were close to the values of a and b used in pre-—

vious index schemes from direct inspection of the X-ray diagram.

Furthermore, the values a = 2049 and b = 40.0A° agreed well

with the b/a siqﬂ pratio of 1.82 obtained from the application
of the equatorial "4" wvalues to a Bunn Chart. Slight adjust—

ment around these values led to the gsatisfactory indexing of

all the observed reflections on the basis of a ¢ face—centered
monoclinic cell having the parameters:—

a = 22.0A°

b = 39.84° and f= 96.5°

¢ = 28.1A°
The agreement between the caleulated and observed values of

€ was in most cases better than 1% and in no czse worse than

24. The values are listed in Table 1 Chapter VII.
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(iv) The number of Polynucleotide chains, associated with
each Latblce Folnt.

Due to the relatively small number of observed reflections
and the ambiguity of indexing at large © values, systematic
absences could not be detected with certainly. However, 1if

e
the unit cell is really c—face-—centered monoclinics” jﬁirror o

planes of symmetry are excluded by the presence of the a¥Nsymmetric

earbon atoms of the sugar rings, soO that the space group can

only be Cgze (ie diad axlis along b)e

[f the phosphate "backbone” sequence of linkages really
runs C4 - C4 - C5 - C4 through the sugar rings, then the
"wackbone” chain i.e. the strands of the 9A® radius helix, are
non—gentric. Therefore, the symmetry axis cannot. pass through
such a chain but must relate the chains together in pairs.
Thus there must be an even number of chains associated with
each lattice polnt.

The density and water up-take measurements on specimens
at 75¢ R.H. have been discussed in Chapter IV. If a fibre
water up-take of about 43% and a pellet density of 1l.471 g/ce
can be associated with Structure A, there are 22.7 nucleotides
per lattice point.  However, the density of the crystallites

may be lower than 1l.471 g/cao. This would reduce the value

derived #ir the number of nucleotides per lattiee point. Tharajf-'

fore the value of 22.7 is im fairly good accord with the con-
cept of a system of two polynucleotide chains associated with
each lattice point and having 11 nucleolides on each chain in

the height of the unit cell. Since these two chains must be

related by a diad axis they must run in opposite directions
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with respect to the fibre axis (i.e. helic=l axis) as
suggested by Watson and Crick.

(v) Inter-Helical-Phosphorus—Phosphorus Vectors.

Assuming the helical model discussed above, the expected
inter—helical P-P vectors were calculated, graphically, for
a two strand helix centered on each lattice point. The orien-
tation of the helix was determined from the three—dimensional
Patterson and will be discussed in Chapter Viili.

The theoretical vector peaks caleculated in this way are
denoted by @ in Fige 6. It should be noted that each circle,
i.e. a single inter-helical P-P vector, has only 1/j;th of
the weight of the crosses shown in Fig.5 and 1/22 and 1/44th
of the weight of the pseudo-lattice points (relating phosphate
residues only) shown by crosses near the z = #c level in Fig.b6.
The la.tice points relating Uhe whole Structure are denoted
by larger crosses near U0 the origin level im C. Further,
for correlation with the observed Patterson on which these
theoretical peaks are placed, the weight of each peak should
be considered as inverse\ly proportional o X since im ob-
taining its cylindrical average it must be spread over a

cirele of radius Xe. If this is done the agreement between

the suggested model and observation is reasonably good.




X AY =

FIC-.
FEAPE 6 Cylindrical Patterson funection of Structure A

O = Theoretical peak for an inter-helical phosphorus-

phosphorus vector.
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CHAPTER VII
THE THREE DIMENSIONAL PATTERSON FUNCT ION
QF STRUCIURE A.
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2
Indexing and IFhkﬂ Velues.

The reflections observed in the X-ray disgram of

gtructure A were all indexed on the basis of the C-face-
centered monoelinie unit sell discussed in the previous

Chapter. . In Table 1 the § values for the suggested indlces,

ealenlated on the basis of that unit eell, are compared with

the observed values. Also listed in Table 1 are the

intensity velues, which have been corrected, as described

in Chapter VI, and mu
factor u'f4'55?3 (sa= 2 8in EfA ) e
The correctness of the indexing scheme set out in Table

1tiplied by 810 artifieal temperature

1 was confirmed, to some extent, by the double orientation

phot ograph shown in Flate 6 Chapter IV, It mey be seen,

from that print, that many pairs of equivalent reflections

in adjscent guadrants were of markedly different intensities,

A 1ist was drawn up in which those reflections which were

gtrongest in the top jeft-hand guadrant of this dlagram
were labelled L, aud those gtrongest in the top right-hand

quadrant were labelled R. It was then found that all L

reflections had heen allotted indices hkl whereas all R

reflections had indices hkl. The distribution of the

observed reflections smong the different quadrants in R-space,

as determined by the indexing suggested in Table 1, was thus

direetly confirmed experimentsally.
It may be noticed, from Table 1, that for the larger

values of @ no reflection could be indexed unambiguously.

The intensities allotted to the various posaibilities in such




TABLE I
DATA USED IN CALCULATION OF THE THREE DIMENSIONAL PATTERSON

29

1' iI P ‘ ’I atsg?
: Q'E- Lo 2 9
%-102 ; g.lﬂ hkl L;E'lF 2 ;4.10 ' %_1(}?‘ hkl | -.; r B
\0BS. | CALC. : hkl' r;ﬂBE. CAIC. F' hkl’ .
. : |
E |
ZERO TLAYER gnd IAYER. contd.
| 5,25 | Be21 110 o | | 9,80 | 9,75 | 222 20
| 880 8.81 130 | 104 111,15 | 11,14 | 222 19
9.00 | 9.l14 200 | 30 | [13.,00 | 13- | 242 21 |
10,00 | 10,04 040 3 | | 13,14 | 312 21
10.50 | 10.42 220 4 17.20 17.81 | 262 31
13.25 | 13435 150 | 13 18,00 | 352 9
13,8 | 1357 240 5.5 | |18.06 @ 17.97 | 172 9
113,94 310 | bB.5 18,05 | 262 9
15,76 | 15.64 330 | B 20,00 @ 20.10 | 082 245
17.56 | 17.62 260 9 20,16 | ME 2.5
18,16 170 12 . 21.80 @372 6
1880 1o gvas 400 9 1.9 £21.75 | 288 6
18.85 |18.72 350 4 22,79 372 5
20.00 | 20.08 080 7 23,08 462 5
20.80 | 20.86 440 5 26,63 482 1
22,10 | 22.07 280 6 26,86 558 _ 1
82429 370 6 26,60 26445 8.10.2 1
' 23,04 190 10.5 o7.90 27463 1.,11.2 1.5
24,00 25,34 530 |. 14 28,20 572 1.5
1ot - ]Ehkliz 3rd_IAYER Ay
5.50 | 557 111 11 12,76 | 313 35
9,06 | 9.02 131 23 14.60 333 3
10,10 | 10,08 221 10 14,95 | 16.11 063 4
13,10 |13.22 151 16 | 18.12 | %13 4
15.30 |15.29 331 7 19.80 | 19.82 443 2
16.10 |16.00 331 7 21,50 | 21.60 283 2
AR R -y
' 23.38 ;q% 4 4th TAYER E
23.50 | 23.67 53 5 12,356 @ 12.37 | 314 1.5
iE xia | 12,66 | 224 . ™
= 14.16 | 154 10
4,10 |
4.08 | 4.55 | 118 | 68 14.10 | 14126 | 338 | 9
4,90 | 5.08 022 32
5.90 i B, 9
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TABLE I. contd.

