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A qualitative survey has been made of

A=TaAy diagr: iven by highly orientated spe

sodium thymonucleate at different humlditiea,

the nature of the atructural changes that occour

the humidity 1s warled, certalin general
clusions have been drawn concerning both the
ieh the sodlum thymonucleate molecules are bound to

oneé anothey and the part played by water

structure.




1BTRODUCTIOR

The fundamental substance of cell nueclei, nucleoprotein,
conalsts of a felrly loose conjugation of desoxyribose nucleiec
acid (DMA) and simple proteins. The nuclele acld component

¢an béa separated from the protein and preclipltated in the form

of its sodium salt by a mild process (Signer and Schwander,

1949 ). A knowledge of the structure of DNA would therefors
not only be interesting on its own sccount, but might well
prove to be a valuable aid in the study of the nueleoproteina.

DRA is lmown to exist in the form of long=chaln molecules
of vary high molescular welght; when sufficlent precautions
to avold degradation sre taken, waluss up to 8 million are ch-
tained (8igner a_nd Sechwsnder, 1949; Katz, 1952). The
chains are believed to be un-branched or nearly so. They are
built up of four different nucleotides, each nucleotide being
the phosphorie ester of a nucleoside, and each nucleocside the
desoxypentose derlvative of an smino=purine or animo=pyrimidine.
The phosphate group 18 linked to two nucleotides through the °
Ga' and GE' positions on the sugar ring (Davidsen, 1850).

1t was for zsome time belleved that DNA contained the four
bagses, adenine and guanine (purines) and cytosine and thymine
{pyriﬁidinaﬂ} in equal proportions, and the suggestion was
made that the fundamental unit was a tetranucleotide. However,
careful enalyses by Chargaff ﬁna‘ﬁiiﬂtf (1949) nawe shown this
to be untrue and their results, together with the more recent
dtudles of Sinsheimer and Hoerner (1952) and of Markham and
Smith (1952) of the fragments obtained by ensymatie digestlon
of DNA, sugrest that the sequence of nucleotides in the chain
may be complleated.

Sodium thymonucleate, the sodium salt of the nucleiec acid

eéxtrooted from celf thymus (refwrred to below as Na DNA), is

1.




a fibroua solid which la capable of taking up large quantities

of water to form & gel. By means of sultable machanisal

treatment and dryinglthla gol can be used to obtaln highly

orientated sapeoimens of Ma DNWA and these glwve cherscterlstloe
X-ray fibre-diagremsg (Astbury, 1947; Wilkins et al, 1953).
The X-ray powder photographs of non-orlentated aquescus ayvatems
of Na DNA have been studied by Rilsy & Oatar. (1951).

None of the X-ray diagrema obtalned from Na DHA sghows
diserete refleotions at angles correspondlng to spacings
amaller than 2,54. Even a complete quantitative atudy will
not, therefore, be capable of yvielding the eatomlec positions in
the structure. But, since the chemieal composition and struc-
ture of the conatltuent sugar and bass components are well-
a#steblished, this need not necessarily prove an insuperable
obatacle to atrusture-determination. It was felt that, in
any oase, a comparative atudy of the different dlagrams obtalined
mnder different conditions, combined with a detalled gquantitative
investigation of theas disgrams whish show the higheat degree
of eryatalline order, should yleld & sertein mmount of new
information.

In partieular, the diagrems show that the atructure is
highly sensitive to the humidity of the surrounding atmosphere.

; A general qualitative survey of this effect 1s desocribed in
the preaent paper. We believe that it throws some light on
the way in which the long-chain molecules are bound to one
enother in the atructure and this, in turn, may posalbly have
dome bearing on the way in whieh nmelele acid and protein are
united in nueleo protein.

A quantitative study of the fibre disgram glven by Na DNA
in 1ts most highly ordered state will be described in latey

papers.




Preparation of Flbres

The material used throughout this investigation waa the
highly purified sodium salt of calf thymus desoxyribose nuclele
geld, which was kindly suppllied to us by Professor Signer.

Pibres were prepared by the method of Wilkins (1953);
gufficlent distilled water is added to & small plece of the
fibrous solid to form a stiff gel and a needle-point is then
placed in the gel and alowly withdrawn, By sultably varying
the speed of withdrawl and the water-content of the gel, fibres

of diamester from about lbgg to lassa than %;cunn ba obtained at

will.
In genersl, the smaller the dieameter of the fibre the

greater the degree of orientation obtelined.

Apparatus and Nethod

The first photographs (Wilkins et al 1953) were taken with
a Tnieam aingle-crystal camera and & Raymax tube, using a bundls
of ebout 30 fibres of diameter 10-30« prepared as deseribed
above. Under sultable conditions (see below) filbre diagrams
showing a high degree of crystallinity were obtalned. 1t soon
became evident, however, that a photographie syatem of higher
resolving power might be expected to show more fine-structure
in the dliagram, Noreover, the bundle of fibres could not easily
be maintained in perfect parallel aligmment, and it wes evidently
desirable te be able to work with a single fibre of diameter not
greater than 404« ,

In order to use such & small speoimen and a photographie
syatem of high resolving power, and yet to avoid prohibitive
exposure times, a well-gollimated micro-beam of high intensity
wié required. This was provided by an Ehrenberg+ipear fine-
foous X-ray tube (1951), used in conjumetion with a North-American

Prillips microe-camera. The tube, which gives a foecal apot of




&bout 40 diameter, was run at 35«40 KV and 0.4 m.a. The
Fnillips eamera consists essentially of & lead-glass capillary

eollimator of length 10 mm and bore 100« or 504, and a flat

plate carrying the film. The latter can bs set et either
10 mm or 15 mm from the end of the collimastor.