ag g " B'ﬂ"“ﬂ
2 2 o
% +10 .10 hkl " 2
A oB8. | \GALC. = [Fuia|
4th TAYER contd.
14,70 224 13.6
e * 16,156 = 064 | 13.5
16484 264 | 14
Be
acaa 17.06 534 | 4 |
| Bl.34 374 | 2.5
R 21.43 P84 | 2e5 l
22,77 284 | 2
2270 | go. 78 | 191 3
| | |
Bth TAYER " |
11,90 11,98 315 | 12
12,32 245 | 6
}2.40 318 a8 225 | 6
14,0 12,34 155 3
6th LAYER ol
8.40 8,40 i . D)
1033 046 14
10.4 10.26 | 136 14
11.70 11.59 316 12
12,75 12.93 156 12
13,50 | 13,58 236 21
7th TAYIR
7.79 11%. | 4
weT e | et 3
13507 1%419 317 | 11
11,94 207 5
Lbnder i\ 7qley"| ‘MY B
13.2 | 18.26 | 337 4 NB Iy= Observed
| 12,95 227 6 Tntensity corrected as
TR Y — a deseribed in Chapter VI.
lo.80 | 1081 318 | 10 = 4,56.
10'_ . 10.82 T i . -
£n | 18,83 158 9 8 =2 sin @/
|5'D | -
NN LI R 4
15,70 | 15.89 428 3
Oth IAVER e
209 2

oY ] 5.54
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cases were obtained by arhiﬁﬁry division of the corrected
intensity value for the observed, manltiple, reflection,

In cases where the possible reflect ions inecluded hkl and
hki the double orientation photograph wes taken as a guide
to the weighting used in this division of intensity, If
the smbignous reflection in question was strong in the R
quadrant (as defined above), then the hki alternative was

weighted strongly. If the observed reflection was sirongest

in the L guadrant then the possible hkl value was given most

we ight -
phose reflections at high angles which should have been

well resolved and single were not observed., This seemed to
imply that it was only where the geometry of the reeiproeal
lattice was such that two or more reflections reinforced one g
another, that 2 photographic effect was observed against the
rather strong diffuse background. Therefore in any
salculations involving the use of the indices of the reflections
an artifieial temperature factor was doubly important; it was
necegsary to minimise errors due to the unavoidable ambiguity
of indexing the far out reflections, ‘1t wag also necessary to
minimise "out off" effects due to the faet that the corrected
intensity velues did not decrease appreciably with increasing @,
The patterson Function for Spaee Group DE.

rfhe vector demsity at any point xyz in the unit cell is

given by the Patterson Function:=-

- - *m 1
< o8 2
Pky3) = = ':"E_.:.J:Ehkli gos 27r(hx +ky+1s) (1)
In the monoclinie cell found for Structure A, space group C2,
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the following reflections are equivalent:-
hkl = BT = hEl = BET
and Hkl Bk1 = hkl

Pherefore, equation (1) may be reduced to the form

- 2 2
th':u % *’?-? =. (\F;m\ A ).maf?.ﬂi;x.mﬂirkj-ms&hlz‘

hklaé Rl
hkT

- __'_hn""-'-" =3 L . " '
+ %?{i““ 3 (lFﬁul _(th.ll )s«m Q’ﬂ'hx.,m-:{?‘lrkj.#wmr-lz‘

Multiplieity
In applying equation (2
\Fhkﬂz (ht ) terms should be considered. However, 8ince

) the maltiplieity of the 5

the intensity data for Structure A Was obtained from a

complete rotation disgram, no maltiplicity corrections were

required for values obtained from layer lines with 1 grester

then zero., It only remained to halve the observed equatorial

and meridional intensities. Phe valuesa of the ra terms

used in evalusting equation (2) are listed in Table 1.

Calculation.
The summations of equation (2) were earried out in four

gtages, using Beevers Lipson strips. The relative field
figures were calculated at an interval of a/30 in x, b/go in
y and ¢/zp in 3, for a quarter cell.

Interpretation of the Pnttarann,rﬁngtiun.
The resulting three dimensional Patterson function is

chown in Pig. 1, (i) end (i1), as & series of sixteen a - b

quarter cell sections at intervals in 2z of ¢/3g9, from z=0 to
z=0/g. The contours were drawn at egqual intervals, poasitive

values being indicated by & full line and negative wvalues by

a dotted line.




FIG. 1 (i) THE THREE DIMENSIONAL PATTERSON FUNCTION OF STRUCTURE A
Eight a-b quarter sectlons at intervals in z of C/30 from z = 0
to z = 1/30.C, contours ere drawn of the relative field figures
at equal intervals, positive values being demoted by & fullline
and negative values by a dotted 1ine. The scale markings along
the edges of the sections correspond to an interval of 5A°.
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FIG. 1. (ii) THE THREE DIMENSIONAL PATTERSON FUNCTION
OF STRUCTURE A

Eight a~b quarter sections at intervals in z of C/30 from

z=1/30 C to z = ©/2; contours are dramn of the relative
field figures at equal intervals, positive values being

denoted by & full line and negative values by a dotted line.

The scale markings along the edges of the gections correspond
to an interval of 5A°,
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The very strong peak at the half cell height, x=y=0

2 :lqjoﬁnu, was expected from the eylindrical FPatterson,
However, many features of the zero section other than the
origin peak are almost entirely reversed in the half-ecell
seotion (15). This tends to confirm the suggestion, made
in Chapter VI, that the phosphate groups of Struecture A
repeat in the period &= a/z but, since the molecule consists
of two chains related by & diad axis, the rest of the
moleocule only repeats in the full cell period. Therefore
the a - b sections were examined for agreement with the

model suggested from & study of the cylindrical Patterson,

disoussed in Chapter VI. That is, & B.ﬁ.a radius two strand

helix of phosphorus atoms, the strands being separated by
= ¢/g and the eleven equally spaced phosphorus atoms in

one strand being exsctly above those in the other strand,

(in the z direction), (Pirch=28:1A°),
(1) Orientation of the Helix.

In order to ealeulate the co-ordinates of the vector
peaks to be expected from the proposed model it was firat
necessgary to deecide on the orientation of the helix in the
unit eell. Consideration of the density had shown, Chapter
VI, that there was only one helical unit per primitive unit

oell. Pherefore each helix could be considered as centered

on & lattice point, If the helix eould be right-handed or

left-handed, there were four possible arrangements of the

phosphorus atoms about & lattice point that could comply with

the symmetry of the space group. These are shown in Pig.2.




as projections of & turn of one strand of the helix onto

a plane at right angles to the e axis through the level of
2= 0. Since the phosphate-sugar backbone chain is non-
centrie the symmetry axes along b cannot pass through a
chain, but must relate one chain, n, to the other, s Thusa
in arrangements (1) and (ii) P, must be placed at the

quarter cell height and 8o related by the diad axis at c/p

to the atom Py 8t %= 3/4 0.  In arrangements (1ii) and (iv)
Py must be considered to be at the gunarter cell height,

With regard to the F-F wectors that were to be expected from
these four possible configurations, it may be seen from fig.3.

that the vectore from (i) and (iv) are the same, as also are

those from (ii) snd (iii). Hence from the Patterson funetion

alone it was not possible to decide whether the helix was

right-handed or left-handed, but only between two possible

pairs of configurations. "
watson and Crick have suggested, from model building,

that a helieal configuration of DHA could only be right-handed,

Adopting that suggeetion the poesible arrangements shown in

Pig.2. are reduced to (i) and (iii)s 1In (i) there is one of

the eleven P, P[n+ 1) vectora in the positiwe "a" direction

with sero b component, l.e. PgPg; which has &= 5,074A° and

2= 2,564%  In (1ii) the PP ., 1) veotor with zero b

component is P]_GP':1 and is in the negative "a" direction,

Inspection of the Patterson sections 2 and J showed that

only arrangement (i) was possible.

(1i) Intre-Heliecal Vectors. PﬂP{ nem) ME{ i+ m)e

The intra-helical phosphorus vectors for one strand,




(i) R.H.H. liv)L.H. H.

PROJECTIONS OF THE FOUR POSSIBLE HELICAL
ARRANGEMENTS OF THE PHOSPHORUS ATOMS IN ONE TURN

OF STRULCTURE A. RH .H.= RIGHT-HANDE
M= D
LHH= LEFT-HANDeuHHEztE

FIGURE 3.

THE CONFIGURATION OF THE Il RP T
YPE VECTO
FROM ARRANGEMENT (i) SHOWN IN F:Guné:'g, R PEAKS
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PpP(n¢-m)r 804 the vectors from one strand to the next
Pnffﬁﬁtm}- were calculated graphieally, as explained below,
for valuea of n from O to 10 and m from 1 to 5. The

configuration of the phosphorus atoms was that of the right
handed helix shown in Fig.2. (i)s These vectors should all {
occur in the & = b Patterson sections from 2=0 to 5= e/oe |
Due to the symmetry of the Structure it was not neceasary
to caleculate the veector series due to values of m from 6 to
10 as these vectors gave rise to the aa;a Patterson peaks
as those for wvalues of m from 5 to 1 respectlvely.
The eleven Pn?{n+ 1) vectors formed generators of a

cone with the apex at the origin of the Patterson and the

axis eoincident with the ¢ direction, The vector peaks

were spaced equally sround the base of this cone, radius

5,07A°, at height z= 2,55A0° and, since the phosphorus atoms

were related by a diad along b, the vector peaks were related
by a diad in the plane of this base ring and at right angles !
to the b direction., The ring of FPpP(y,43) vector peaks for
the srrangement of phosphorus atoms ghown in Fig.2 (1) 1is
reproduced in Pig.3. The rest of the veotor peaks mentioned
above, i.e. m=2 to 5, were drawn out graphieslly in this way,
However, these rings of vector peaks all lay in planes
perpendicular to the ¢ direction, whilat the & - b sections
were inclined to that direction. | ﬂ= 96.5%), Therefore
not all the proposed eleven vector peaks for any one value

of m were expected to occur in the same & - b section.

The "seetion co-ordinate" depended on the X co-ordinate of

the vector peak, the X axis being mutually perpendicular to
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b and e, If a proposed wvector peak had co-ordinates

X, ¥, %, then it was expected to appear on the section whose

origin, i.e., asb=0, had co-ordinate z’- z+X,tan @.,

(g=6 %p}. The "a" co-ordinate of such & peak wounld be
a=X, sec @, but the difference between X and X,sec &, for
the veetors involved in the suggested model, never amounted
to more than 0.1A? and was therefore neglected.

The eo-ordinates of the intra-helical P-FP vector peaks
for the proposed structure, calenlated as described above,
are listed in Table II. The positions of these peaks are
compared with the Patterson of structure A in Fig.4. (1)
and (1i). The intra-helical PyP(p4 m) veetors are marked
with a cross, except where the gsection number of the pesk
falls close to & half-section level when the position of
the peek ie shown on each of the bounding sections by a
dotted cross. The PnP[ n"-l-ml vectora are similarly marked
by a full or a dotted eross and in addition are ringed hy
a full line. The inter-helieal P,P, vectors give rise to

vector peake which in the Patterson are indentical with the
intra-helicel P.P, peaks, since there is one helix centered
on each lattice point, It may be concluded from Fig.4.
that the suggested he 1ieal array of phosphorus atoms is in
good sgreement with the three dimensional Patterson diagram

of Structure A.

< u
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TABLE II

Intre-Helical Vectors PrP(n ¢ m)-284 PoF(n'em)*

pue to the symmetry of the aguggested Structure 1t was
only necessary Lo ealculate the positions of the wvector

peaks expected for values of m from 1 to 5, The peaks for

any value of m, (n from 0 fo 10), are related by a diad at
right angles to the ¢ - b plane, therefore only six of the
possible eleven peaks are listed belaw. The an—oriig.ataa
were calenlated graphically and are correct to £ 0O.1A".

The X and y co-ordinatee of the PnP!ln’.,. ) vector peaks are
the same as those of the corregponding gnP{ +mri peakas,
whilst the correct section height 1s given ’E':,r adding 15 to

the appropriate PoP(p4m) V8IUE.

0 0
PPl nam) XA y A a = b Section

PoP(nem) PnE(d;m]

PuP(n+1) %= 24660%:-

PPy B.35 3,76 2.30 17,30
PyPz V.75 4.95 2,60 17,60

PnP{n.‘zl A lﬁ-lﬂﬂ":-

Py oP1 3,70 © 4.25 19 . 25
BoPe BoB0 5.25 @ 4.45 19,45
By Py 2,10 8,85 4,95 19,95
PoP, 1,35 9.65 5460 20,60
PxPg 6.35 7.30 | 6.20 21.20
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TABLE II contd.