For moat of the work the 1UqA:nnllimator and 15 mm apecimen=
film distance were used, together with nickel-filtered copper
radiatlion. The specimen generally conslsted of a gingle fibre
placed directly over the front face of the collimator and fixed
with cellulose glue,

When single (ibres of 5ﬂ-4qn-diamutar were used, expoaure
times were of the order of 50 to 100 hours. For fibres of
diemeter about 1ﬂgu. showing, in general, less good orlentation
than the finer fibres, exposure times were 20 hours or less.

In using such small specimens of weakly diffracting
material it is important to eliminate scattering by air. Through=
out easzh experiment a steady stream of hydrogen was therefore
peased through the camers. The molature content of the specl=
men was controlled by operating at constant mamidity., For this
purpose the hydrogen, before entering the gcamera, was bubbled
through a saturated solution of a suitable inorgenic salt, a
1ittle of the same saturated solution being plaged in a small
contalner inside the cemera. Each speclmen was left for at
least one hour in the camsrs st constant humlidity before starting

the exposura,

RESULTS
Wilking and co-workers (1953) observed that high humidity
was required in order to obtaln from the Fa DHA fibres a choto=
graph showing a high degree of orystallinity. Attempts to
achieve & further inerease in erystallinity by working at still
higher R.H. resulted in the observation that at very high humie

dities a well=defined structural change oeceurs, leading to a




new type of fibre-dlagram. Tha two types of diagram are

shown in Flates 1 and B. The structures represented by these

two diagrems will be referred to in whset follows as struectures

A and B.

Plate 1 was taken at 75% R.H. and Plate 2 at 92% R.H.

It must be emphasiszed, however, that the type of diagram ob-
tained depends not only on the relative humidity but also on
the past hlstory of the specimen. A strong hysteresis is ob-
served, both in the quantity of water taken up by the bulk

Na DNA and in the strusctural change in the fine fibres. A
diagram of type A may frequently be obtained at 82% R.H, if
the ape¢cimen has previcusly been subjected to prolonged drying
over Pglg.

On passing from atrwture A to structure B the layer-line
spacing increases from 28A to 344, and this i3 acoompanied by
& similer inerease in the mdecroscopie length of the fibre.

With aome samples of calf thymua Na DNA, although it is
poasible to obtain well-orlentated fibres (as shown by optical
birefringence and X-ray diagrems), it has so far not been found
poaaible to obtaln atructure A. Fibres from such samples giwve
diagreams resembling Plate 2 at all H.H. above about 60%f. The
fallure to obtain structure A in these specimens may possibly
be due to excessive degradation during extraction of the DNA,
or to the presence of some impurity. But, for apecimensa in
which strusture A can be obtained the change from A to B is, in
general, reversible., When R.H. 75% is approsched from the dry
side, structure A is obtalned, and when R.H 98% is approached
from the wet side the resulting diagrem 1s alweys that of struc-
ture B, intermediate atates consist of & mixture of A and B.
An exemple of this is shown in Plate III.

Here & further reservation must, howaver, be made. It
sometimes happens that a fibre which has been in use in the

camera for some days or even weeks, and which has passed through




the reversible A 3B transformation a number of times, suddenly
paases lrreversibly to atrusture B. Such a fibre then bshaves
subsequently like those mentioned above, from which structure
A sannot be obtained. The photograph shown in Flate IV waa
obtained at R.H. 75% from a fibre which had passed irreversibly
to atructure B. The difference between Flates 11 and IV is
probably mainly due to the diffliculty of photographing a very
wet flbre in a highly orlented state. The reveraible charge
A B is scoompanied by a length ineresse of sbout 25%. it

is therefore necessary to attach the flbre to the collimator

at points so close to the collimator hole that it cannot move
out of the direct beam, This results In some buckling of the
fibre in the wet state, and sonssguent deterloratlion of the
quality of the photograph. Ho sugh difficulty ls experienced
with fibres which do not give structure A.

If, with a specimen showing atructure A, the humidity in
the camera 1s reduced appreciably below 75§, the intenaity of
the reflections deoreases relative to that of the diffuse back=-
ground. This effect increases progressively with decreasing
humldity and is sccompanied by & slight lateral shrinksge of
the struecture. This ia 1llustrated in Plate V. After pro-
longed drying at room temperature only a broad diffuse ring ia
observed, and after drying at 80° C even this fades out and
there remains only a diffuse scattering at low angles. The
ghange from the ocrystalline state A to this disordered state

represented in Plate V 13 wholly reversible (Wilkins et al, 1953).

DISCUSSION

duantitative work, both on the water-uptake in relation to
erystallinity and on the structyre of the most highly ordered
state, 1s still in progress. Nevertheless, the above gquali-
tative observations of the structural shanges that occutr when

the water content of Na DNA fibres is verled suggest certaln




general 1deas which we tentatiwvely put forward here.

The moat highly ordered atate la structure A, obtained ab
78% R.H. and elearly possessing s high degree of orystallinity.
This state has previously been obtained, in non-orientated
form, by Riley and OQater (1951); the apscings reported by
them for the "erystelline™ structure in Signer end Schwander's
preparation agree to within 0,1 A with those of atrong spots
or of the mean values of doublets or triplets in the fibre
diagram of structure A. Rlley and Oater also observed that
the transition from this state to the "wet gel"™ was reversible,
but they made no measurements in the high-angle region with
"wet gel” or "molst crystalline” specimens, end therefore did
not obaerve atructure B.