E¥ b TA%| FA°

a -b Section

PpP( nem) PoP(n'm)

PoP{ne3) &= 74664%:=

-

RooPy | TE20| G700 | &80 | 2,60
P23 7.0 10.20 7.10 22,10
PP 2.10 13,50 7,90 22,90
PEPE 5,56 12.40 8.85 23,85
P4Pg 11.45 7.35 9,56 24,65
P, Py 13,60 0 9,85 24,85
PpP(nes) %=10,204%:=

PoPg 16.35 0 8490 23,90
PygPy 1070 8.85 9420 24420
PoP4 .80 14.80  10.10 25,10
P, Pg 2,30 16,10 11,15 26,15
PoPg 10,756 12.30  12.20 27.20
PzP7 16,256 4.75 12485 27.85
P,P(n45) % =12.764°%:=

PoP3 T7.16 4.65 11,60 26450

Py of4 T1.85 13.30 12,20  27.20

PoP5 .70 17.55 13,30 2830

Py Pg 7.35 16,20 14,50 29,50

PpPy 15,00 9.60 15,45  30.45

P3Py 17.80 © 15.80 30,80
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(111) Superposition Methods,

The vector density diagram of any structure contains

the pattern of the structural unit laid down with each atom f
of the structure at the origin in turn, buk presenting the | 4 t
Same orientation of the structures This fact has been

E- 31 -
used by Buerger and ntharai in developing methods of

obtaining an approximation to the eleetron density patftern
of a stracture, directly from the Patterson diasgram of that .
structure, The minimum funetion method, as outlined by i

Je
Buerger, consists of identifying & single vector in the
Patterson end placing the Patterson dlagram down on itself

with an origin shift equal to that vecior. The common

positive regions of the superimposed Patterson diagrams

. ol s B

e em———- -

then contain an approximation to the atrueture together with

e

its enantiomorph, the two being related by & centre of il
symmetry at & point which has half the co-ordinates of the I |

1f the displacement vector chosen was

displacement vector.
moltiple then the minimum function map or superpositliom, N, ,

that is obtained, contains & multiple solut ion; lee.
geveral possible orientations of the structursl unit, the

namber depending on the multiplieity of the displacement

vector, together with the respective enant iomorphs. Maps f
of the minimum function of higher rank, i.e. maps i't
approximating more closely to the electron density, can be

obtained by mesns of a step-wise procedure, Two M, maps &are
formed, based upon two different displacement vectors, these l
maps may then be combined provided that the spatial

relationship of the two displacement vectors in the structure |

DY !
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is known. Tach map must also be weighted aecording to
the type of atoms producing the Patterson pesk used as the

displacement vector. If the two M, maps ©o be combined are | 4l
derived from the use of two differemt Patterson peaks, but
each is cansed by the interactions of the same kind of

atoms, then the maps may be combined direetly without any
relative scaling of their contours being required. In this

way if two or three superpositions are made using vectors i
whose matual relationship in the struecture is known, these
anparpaﬁitinna may then be combined to eliminate all but
one orientation of the atructural pattern,

An attempt was made to apply the suparposition method, 11

ag ontlined above, to the three dimenaional Patterson .
funetion of Strmeture A without making any asgumptions as to F ‘
the strnctural pattern, It was realised that the resolution

|
of the Patterson was too low to permit of a detailed { 1

solution, but, since the major contribution to the vector I
density was most likely to be vectors between the heavy | r
phosphate groups, it was expected that it might be poasible
to find the epproximate configuration of those groupa in the |

gtructure. Accordingly, smell and where possible isolated, Ilﬁ

pesks in the a - b sections shown in Fig.l. (1) and (1i) Al
were used as displacement vectors, It was thought that i
such peaks were most likely to be single vectors, or at the -i
least to0 be wveectors of low manltiplicity. From the sixteen |
a - b sections of Fig. 1. sixteen superposition sections ]
were obtained for each of the twelve displacement wveotors

taken, The origin of each set of superposition sectlions

3 #
4 4
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was made to coincide with the centre of symmetry of the
superposition funetion, which occurred at the centre of the
displacement wvector. In order to disceover how to combine
these various superpositions, to obtain functions of &
higher rank, an attempt was made to identify a common vector
in each auﬁarpnaitinn. The superpoeitions were then combined
in pairs, so0 that the common vectors in each were goincident,
The resultant of one pair of superpositions was then combined
with & third superposition and the resulting pattern was
exsmined for the presence of some continuous chain structure,
In all the superpositions that were drawn lhe presence
of a disd axis in the b direection was strongly apparent, in
no ease wes there any evidence of & mirror plane or a glide
plane. Phis wae taken as & strong indication that the
method was giving a partially true solution, gince the space
group used in calculation of the Patterson was C,e However,
the strong veetors in the & = ¢ plane which as may be seen
from Pig.4 are not accomunted for by any cireularly aymmetrieal
strncture, slways gave rise to apparent chains in the
direction of the a - ¢ diasgonal repeating at an interwval of
qnn-third in b. These vectors may be seen more clearly in
Fig. 5, (i) (1i1) which shows the a - ¢ sections for y,bfs
and y= Oe The direet applicstion of the minimum function
method therefore failed to show any evidence of a chain
gtructure compatible with that suggested by the eylindrical
Patterson, It may be concluded, from this failure, that
the method 4ig very sensitive to the exaet positioning of

the displacement vectors used, and to the correet welghting

F -
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of the superpositions when combining them to obtain higher

order functions. Pherefore it would seem that in considering
the Patterson of any structure with a large number of atoms

in the unit eell, unless some structural agsumptions may be
made which wonld permit the identification of vector peala

and the correct combination of superpositions, a structure
solution by the minimum function method is probably impossible,
By the same srgument, if a model atructure weke available then
that structure eould be convineingly tested if superpositions
were made usiug vectors expected from the model.

The phosphorus atoms of the proposed helical model for
Strueture A are related by diad axes at g =4¢ and Ze, in
addition to the diad axes at z=o0 and z=0/g. In Fig, 6 the
strength of this psuedo-halving of the g-pariod of the unit
ecell may be seen by comparing the geetions 0 to 7, of Fig.4
(1), with the sections 15 to 8, of Fig.4. (1i), after the
latter have been reflected across & diad axie along b at the
level of section 7.5. The FPatterson diagram of only that
part of the structure that was related by this psuedo-halving
was therefore constructed. This was done by superimposing
the originel Patterson sections 0 to 7 on the reflected
gections, 15 to 8 respectively, and tracing the common
positive regions. Peaks in the negative regions were also
indicated. T?he elght Patterson sections that resaulted from
this procedure should contain all of the intra-heliesl P,P
vectors for the proposed model., Therefore the minimum

function method was applied to those sections, ueing

displacement vectors having co-ordinates of the theoretieal
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intra-helical P, P. vectors ghown in Table II. The resalt

of ecombining the minimum funetion maps due to the

displacement yectors FoPg, PoPys P3P4
died axis through Eg! {s shown in Pig.7.

and using only those

regions related by 2
The combination was effected by ueing the spacisal

relationships of Bor E3 end Ey deduced from the model. The

n of this snggested he 1ical configuration on the

projeetio
8 ahoin.diasramatieally in Fige. 8.

a - ¢ plane 1
tg notation) showm

fhe minimum fanction (Mg on Buerger

lete ag:aament with the suggeated model.