The equilibrium water content of the bulk sodlium thymonu=
eleate at 25°C and 75% R.H., for & specimen which has previously
been thoroughly dried, 1s about 40X to 45% of the dry weight.
it is not, of course, certain that this represents the water
content of the ecrystallites, but the wvalue is fairly constant
for a number of different specimens and 1s therefore probably
fimilar In the actual fibres examined. There miy well be
excess water In layers on the surface of the crystallites or
in non-crystalline, inter-ecrystallite reglons. 48% 1a there-
fore & maximum possible walue for the structural water of the
erystallites in structure A, Thia value corresponds %o about
8 molecules of water per nucleotides.

The most polar part of the Na DNA molecule lies in the
phosphate groups, end it i1s with these that we should expect

the water molecules to be assoclated. We may note, for example,

that the compounds [GEHEUIE POgla and {EEH?G}E POgHa, in whieh

the bonding of the phosphorgus 1s similar to that in nucleic acid,
are hygroscopie (Drushel and Felty, 1918). For the same reason
we should expect a tendency for the phosphate groups to assoclate

with one another in the structure, just as carboxyl groups are




assocleted In the atructures of orgenie melda and their salta.
We should, in faect; expect te {ind an inter=molecular arrange-

ment of the type

This type of back-to-back bonding of chalns through thelr

pnosaphate groups leads one to expeet that In the orystalline

strueture, the purihe and pyrimidine groups will bs linked %o
similar groups of nelghbouring chains by hydrogen bonds.

Thus we may a&ssume that in Strueture A the mein inter=
moleoular forees are phosphate-phosphate bonds together with
hydrogen bonding between base groups. In the gel state and
in solution there 18 evidence for the existence of small atable
aggregates of molecules linked by hydrogen bonda between thelr
base groupi and heving their phosphate groups axposed to the
agueous medium. In particular, while the phosphate groups in
DNA can be titrated in the normal way, the =lHy and =00 groups
réemaln inacocessible unless the PH is taken sbove 11 or below
& (Gulland end Jordan 1047).

Since the change drom the erystalline struoture to the wet
atate 15 readily and rapldly reversible, it seems recsonable to
suppose that the small moleculsr aggregates of the wet state can
be esslly derived from the grouping existing in the eryatal
atruetura. Thls suggests that in structure A we may expect to
find a small group of chains held together as & unilt by hydrogen

bonds between thelr base groups, and these units linked in




eryatalline array by rhosphate-phoaphate bonda,
The transformation from the erystalline astrueture te the

molecular aggregates of the wet state, in which the phosphate

groups are believed to lle neer the ocutalde, must necessarily

invelve some breaking of phoaphate-phosphate bonds. The ex-
treme rapidity with which water 1s taken up or lost by Na DHA
fibres when the humldity of the surrounding atwosphere is
changed, the large quantity of water which can be abaorbed,
and the continuity of the process which leads ultimately to
gel formation and solution, all ecleerly indicate that the
phosphate groups with which the weter is sssocisted are in a
relatively accesalble part of the atrueture. S8ince we &re
dealing with long=-chain molecules in which the phosphate
groups occur at regular and frequent intervals along the chain,
the phosphate-phosphate bonds and esssoelsted water molecules
will 1lie on lines or surfaces which extend throughout the
strueture, and hydration, swelling and solution will result
from the distention of these polar reglons.

When the water content of Na DNA fibres in state A is
sufficiently increased, strusture B always resulta. 1t 1s
¢lear from the X-ray diagrams that structure B has s lower
degree of order than structure A. Thia suggesta that the
fdditional water has in some way weakened the directional pro-
perty of the phoaphate-phosrhate link, probably by direetly
@ssoelating itself with the sodium ions and forming & new inter=
médlate Iin the link, This would make possible some degree of
inter-molecular displacement in the direction of the fibre axis,
88 well a3 an intra-molecular re-arrangement. Here we may note
that the photograph shown in Plate 1V is strongly characterlatie
of the type of diagram shown by Cochran, Criek and Vend (1052)
to result from & single helical structure.

Further support for these general ldeas is provided by the

phetegreph shown in Plate VI. Here the equatorisl reflection




at about B2A, which 15 a prominent feature of structure B,
Aappears as a well-resolved doublet. The spacings ocorres-
ponding %o this doublet are 28.]1 and 24.8A. The difference
between these spascinga, 2.5A, is approximetely equal to the
thickneas of a single layer of water molecules, and seems to
indisate, therefore, the possible soexistencs in the structure
of two different hydration states.

The water content of fibres showing structure B may vary
within wide 1imits, and 1t is probable that structure B can
co=-exiat with a large quantity of inter-erystallite or inter=-
micellar water. Inereasing the water-content beyond the
lower limit necessary for the passage from structure A to atruc=-
ture B results in ineressed lateral swelling of the fibre, but
this is not accompanied by any further appreciable length change,

It 1s perhaps worth pointing to the analogy whish exista
between the type of bonding and hydration suggested here and
that which 1s known to ocour in the clays (Hendricks and
Jefferson, 1938) and in grephitic scld (Hofmenn, 1531). In
each cage a surfage rich in =CH or =0M (where ¥ is a cation)
groups 1s separated from a neighbouring similar surface by a
layer of water only a few molecules thick, the actual thickness

of the layer depending on the ambient humidity, The existence

of the water layer probably permits some degree of dis-aligrment

between the nelghbouring structural unita.