in Pige. T« 18 in ceomp
It was dravn with the origin of the lattice on the axis of

the expected helix, at the level of Bge OB each section

there are 8180 ghown the treces of eylinders of 94° radius,

a each lattice point, with
ge traces ghould be elliptieal due to the

direction. The
slope of the & = » sections, put the difference between the

wes only 0.06A° and was therefore

major and minor axes
gction levels on which the phosphorus

TPThe & = b s

neglected.
atoms, in the firat gr? 1ength of the proposed model, should
ocour are 1isted {n Teble IIIL,
Table III.
P orPy Po Bg’ Py R 2,’ 2, 2y
geection 0 1.7 2.1 4.5 4,9 7.1 7.9

The expected positliona of these phosphorus atoma are

ed on the appropriate geetions with a full cross exce pt

he co-ordinates of this atom are indicated on both

mark

for Pg, t
and 5 by & broken Cross. As may be seen from

gections 4




A
part
in ¢

a di

Efé'

M, minimum function map of ¢

of Structure A which repaatls
o # f s ¥ +
he peried c/g 8N4 18 ralated
ad axlis in the h directlon at

(i.e. Section level e
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FIG 8: A SCHEMATIC PROJECYION,ON THE A-C
PLANE OF THE CONFIGURATION OF PHOSPHORUS ! |
ATOMS FOUND FOR STRUCTURE A.IN ONE HELICAL

UNIT.
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Fig.8, the phosphorus atom Py 18 equivalent to Pyps thus the
expected positions of the three phosphorus atoms P,, Py

I and Py were found to coincide with positive regions in all
| of the three Mg maps. In addition the positions were
revealed of the other phosphorus atoms in the same strand,

Py and Py, together with Pg' in the second strend, The i

| rest of the eleven phosphorus atome in each turn of the
strands may be obtained by operation of the symmetry axes,

(iv) Inter-Helical Bonding,.
From the sections of the helices shown in Pig,.7. strong |

inter-helical phosphate - phosphate bonds, of the type

| suggested in Fig.l. Chapter IV, might be expected between 1|14
r
| Py and Pz in one helix and Pﬁrand Pg respectively, in

| adjoining helices, The inter-helical P, = Pifﬁiatanua is

4.9£n and the EE - Pa’diatanae is 4.41“. which are reasonsble -t

distances for the type of linkage suggested; these values J'I

were obtained graphically. It may be seen from Fig.B8. that, e
| for any one helix, there are eight positions of the P, - Pﬁf r
type and four positions of the Pz - Pg’type, in ome complete fi
period of the gtrueture. Such a mode of linking of the |
molecules shows clearly the reason for the size and shape
of the unit cell, especially the reason why the angle ﬂ is
96.54°%  Each molecule has two nesrest neighbours, at 2249,
to which it is probably linked by bonds between phosphorus
atoms of the Py = Pg type. 1In addition there ere four other
neighbouring moleculea, at 22.7&? to which each helix is {4

probably bonded by linkage between atoms of the By = Eﬁ'typa. '1
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These four helleces surrounding the helix in the face-centered

pogition have ng" translations relative to that helix of

11j.°. which, beocause of the value of ﬁ , Produce a &

displacement of 1.2&&0. The difference in z co-ordinates

of Py and Pﬁ’in each helix is 1,274°, therefore this

translation of &/g, coupled with the value of f, ensures that

!
Py (Pygh By Pyo) ond Py’ (Pgs Pgo Bg) 1n the appropriate

adjoining helices are prought to about the same level in 2,

/
phe difference in the 3 co-ordinates of Pz (PBz) and F;.[Pai

in adjoining helices at 2249, is 1.24%, but the number of

these possible inter-helical l1inkages per turn of the helix

1s only half thet of the Py = 2, type.

Inspection of sections 4 and 5 of Mg. 7. anggests

that the phosphorus atom Pp i8 also enzaged in bonding to

the same adjoining helix as Fgye The nesrest inter-helieanl

phosphorus atom to Ey 18 P&'at a distance of 7.8.° ,0 phosphat e-

phosphate 1inkage between these groups would therefore seem

anlikely. The positive reglon to which Pg appears to be
1inked is on the ciroumference of the trace of the nearest
nelix at the 1evel of section 5. (difference of about 1,149 in
g) and is distant sbout 5.54° from Pge HNow the work of
uavaliari' on the spectrophotometric titration of DNA with
acids and megnesiom ions hes indicated that some of the bases
mey be bonded to phosphate groups. Brown and aaeﬂg'have
guggested that the g-amino group of guanine can approach

near enough to & phosphate group, in the same helix, to form

a hydrogen pond of the type P=0 ..es H = e It mey be,




~129- '
there 18 hydrogen bonding between a

therefore, that
! Bl hate - sodium - watl
Py (P, E2e Pg) phosphé a water complex &nd a

guanine base in an adjoining helix. This would necessitate

a guanine base four times in esch complete turn of a helix,

1.0, one in 5.5 of the bases must be guanine, This

quantitative prediction 18 in aceord with the results of £y

ehemical analyses, which show that the mole fraction of {

total bases 1is 0.21 in ealf-thymus DHA., Further- bifd

guanine to
more, the work of gavalleri has showid that abont 1 mole of
i magnesium ions Per 5 mo

1es of phosphorus is bound to ecalf- i|;
siom probsbly forms & chelated |
|

thymus DHA and that magne

| complex between an emino group and & phosphate grouP. As ‘i'

Te
Brown and Watson have pointed out these date suggest that

magnesiom and gimilar ions can form & chelate bridge between

group of guarine aud & neighbouring phosphate

SN

I

|

| the 2-amino

| phese authors *advanced the suggestion of linkage :
|

groups
between the 2.amino group of guanine and a phosphate group

ehain of the same helix as an explanation

{n the backbone
of the differences in binding properties found for different

fractions of ealf-thymus DHA with hiatone,. It has beah W!
suggested, {n Chapter IV, thatl the Strncture B heliecal form
probably persists in golution, so that the sbove suggestion L
of Brown snd Watson would apply to the B helix, When the T
gtructure econtracts to the A form, it may be that the IRT
guggested intbm-heliecal base-phosphate linkage is broken

and cannot reform due 10 the inter-helical phogphate=phosphate

\;

bonding, 80 that a base-phosphate bridge between neighbouring

|
{

-

j
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helices is formed, guch additional inter-helical bonding,

in Struecture A, close to the "a" direction might explain

why the sepa

ration of the helices 18 legst in that direction.
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SUMMARY OF THE EVIDENCE PRESENTED, IN

CHABPERS VI AND VII, ON THE MOLECULAR

CONFIGURATION IN STRUCTURE A
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From the study of the eylindrical Patterson funetion,

presented in Chapter vI, the model outlined below has been
put forward as the configuration of a molecule of NaDNA

held in the erystalline gtate in fibres of that material, I."

J Proposed Structure: The phosphorus atoma from two il |
polynucleotide chains form two co-axial helical strands of ki
94° radins and 28.1&o piteh, with 11 phosphorus atoms

| gpaced eaqually glong esch turn of each strand, The Pl

geparation of these helicsl strands in the direction of

their common axis is 14.05&“. Corresponding sueccesaive f

phogphorus atoms in each stramd, Py snd Py{ have the some

co-ordinates in a plane at right angles to the axis of

the helix, which 18 eoincldent with the ¢ direction in the

e

erystallites. (fibre axis direction).

g ———

pencity measurements and the unit cell dimensions have
ghown that the sugar and base residues, of the proposed two

polynucleotide chain helix must be turned lnwards toward the

axis of the helix. In zddition, the space group found for

\
i
]
the unit ecell contents requires that the sequence of the atoms ;]
in the two phosphate-sugar chains should run in oppoaite \
directions, with reapeet to the axis of the helix, {
The phosphorus-phosphorus vectors to be expected from the L
proposed medel have been found to be in sgreement with the
three dimensional Patterson function of the ecrystallite

gtructure. Application of the minimum function method of I
|
Buerger, discnesed in Chapter VII, to the three dimensional ]

.




patterson function of only that part of the cerystallite

agtrueture which repeated in the period “!2- led to the

construetion of an Ng minimom function map which was found
to be in complete agpeord with the proposed structure,
If it may be econsidered that the important inter-helical

1inkages &are phaaphata-phoaphata bonda, then it has been

ghown ( Chapter vII) that the proposed structure readily
accounts for the aize and shape of the unit cell. The Mg

minimum fuanction map, ment ioned above, has indiecated

bonding between nearest phosphorus atoms in adjoining

helices and hasg {indicated also an additional inter-~heliecal

bonding which may be interpreted 28 & 2~amino-guanine ---

phosphate linkages.

1
|
A
[
|
!
1




CHAPTER VIII

PHF CORRELAT ION OF THE HELICAL MOLECULE SUGGESTED

FROM THE X-RAY WORK, WITH OTHER PHYSICAL

STUDIES OF DHA.
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Incressing the water content of NaDNA fibres beyond
the lower limit necessary for the A to B transformation
increases the 1ateral swelling of the fibres, There 1is
no further appreciable length change once the A to B
transition has occurred, farthermore, there is no change in
the general form of the X-ray diagrame. It would seem,
therefore, that structure B may quite possibly be close to
the molecular configuration of HaDNA in golution, If this
{s trune, then & definite model is available on which to base

the interpretation of the results of other physical studies

of DHA.

Atomic Models,
Phe first detailed atomic model for DHA was that

proposed by Panling and Gurs%: The X-ray diasgrams on which
the model was based were fibre disgrams similar to those of
Astbury, which have been shown here to be & mixture of the
two phases A and B. Phe suggested structure was a three-
strand helix in which the phosphate groupa formed a denae
core, It is difficnlt to see how the swelling and solution
of DA in water could be explained by such an arrangement,
Woreover if such & structure existed in the crystalline state
it would reguire to andergo a radieal intra-molecular re-
arrasngement in passing to the wet state. For even if the
interpretations of the two types of X-ray diagram presented

here sre discounted, there still remains to explain the

accessibility of the phosphate groups and the inacceasibility

of the NHp 8nd CO groups during titration, In addition,

e — T TR
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the phosphate groupa must be in an accesaible position
for interaction with protelns, Therefore, since fha
tianuitian from the erystalline to the wet state is both
readily and rapidly reversible, the structure proposed by
Panling and Corey for the crystalline state wonld seem
unlikely.

Phe only other detailed atomic model for DNA is that
which has been put forward by Watson and criakf From the
gualitative discussion in Chapter IV and the measurement s
discussed in Chapter V, the molecular configuration oi
gtructure B appesars gquite consistent with the general features
of this model, 0On matters of detail there 1s disagreement,
The radius of the phosphorus "helix" would appear from the
X-ray data to be closer to B.Eﬂn then to the 10A° suggested
in the Wetson snd Oriek model, Also the helices are
probably glightly off eircular in cross-gection,

The X-ray date have not saffieient resolving power Lo
gay enything sbout the nature nf_tha inter~base arrangements, i
Phe X-ray disgrems, of both Strueture B and Structure A,
scan be convineingly interpreted on the basis of particles
consisting of & heliesl arrsy of the heavy phosphate groups
from two polynueleotide chains, with their sugar end base i
groups turned inwerds toward the helieal axia, That it is
the hydrogen bonding of the base groups that links these ;
two helieally arrmnged polynneleotide cheins together, can
only be argued from titration work such as that of Gulland

.
and Jordans® With regard to the base sequence in the structure,

the erystallinity of strocture A would seem to suggest




that the bases were not randomly arranged, l.e. equivalent

crystallogrephic positions were not uaﬂu@%ﬂ.hy purines and
pyrimidines. phis would imply & restriction to the biologieal
specificity. The Watson and Crick model overcomes this

difficulty by postulating that the basea are always combined
ae purine - pyrimidine pairs, the base-sugar linkages to

the two helieal phosphat e=sugar chaeins being related by a
aisd axis lying in the plane of this base complex. [Therefors
a arystallugr&phia array of such complexes would 8ti11l permit
the individual baae aaquaneﬂ_tu vary widelye.

structure B _in Solution - Iine density and Bound Water,

In order to ecalculate the shepe and size of particles
{n Structure B form to be expected from any experiments on

solutions of NaDHa, it is first necesssry to decide on the
emount of water that is likely to be bound by this structure,
rhe major part of any bound water is most likely to be
associated with the phosphate groups around the outside of
the molecule, and =0 wonld be expected to vary wiih the degree y
of dissociation of these groups. Therefore the effective
1ine density of the laDNA structure will probably very

with the pH and the ioniec strength of the solution. Consider
the poesible values for the undissociated strueture, The
average molecular welght of a sodium nucleotide is 330,
therefore E.E.lﬂ5 18 the molecular weight of a 33A° length % L
of an anhydrous Structure B particle, i.e, & line dens ity i
of 200 (Woleoular weight/A®). If the bound water were

43,66 of the dry weight, i.e. 8 molecules of water per 1

meleotide, the line density would be 287 u/a%,
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4,
The work of T1-Sebeh and Hasted has shown that in

neutrsl agueons solution, if the sodium phosphate groups
ware completely dissociated, the amount of water found by
alelectrie meassurements to be irrotationally bound to the
§eDNA particles wes only of the order of 10% of the dry
weight. This corresponded to a binding of just less than

two water molecules per mcleotide, However, Hasted has

pointed out that if we consider the phosphate groups in the

§aDplA structure Lo be in the dissociated form we are dealing
‘\Fﬁ"o

with the grﬂﬂlﬁi P A S ’

*would then lead us to expect about two

work on the binding of water by

Sniphate 1lons
irrotationally bound water molecules per 2ingle bonded oxygen,

-~

plus the rotetional binding of a further two water molecules,

ohis suggests that the phosphate group of each dissociated
mncleot ide may bind four molecules of water, which would give
s completely dissociated Structure B form & line density of
230 M/A°, This figure, hovever, depends on the assumption
that, under the conditions of the experiment to measure the |
dielectric properties of the HaDHA solut ion, all the sodiuom

phosphate groups were in faet dissoclated.