The above 1deas seem incompatible with a structure recently
propozed for DNA by Pauling and Corey (Proe. Nat. Acad, Sei.
1663). These authors sugsest a 3-strend hellcal strusture in
which the phoaphate groups form a denae core. It 18 hard to
8ee now the swelling snd solution of DNA in water could be ex-
plained in terms of such s structure. Moreover; if such a
Strusture exlisted in the orystalline state, 1t would be necessary
to asgume a radical inter-molecular re-arrangement in passing

from the orystalline to the wet state. For in tha wet astate




one must explain not only the accesalbllity of the pheaphate
groups and inacceasibility of the -NHg and -Co groups during
titration, but also, and far more important, the availabllity
of phoaphate groups for interaction wlth proteins. S8ince, as

we have seen, the transition from the erystalline to the wet

state is readily and rapidly reversible, such a radical change

in structure seems unlikely.

The influence of drylng

When water i3 progressively removed from the eryatalline
strusture by drying, the sharp X-ray reflections graduslly fade
out and the genersl diffuse scattering inereases. There 1s no
8ign of the formation of & new ordered state in the dry subatance,
and the erystalline state 1s restored immediately on exposure
to & molst atmoaphers. Indeed, & more perfect oryatallinity
in & speolmen can frequently be attained by strong drying fol-
lewsd by re-wetting., 1t seems, therefore, that drylng does
not break the phosphate-phosphate links but, if anything, cementas
them more strongly. The removel of water astresses and distortas
the strueture, destroying its regulsrity, while leaving the
basie S=dimensional skeleton intaect. The effect on the X-ray
diagrams may be compared with that of strong thermal agitation,

The diffuse low-angle scattering observed after strong
drying (Plate Va) :ﬁgi; that complete removal of the water results

in the formation of holes in the strusture.

Sequence of nucleotides

All X-ray photographs of Wa DHA show a rather strong back-
ground of diffuse somttering. While it 18 possible that this
is merely due to the presence of small non-erystalline reglons
separating the erystallites, an alternative explanation might
be suggested, We have suppoased that phosphate-phoaphate bonds

&re responslible for the inter-molecular order in the erystalline

itate, and that they form a rigid skeleton strong enough not te

Y




be disrupted even by the strains produced by intensive drying.
It mey be that, while the phosphate groups form & truly ory-
stalline array, the base groups of the mucleotides do not,

possibly owing to different bases occupylng equivalent srystal-

lographic positions.
aﬂwwh"-‘
Wilkins es—el (1953) have shown that fibre disgrams simllar

to that of structure B mey be obtained from Na DHA from a
variety of sources other than calf thymus. in these, the
sontent of the different nucleotides is lmown to vary consi-
derably. 1t seems, therefore, that in atructure B all nucleo-
tides may be erystallographlcally equivalent.

tructure A, on the other hand, has been obtained only
from calf thymus Na DNA, end it 1a natural to enquire, there-
fore, whether this structure is dependent on a particuler
nugleotide sequence. Hers one obvious difficulty arisea. It
structure A is truly orystalline - that is, if a given posltion
in the unit eell is elways occupled by the same nucleotlde =
then the sequence of nucleotides in calf thymus DHA must be
8imples and invariable; itas repeat unit must lle within the
bounds of a single unit cell. In view of the blologleal pro-
perties generally asttributed to DNA, this seems unlikely. Om
the other hand 1t slsoc seems improbable that purine and pyrimi-
dine groups, whlsh differ from one anothar eonslderably in
shape and size, oould be interchangeable in a atructure as
highly ordered as structure A. A posaible :iﬂﬂtiun, therefore,
is that in strueture A oytosine snd thymine are lnterschangeable
and adenine and guanine are Interchengesable, while & purine and
a pyrimidine are not. This is suggested by tha remarkably
similar orystal structures found by Niss Brogunead (1951) for
adenine snd guanine hydroschlerides. In this way an infinite
variety of nucleoctlde segquances would be possible, to explainm
the biologleal aspecificlty of DHA, while the exlstence of a

erystalline structure in ealf thymus Na DNA would b attributed




to & particular purine-pyrimidine seguence.
COMCLUSIONS

The structural changes whieh oeour in Na DHA fibres when
thelr water content is wvarled suggeat that the fundamental
struvstural unit is a group of molecules so arranged that the
phoaphate groupa ere exposed and ascessibls to water. Thia
is entirely conslistent with the work of Oullend end Jordsn
(1947), who concluded that the hydrogen-bond-forming =0H and
=NHe groupa, whish lie at the opposite end of the nucleotides
from the phosphate groups, are inascessible to water in agueous
solutions of Ne DNA at pH between 5.0 and 11,0. Fresumably,

hydrogen bonds link nelighbouring ehains through thelr -0H and

=il groups and form a stable aggregate of molecules which

survives as a micelle in agueous solution.

Such & group of molecules, in whieh the hydrogen=-bonded
groups are turned inwards and the phosphate groups outwards,
explains the ready availsbility of phosphate groups for inter-
astion with proteins. Horsover, since both the protein im
nusleo-proteins and the water in Na DNA fibres are belleved
to be assoclated with the phosphate groups, 1t is cencelvable
that the Na DNA strusture might exist without great modification
in the nuclele s0id of nusleoproteins, the protein taking the
plase of the struetursl water.

It 18 hoped that further X-ray work will vyield szome lmow-
ledge of the precise form of the apparently stahle group of

Na DNA molecules.
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THE STRUCTURE OF SODTUM THYMONUCLEATE FIBRES

II, THE CYLINDRICALLY SYMMETHRICAL PATTERSON FUNCTION

Rosalind E. Franklin and R. G. Gosling

Wheatatone Fhysles Laboratory
King's College London

SUMMARY

The positions and meximum photographic intensities

of reflections have been messured on AI-ray mierophoto-

graphs of highly erystalline sodium thymonucleate fibres.