Interpretation of Light Scattering pata in Terms of |
_m—-——m‘- 19

The particle dimensiona calcnlated from the resnlts of

1ight scattering depend on the initial assumptions made as to
particle shapes. If the sbove suggestion is correct i.e.
that "Strueture B™ is the molecular eonfiguration to be
expected of NaDNA perticles in solution, & definite model now

exists on which to base such caleculations, In what follows
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the light gseattering data will therefore be examined with

a8 view to interpretation on the basls of Structare B, in
gonjunction with the detail of the Watson and Crick atomie
mﬂdelf

Phe light scattering observed depends partly on ths
difference in dengity of the goattering material and the
pherefore in any cone iderations of the shape

golvent.
and eize of particles in Structure B form, based on light
geattering data, the 1ine deneity should probably be taken
ag something 1ntarﬁﬁdiate between the value of 200 H/&“,
for anhydrous structure B, and the value of 287 M/A°, which

corresponds to the binding of 8 molecules of water per

godium nucleotides
The length to be expected from a Structure B molecule

having & molecul&r welght of T.ﬁ.lﬂaanﬁ & hydrated line
density of 250 nng is EQ,EDGAP. Therefors from Bteinﬂr‘g'
rosults, (Table 1), for the length of particles found
sssuming "stiff rods”, it wonld appear that single Struocture
B particles do not exist in selution in an axlally atraight
form. However, 8ide by side aggregation of four axislly
gtraight Structure B particles having a length of 7,300A°
would aecount for the molecular weight, and would be in }=
reasonshle agreement with the experimental value of 7,1804°

found by essuming monodispersed rods. Such & grouping

wonld be essentially a rod of length ?,Bnua° and diemeter

about 50A°. This may be considered, in relation to the

wavelength of the 1ight used in these experiments, as a rod

of negligible thickness and the dissymmetry factor for such
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Resulta from Tight Scattering Measurements on two
6‘-
gamples of palf=-thymns NaDNA in O.2M. KCl. by R.F. Stelner.

Molecular weigzht Particle Dimension
( 15%). ( 10%).
. 7 47304°
4.4.1& _...:1

Ly 3880A°
Ly 67104°
6 o

7.3.10 I, 50804
Lo 41604°
L; 71804°

Ip = root mean square end to end separation ecalculated on
basis of monodisperae randomly kinked coils.
Ig = root mean gquare end to end separation calculated on

baglas of polydisperse random coila.

Iz = length cslculated on basis of monodisperse rods,
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?l -r'l
a rod is 2.46, Recent reparts on light scattering ol

all give values greater than 3.0 for the observed
dissymmetry factors of the seattering pertieles in
geveral different preparations, Therefore the high
molecular weights and the scatterlng curves observed cannot
be explained in terms of axially straight Structure B
particles.

we muat then, consider the poseibility of the helix
of Structure B existing in some macro-coiled state, The
various reports quoted above seem to agree that the observed
dats fit quite closely to & system of polydispersed, rather
than monodispersed, randomly kinked coils, Assuming such
for a preparation of molecular weight of 745410°

a system,
in neutral solution, the R.M,39, end to end separation of

the coils has been found by Stﬂiﬂ££}5t0 be 4160A°, (msee also
10

results of Doty et al  Table II) which in terms of Strueture

B means that 2 very long molecule, lag.naua°l has achieved

an end to end separation of about one-seventh of ita total

length. Thie indicates a degree of folding necessitating

a rather flexible structure. However, the saymmetry of

the Structure B melecule is so high that if thies end to end
geparation were due L0 the molecnle forming qn arc of a
eirele, the devietion between the normals to the crosa-
gections at each end of one turn of the helix would be
negligible e.g. for length 29,000A° and end to end separation

of only E,élﬁﬂ“. the radius of curvalure of the eirecle is

ag lerge as 5,0000°. In addition to the "asymmetry effect™




the flexibility conld be further incressed by hrealing

the cross-linking hydrogen bonding between the base ringa;
at verious points along the hellix. Once this were dons,
the free rotation gbout & number of bonds in the inter-
nueleot ide 1links of the phosphate-sSugar chain would permit
forther macro-colling.
gulland and Jardana have shown that outside the range
pE 5 = 11 the CO and HH2 groupa of the bases become titratable,
if the rupture of hydrogen bonding between these

rTherefore

gronps was playing an jmportant part in determining the

flexibility of the molecule, it would be expected that over
the range pH 11 - 6 there would be no spprecisble change 1n
the R velue. (i.e. end to end geparation of the particle). {

outside that range the R valve should decrease progressively

with pH dne to an {nereased folding of the molecunle as more
and more hydrogen bonds were broken, The molecular welight
gshould stay gonstant until the pH became gufficliently low
for vrimsry bonds in the phosphate-suger beackbone to be
proken, so causing depolymerisations The recent work of
poty et &1103trnn513 supports these suggestions, Measurements
on HaDHA solutions gt pH 6.5, 3.0 and 2.0 were reported, It
was found that the R value decreased on lowering the pH whilst .
the molecular weight stayed oconstant, (Table II), and that the |

process was reversible. Doty pointed out that since

the solutions contained 0.2M HaCl, less amino=-groups
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TABLE II

Results of Doty et allnfram Light Scattering
measurement 8 on Sodium Thymonneleate in 0.2M HaCl
showing the changes induced by dilute acid,

The following data are from the same specimeny
the molecular weight remained eonatant, throughout the

pH wvariation at s wvalue of T.T,lua.

pH. rRA? (% W)

6.5 4110

3,0 3550

2.6 1760

6.5 (return) 4250 ¥

R = Root mean square end to end separation of the
particles calculated for polydisperse unhranched
random coils. The polydispersily corresponding
to & ratio of weight to namber average molecular

weight of two,.

N.B.
The NaDpHA sample wes prepared by following the method

of Signer and Schwander,




=145~

wonld become charged at the lower pH than might be expected
from titration data in the absence of asalt,. It follows
that moet of the inter-base hydrogen bonds ol Strocture B
would still be intact. Pherefore & complete breakdown

of the helix would nci meceunr, but sufficient hydrogen bonds
wonld be broken to cause il appreciable increase in the
flexibility of the molecnle, the fact that the results

were reveraible with pH, indicates that these inter-base

1inkages can reform eagily.

The more guantitative approach of rutﬂrliHII ontlined
{n Chapter 111, for a Signar ;ru;ur‘tiun of ealf-thymuas
godium nuncleate having & moleculur weight of G.T.luu, has
1ead to & line densily of 156 mf;“. This value was derived
by matching an experimental scatlering curve with one of a
family of theoretieal curveas for the scattering to be expected
from & econtinunous thread-1like flexible particle at wvarious
values of the f1exibility, there belng negligible polydispersity
for any one valne. This latter aagsumpt ion may not be true,
which may possibly aacount for the difference between the
value of the line density derived by Lhis method and that to
be expected from & hydrated "Structure B".

Ultracentrifuge Data,

( In what followe the diameter of a hydrated Structure
B particle will be taken as 204%).

The particle paramelers ecalenlated from their experimental
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12
data by Tennent and vilbrant were; molecular weight

E.H.ID? length E,EGG&O and ahape factor 400. For this
moleenlar weight, even i the particles had the minimum
unhydrated line dens ity for Structure B of 200, the

length would only be E,GUD&“ and the shape factor 145,
gome of the difference in these values of the shape factor
may possible be due to computing the gxperimental wvalues
from the FPerrin Bquﬂtiﬂﬂlﬁwhiﬂh, gs Tennent sand Vilbrant
remark, probably does nat hold for molecules as asymmeirie
ag NaDNA.

In the work reported by Ceell and Ggutnn14 the valnea
given for the shape factora are 00 10w, These anthora
found a shape faclor of 140 for a moleculsr weight of 1c?
and 170 for 1.3 165 molecular weight. For single particles
to have these values the hydrated Structure B line densaity
would require to be 357 M/A®, and 382 H/ﬁa respectively, if
the systems were monodlsperse. It would seem, therefore,
that particle aggregation might have oceurred.

Apart from any aggregation effects which might oceur
when these long particles are orlientated by the high eentrifugal
fields used in these experimenta, it may be that the molecules

themaelves are axtended.

Heliesal gtructure Extensible,

Phat the structure of NaDHA is extensible has been

suggested by the observetions of wilkinalﬁ on the macroscopie

behaviour of NHaDHA fibres, It has been shown that mnegatively

birefringent fibres, whose X-ray patiern may be either A or




B, can be gtretched with an inerease of bireiringence

until sudden neckling OGCCUTS. The author has found that
the force Te nired for this is very small, lesa than
0.1 gm., for 8 4D}Ldiumutur fibre. Faorther extenaion of
the fibre takes place by Lhe two shouldera of the necked
region separsting and trevelling along the fibre, the
extended reglon petween the shoulders exhibiting very
small positive birefringence. This result, together
with the faect that the process may be reversed if the
¢ipre is allowed to take up water, (which it does very
rapldly), guggests that the helieal molecule is capable of l
belng extended, the base rings tilting towards the axis
of the helixXe

The aign change of the birefringence, from negative
to positive, may be caused in the sheet gpecimens by rolling

theme E-ray diffraction patterns, obtained by the author,

of such positively pirefringent sheet gpecimena showed
10 evidence of regulsr atructure, This is consistent with

a rather wvariable extension of the individual moleculesa in

the apacimell.

Flow Birefringence.
e ——— e ——

al’
_Eda has applied an approximation of the Perrin

—

17
equation to the early work of Sipner et a1  and thet of Keusche
18
et al ; @8sasuming & ghape factor of 200 the approximate

The agssociated

1ength of the particles waa given as &,EUUAD.
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molecnlar weight wWas ssid to lie between % and 1 Million,
If the mole cular weight were 1,105 then the line density
of a particle 4, 5004° long would be 220 th . Phis value
{a very close toO that expected of a hydrated 3tructure B
cmnfiguratinn.. However, in the recent work of Schwander
et allgfalﬂaﬂ were reported of 8000A° and 104°, for
purtiulu length and breadth resnuuti#ely. If it be
accepted that the molecule ﬂuyxgxtundad then perhaps this
greater agsymmeiTy, fonnd by Schwander et al, might be due
to & atretehing of the molecule by tlhe tensions in the
flawfng liguid. Sueh a process has been found by Signer

and suﬂrcugﬂ working with polystyrenes of high molecular

weight.

El&ctrnn.uicrnauong.

E 0
The gtudies of wWillisms 1 and of Eshler el ul,éd ik

ment ioned in chapter II, afford & direoct confirmetion of

the molecular dismeter of DIA auggected by the interpretution
of the X-ray data presented here. It may be significant,
with regard to the difference between the molecular diameter

of 17A° suggested here for Structure B and the 20A° dismeter

of the model atructure put forward by Watson and Crick, that

the dlismeter of the fibrils obaserved by the workers ment ioned

2
ahavazl'ﬂ *are in each case smaller than 20A°, ("154°

21 5
apprnximately“ == "in the range 10 to EDﬂUﬂE“'}.




punclusiqg,

From the abov

that, in general, where the

of any molecular parameters

the existence, in golution,

the form found in Structure

e discussion it may be conecluded

data permit of the determination
thegse are consistent with
of the NaDIi molecuale in

B,
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7ero Order Bessel Function. Jo(uje.

calculated for u = 40 - 76. from the approximatlon formula

Jo(u}# sin u + cos u

Jmu.

at intervals of u = O« 3edo(u) is correct to + 0,0002.

u Jo(u) 44.6 <1177  49.4 0091 @ 54.2 1084
40.058 0 44.9 L1180  49.7 <0244 54.5 .T00
40.4 0421 45.2 .1076 50.0 .0561 54.8 .UBs4
40.7 0752 45.5 0879 50.3 .0825 55.1 L0660
41.0 « 1010 45.8 0604 S50.6 L1011 @ 55.4 U379
41.7 «1176 4641 0278 | 50.9 L1106 55.7 .0065
al.6  JTZ36  46.4 L0072 512 .1102 56.0 .0252
41.9 1185  46.7 JO713 ! | 51.5 | 1001 | 56.3 | L0546
42.2 « 1032 47.0 0715 51.8 0809 56.6 .0797
42:5 0786 479 J952  52.1 0549 56.9 .0960
42.8 J&]1 47.6 JTI02 | 52.4 0237 57«2 1046
431 JOT18  47.9 JIT52 1 52.7 0088 57.5 1036
43.4 0244 48,2 1101 | 53.0 .0407 57.8 0937

43.7  +0582 48,5  +09%0 | 53.3 0688 58.1 .0753
44.0 0866  4B.8 40720 | 53.6 .0906 = 58.4 .0502
44.3 | -1070 | 49.1 | .0423 | 53.9 | .1040 || 58.7 | 0210



u | Jo(u) || 63.8  .0982 68.9|.0521 = 74.0

50.0  .0108 .64.1 0882 69.2 | .0734 | 74.3
59¢3 | «0401 64.4 0704 69.5  .0882 ' 7J4.6
50.6 | J0664 = 647 20463 69.8 L0951  74.9
50,9 = «0866 65.0 0183 [ 70.1  .0934 | 75.2
60.2 | 0997 | 65.3 <0112 70.4 .0834 | 75.5
60.5 ,E;}ﬁ 656 0396  7J0.7 .0660 @ 75.8
60.8 | 0068 = 65.9 40644 71.0 .0428 | 76.1
61.1 0826 = 66.2 | L0832 TJ1.3 0159

614  .0B11 | 6645 | L0946 | 71.6 +0123

|

61.7 0343 | 66.8 | 40975  71.9 0393
62,0 j{};g 67.1 .G?El? 72.2 +0620

62.3 0256 = 67+4 | 0778 72.5 .0804
622 20532 677 | .0569 J2.8 <0907
62.9 | 0760 | 68.0 | 0311 | 73.1 .0932
63.2 0917 @ 68.3 | .0026 73.4  .0871

63.5 .0994 68.6  .0260 73.7 .0734