A procedure is described for deducing from these measure-

mente the integrated intensitles of the reflections.

These have been used to celculste the eylindrieally

symmetrical Patterson function. From this Patterson

function it was possible to obtain the unit cell and

hence to allot indieces to all the 66 observed reflections.

Confirmation of the correctness of the indexing was ob-

talned from photegrapha of a aingle fibre whiech showed

double orientation of the erystellltes.




INTRODUCTION

In the preceding peper it was Bhnwﬁ that by varying the water
gontent of highly orientated fibres of sodium de-oxy-ribonucleate
(NaDNA) different structural modifications could be obtained.

The most highly ordered structure was that obtalined when operating
at about 75% R.H. (structure A). This has therefore been selected
for a systematlie guantitative study.

The fibre dlagram of this erystelline structure |(Franklin and
Gosling, 1933, Plate I) shows 66 independent reflections distributed
on nine well-defined layer-lines. During the course of sttemptis
to index the reflections it became fairly clear that the unit cell
was monoelinie e-face—cantred, with the e-a2xis parallel to the fibre
axis. However, owing to the inevitable errors of measurement, and

to the ambiguities of indexing reflections at large angles of

diffraction, 1t was not found possible, by direet inspection, to

eatablish sll the cell parameters with certalnty. It was therefore

decided to calculate the eylindricelly symmetrical Patterson

funtion described by MacGillavry and Bruins (1948)., This function

containe &ll the information whieh ean be ebtained from the fibre

disgrem without sllotting to the reflections any indices other than

their layer-line numbers, and is therefore periodie in the e-direction

only. It is the function whiech would result from taking the true

three-dimensional Patterson function, glving it eylindrical symmetry
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by rotating it sbout an axls through the origin snd parallel to the
fibre sxis, and then taking & gection through the eaxis of rotatlon.

The prinelpal periodicities, or lattlce translations, other than
thet corresponding to the layer-plane specing, will be revecled &8
important peaks in this ‘woperiodic Patterson function. They will, in
general, be distinguished from other Fatteraon peaks in that thelr
second (and higher) orders will be observed,

MacGlllevry end Brulns (1948) have shown that the cylindrically

gymmetricel Patterson funection }E/‘Irk‘} is glven by the equations

Oy s =

& (z,x)

Here % ; = g /)‘ , Where % is the

Bernsl coordinste. % awsd )i M wnreluett {,‘p( Mee  weslewd edialin, |
(L%
Ig iz the intensity on the \—4( th layer-line st e

F
distence g from the flibre axls in R-space

]r.:, (ij 1s the zero order Bessel function of [

V is the volume irradiated
N is the totsl number of periods in the fibre directlon,
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in the discussion whiech followa, end so have {ntroduced 1t here,
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If each leyer-line shows only dlscrete reflectlons whose integrated

intensitiea con ba measured, the integral 1n eguation -

- (1) may be replaced by & summation, and

AG) - STES)T@EN. o

i,

L2 i
where _L_il:ﬁ}% )15 the integrated intensity of a reflection oecurring on

'
thnuéih leyer-line at a diatancaﬂﬁ from the fibre axis,

et

and f : .
Z(x)= NV ().

EXPERIMENTAL

Measurements were made on photographs teken with & speclmen-film
distance of 15 mm. using the Phillips micro-cafiése end en Ehrenberg-Spear
fine-foocus tube as deseribed in the preceding paper,. A constant stream
of hydrogen at 75% reletive humidity was passed through the camera during
the exposures,

In order to search for further reflections on or near the fibre-axls

direction, photographs were zlso taken with the fibre ineclined to the

X-ray beem at & series of angles in the range 85° to T70°. A miero-camers
wes designed specifieally for this purpose and will be described else-
where. The specimen-film distence and collimator dimensions were the
game &5 those of the Phillips micro-camera,

These photographs revealed only one reflection not observed with the

fibre perpendicular to the I-ray beam. This reflection lies on the llth

layer-line on, or elose to, the fibréuuxia direction, It 18, however, a

weak reflection and in the guantitative work described here its intensit)




when corrected for geometricel factors, ls negligibly small.

For the measurement of the R-spuce co-ordinates and the intensities

of the 66 independent refleg¢tions stendurd methods could not bespplied

owing to the small size of the photogreophs, cnd to the varlety of shepes

and slzes of the photegraphle spots. A deaseription of the methods used

is glven below.

Mepsurement of FR-space co-—ordinstes

For the messurement of the positions of reflections the
microphotographs were projected on a white gerdboard screen uslng &

magnifieation of about 10. The centres of the reflections were then

marked on the eard and their x add y co-ordinstes measured. For the

puter refleetions en indieation of the length of the earcs was also

recorded, The use of the projector rether than a travelling microscope

pes found not only to be much less fatlgulng, but also to provide a more
reliable estimate of the positions of weak reflections and a more
convenlent method of moking messurements on curv} layer-lines.

For cslibration of the scale of the projected photogriphs,
photogrephs teken with ¢ Unicam single-crystul camers were used. in

this way, the very strong equutorisal reflection was shown to correaspond
to & specing of 11.3A, Usigg this value, the ap,ropriate demagnification

factor for converiing the measurdd x and y co-ordinctes Lo the scale

of & Bernal chart wes calculated, and hence the‘g andE values of each

reflection were obtelined.

Correction for tilting of the fibre axls

A eorrection must be applied to the messured g E“dl values

r
owing to the faect that it is clmost impossible to plsce the flbre




exactly perpendicular to the X-rey beam,
Fig. 1 (a) 1llustrates the diffrection econditions when the
fibre-axis deviates from the ideal position by & small angle § . A

plane parsllel to the lsyer-lines and at a distance from the R-space

origin 0 given by \S = wt,) will give o straight line v(s on the flat
5

film, Layer planes above \ss will form leyer lines which are less
gurved and have reflections more widely separasted than if the fibre were

normal to the direct beam, Layer planes lying helq-’s will form layer-
5
lines more highly curved having reflectlions closer to the meridian, The

genert]l form of the layer lines will be 2s indiecated in Fig.l (b).
Let ?5 and XS be the LprLrenth -values measured above and below
! ]
the equator respectively for & given set of refleetions corresponding te a

spacing d = &lﬁ . It ean be shown that the regquired value of "S’ for

the perpendicular fibre is given by

(4)

(5)

8. (3.* %)/,
(&)

Mensurements of nr'j f end f3 ean thereafore be used to dutermlney,
=
L=

=

a4
Most of our measurements were made on photographs for which j§ was
L =]
found to be about 8 , Values of t;ﬂbtainud with the sid of eguations

(4) and (5) from measurements made on reflections in the first 9 layer-
l1inee are shown in Table 1. Bach welue 15 a mean of messurements on at

least 5 reflections. Neglecting the velue obtained for the Jrd layer-
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line, where the reflections are weak and difficult to messure sccurately,

the mean vrlue of 3 is 0,0547. This gives ¢, the fibre-axis repeat

period, as 28,14,

L : 1 2 3 4 3 6 T B

“I . ,0550 .0540 ,03533 .0545 .0352 .0548 .0545 .0546 ,0551

Having established in this way the layer-line specing, velues nf'g

can now be obtained with improved accuracy for reflections on the higher

leyer-lines, For these, the most accurately pbservable paerameter ia the

radius of the ecirecle on which the four equivalent photographiec spots must

lie. This glves P (= 'l'fdj ’ andg ~velues were therefore determined
/ - &
from the relationship _gi g’ {a W

e

Measurement of intensities

The variety of shapes =nd sizes of the photographie spots makes 1t

{mposasible to estim:te directly the integrated photographie intensity.

It 12 necessary therefore either to explore each spot photometricsally, o

_—

to estimate its meximum intensity end to conslder geparately the question

of spot slze and shape. The latter alternetive was cdopted. Not only
would the photometrie method involve & very large amount of work, but,

in the miecro-photographs aveilable, the grain-size is too large 1in

relation to the spot=size for hotometry to be applied with any degree of

ACCUTratY. Use of fine-grain films would lead to excessive exposure times

gnd thus- remove the sdventage gained from the use of the m.ero-technique.
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The mexmium intensity of esch spot was eatim:ted visuslly by

comparison wlith & standsrd acale. For the preparstion of this scale

the uvlire-{ine collimating system of a low-angle cnmera & (slit width
3FL} wes used to photograph the direct beam, with expesure times varying
from 3 to 90 seconds, A set of streaks of width comparsble with that gl’s
the spots on the micro-photographs was obtalned. The fibre-photograph
was pro jected, a8 for the measurement of the positona of reflections, and
the scale displaced by hand across the photogreph in the projector. The

gtenderd streaks were placed as ¢lose g8 possible to the spot whose

intensity was beling measured in order to eliminate, as far as possible,
the effect of verying intensity of the background.

We must now consider how the measured velues of photogrephic maxmium
intensity ere related to the R-spuce integreted intensities of relfectiong
The relationship will depend on the following factors:-

A

(L) True diffraetion breszdth The bresdth of the reflections;, measurg

=%
along a line joining the relection to the orlgin, 18 approximately econsta

over the whole photograph. It may therefore be assumed that the true

diffrection breadth is everywhers small eompared with the geometrieal

broadening (direct besm size) =nd can be neglected.

(i1) Spread of reflections in R-space due to disorientation
OF the crystellities

e} If the erystallites are perfectly aligned with respect to the

fibre axis but in reddom orientztion cbout this axis, easch reflection will

be spread over & circle of radium g;ﬁ# Meximum intensltlies muast therefors

(] 3
#ATTFLS

*
e wOltipiied-by in order
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be multiplied by g‘r’* in order to relaté them to integrated intensitlies,

g
(This mccounts for the faetor §ﬁr§==;m-@ﬁ which oecurs in Egustion (1)

but not in Equstion (3) j I8

(b) Imperfect alignment of the crystallites with respect to the
fibre axls results in & small angular sgruedﬂgf, (fig. 2) of each
reflection along an arec of & circle with centre at the origin mnd the
fibre axis as dlameter. The length of this sre in R-spece 1s equsl to
5 F(, where 5 is its distance from the orlgin. The R-space maximum
intensity must therefore be multiplied bys to relzte it to the integrated
intensity.

(111) Geometrical fectors inv
in the trensfer of R-spcoe effeocts to t photegraphie film

We have seen that each reflection will be spresad, in R=space, over a
smell volume of circuler symmetry with mean r;dluai%i, end sxls on the
fibre exlis. in oxisl section of tils volume (Flg.Z) shows two elements
gach of area ds,dl where ds is the true diffrection breadth of the

reflection tnd dl, the length of the arc resulting from diserientstlion of

the erystellites with respect to the fibre oxis, ¥e must now conslder
the effeet on the photogrephic meximum intensity of the oblique
{ntersection of ds end dl with the refleeting sphere.

When » reflection interseets the reflecting sphere obliquely two
extreme effects :re possible.

(a) If the diffrsetion breadth is much less than the geometrical
bresdth then the photographie spot-size is independent of the diffrection
breadth, snd obligue intersection leads only to lncrecsed photographic
intensity. This 18 normally true in single-crystel work and 1s corrected
for in the Lorentz factor.

(b) If the diffrection bresdth is much gre.ter than the geometrical
bresdth then oblique intersection with the refleeting sphere lesds to
ineressed spot breadth on the film but does not influence the ma ximum
intensity.

In the present case we have seen that (a) 18 true for the dimension
ds, Since ds makes an angle © with the surface of the reflect ng sphere,

the observed moximum intensity must be multiplied by cos & %o relete 1t




to the integrated intensity.

In generz1l, the effect of oblligue intersection of dl with the
reflecting sphere is important for =11 reflections which ocecur =t & large
angular displacement from the equator. However, in the present work it
happens thst sll sueh reflections oeccur gt diffraetion anglea large
enough for the length of the photographle are to be much greater than the
geometrical broadening (direct beam size). Oblique intersection of dl
and the reflecting sphere is therefore without effect on the maximum
intensity for these reflections (see i1l (b) above) and no special
sorrection is required.

For reflections at small diffraction angles and small angulsr
displecement from the equator, the influence, on the photographiec maximum
intensity of the geometrical broadening in the direction of dl is importan
dl is glven bysﬁtharu p’ia the anguler spread due te disorientation.

To obtein Ff s visuszl estimate wes mode of the §-peak length of the arcs

for equatoricl reflections at large Q. (8ince the wvalue of the

gorrection to be epplied is in any ecase small, this method of estimatlion

wes considered adequate).

This value of ﬁf wes then used to obtain the R-spasce lengths, dl, of

Fd
ares oecurring at smell 8 . The lengths dl, of the photographic arcs fo

Enoure
reflections at smell @ were then obtained, from the dl welues and the ~ens

diameter of the direet beam (by the method of Jones (1938) ). If thes
effeet of obligque intersection be neglected, the ratio of the R-spece
maximum intensity to the photographiec maximum intensity ia glven by dﬁﬁ[‘
The meamured meximum intensity vslues must therefore be multiplied
by this factor.

1t is shown below that eny error introduced by neglecting the
oblikquity correction for the reflections at small @ has little effect
on the resulting Patterson functlon.

¥e are now in & pos itlon to 1list all the corrections whiech must be
applied to the observed maximum intensity values. They are as followsg

1s Multiply by §fA {see(ii) a above)

2. Multiply by cos @ (see (111)a above)

Multiply by = (see (11)b sbove)
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For reflections at small @, multiply by dl1 /dl

Multiply by the polarisation faﬂtf (1+cos 20)&&
Correetion for the influence of the angle of incidence of the
diffracted I-rays on the film (Cox and Shaw, 1930).
Correction for variatlion of specimen-film distenee with @ for
flet film,
B, Absorption correctlon
Correction B, was negligible throughout, Moreover, in the range
@ used in this study, corrections 2, 5, 6 and 7 teken together never
exceed 108, which 18 well within the limit of experimental error of our
intensity messurements. Only corrections 1, J and 4 were therefore used.
For the complete set of intensity measurements 12 fllms were used.
These were obtoined from two exposures on each of two different specimens,
using three films for each exposure. The total range of intensities

measured in this way was from 1 to 96, and sgreement obtzined between

different sets of measurements was better th:n 20% for all excpet a few of
the weakest reflections. Some slight further error may have been
introduced by the =pproximations invelved in obtaining integrated from
meximum intensities, but such error will vary enly smeothly and slowly
w#ith s and will not, therefore, have a major influence on the main feature
of the Patterson dlagram,
Artificial temperanture factor

Since the corrected intensities showed little, if any, tendency to
deerease with increcsing @ an "artificlal temper:ture factor"™ was applied.
Intensities were multiplied by E—u‘.s‘ whers n:-ﬂ?rﬁ-;ﬁlue
chosen to reduce to 0.3 of its value the intensity nf4t§: .lf‘urtnest
equatorizl reflection observed,.

eulation of the eylindrieal Petterson ti

Values of j;ﬂk}uﬁre avellable only for wvelues of u up to 40 (Brit,

!
Asse, 1937, Clapp, 1937). In order to cover the desired range of Qi]'g.x

in the present work, volues of j}ﬁ;}fnr u up to T6b were regquired. These

were caleulated from the epproximation formula :r(u) & Pt L+ cos
h e

e

The results obteined are tabulated in the Appendix.
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Values of the correeted intenuitiuu,l-ing}, were then assembled for

each leayer<line, { , and the summations of equation (3) were carried out

et intervals of 1A in x in the renge x=0 to 50A. For each value of x,

X
the required Patterson function is then given us & function nrwi by the

cosine series of equation (2),
RESULTS

The resulting cylindriecally symmetrical Patterson funetion is shown
in Mg. 3.

Before seeking in any woy to interpret this funetion it seemed
desireble to have some ides of the extent o whieh it might be infiuenced
by possible errors in the intensity measurements. The grectest possible
source of error llies in the two strongest spots, those at 11,3A on the

squator and st 12.4A on the Znd layer-line. Bach of these is clearly

an unresolved doublet, & fact which wes sllowed for only by making a visual
egtimate of the breedth of the are. Moreover, in the case of the Znd
layer-line doublet, no correction wes made for obligue intersection with the
reflecting sphere (see above) and the intensity wvalue sdopted wes therefore
somewhat too high. It was estimated that, for these refleations, the
meximum possible error from all sources wassabout 30%. The Patterson
funetion was therefore ealeulated for values of x up to 26A for these two
doublets slone, and one-third of it subtrected from the function shown in
Flg.4. It iz clesr that the principal features of the fUHctiun ere
substantielly unaltered by this procedure, and thut the effeet of
experimentsl error in intensity measurements is therefore nbt important.

The Patterson function shows & number of strong, well-defined peaks,
end among these we must look for the lattiee translations,

The first important region of high density occurs et x=12 - 144 and

- 9A, However, it ean readily be shown that it 1s impossible to inde
the ejuatorial refleections on the besis of s unit eell in which one
parrmeter has an x-component of cbout 13A.

The peaks around x= 2ZA, TL=2A, and x: 40A, 2= 0 were next selected
as poasibly conteining lattice vectors. These agreed well with the

--inﬁ ratio of 1.82 indicsted by the spplication of a Bunn chart to the

sguatorisl reflections, and led to the gatisfactory indexing of sll the
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66 observed reflections on the basis of &« fagce-centred monoclinie unit

ceell having the following perameters
B = 22,04
b = 39.84
e = 28,14
and = 96.5

Agreement between caluuleted and observed volues of g wes gener:zlly
better thon 1%, end in no case worse than Z2%.

It was found that for the larger velues of @ on the equator and the
first and second layer-lines no reflection could be indexed unambiguously;
reflections which shoul d have been well-resolved and single were cbsent.
This result is clearly not fortulitous,. It seems to imply that the presend

or absence of observable reflections in this reglon is not of great

significance; single reflections are not strong enough to be distinguished
from the rather strong diffuse banckground, and only where the geometry of
the reeciproeal lettice is sueh that two or more reflections reinforee one
another ean a photographie effect be observed. On this sccount the
introduction of an "artificial tempersture fauctor"” mentioned =bove is more
then usuelly important.

When all possible indlces of the observed refleotions ore token into
agcoant the totsl number of reflections is incressed from 66 to 9Z.

Space grou

Owing to the relatively small number of reflections observed, and to
the embiguity of indexing the reflections at lorge 9 , systematic absences
#annot be detected with certasinky. However, since the asymmetrie carben
atoma of the sugar rings preclude the existence of a plsne of symmetry, C2
is the only space-group possible,

Double orientation

A fortunate sccident provided a rather satisfactory confirmation of

the eorrectness of the indexing scheme. One fibre, of diameter about

Iﬂfﬁ was folind to glve a photogreph showing strong double orientation.

That is;, the erystallites were not in randem orientation sbout the flbre
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axis, snd gave, &8 & result, something intermedicte between & rotation

and an osclllation photegraph. This photograph is shown in Plate I.
It will be seen thut many palras of equivelent reflections in sdjscent
guadrants have markedly different intensitles,

A 1list was drawn up in whieh those }erlautlans which were strongest
in the top left-h:nd quadrant of this photograph were lebelled L and those
strongest in the top right<h:nd quadrant were labelled R. It was then

found that &1l reflections labelled L had been allotted indlces nkuf

whereas all R reflections had indices hkdl . The distribution of the

observed reflections among the different quadrents in R-space as determined

independently by the process of allotilng indicesils thus directly
enfifirmed by compurison with the distribution reveszled in this photegraph.

It wrs thought that the double orientation shown in Plate I wzs
probably due either to s mechanieal cccldent to the flbre, or to

preferentinl orientetion of the epystullites which lie near the asurface,

Tooe

The series of attempts to reproduce the effect in other flbres have,
however, been unsuccessful, Firstly, single fibres were ploced on & glaas
glide and flattened by rolling & glass rod clong the direction of the
fibre-axisa. When alr-dried fihreﬁ were used this resulted in & truns-
formstion to the unsteble, optieslly positive state (Wilkins et al, 1951)
whieh 18 highly diserdered; that is, it had the same effect as excessive
atretching. If, on the other hand, the fibres were rolled while at 75}
relative humidity they remsined optieally negative but showed subsequently
the less highly erdersd structure B (Franklin snd Gosling, 1953, Plate d),
Segondly, I-ray photographs were tsken of single fibres displeced with
respect to the collimator in sueh & way that only ¢ emell reglon necsr the
surfece of the fibre wes exposed te the i-rays. In thie way several well-

srientated photogrgphs of structure A were obtalned, but they showed no

troce of double orientztlon.

Density Determination

The density of NeDNA at various humidities wus meamired by the

following methed.
Homogeneous lumps of dry Na DHA were prepared by allewlng pleces of

gwollen gel to dry slowly, stirring them gently at first to allow trupmd
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elr to escape, The lumps were then dried over &Dj &t room

tempersture for severul weeks. To measure the density of the dry
substance, each lump wus pleced in CC{, in o test-tube, and the
temperature allowed to rise slowly from below ..m'r, until the lump just
sank., In this way a den=ity renge of about L65 to 1.58 g/ee,
corresponding to temperztures from =10 to 25 °C, eun be satiafeoctoril

covered, The density of dry Na UNA wes found to be 1,625 % ﬂ.ﬁ{}zj‘[u

st 4 = 1°C s in good agreement with Astbury's value of 1.553/.:,;,_

(Asbury 1947).

By using, in the same tempersture renge, CHC; in place of CCLy
densities between abaut 1.54 and 1.48 g/ec ean be measured, Lumps of
Na DHA were maintained at the required relative humidity until
equilibrium was reached, then immersed in the eppropriate liguid

(ccLy or CHCL,) the temperature of whieh wes rapidly edjusted to give
o density mezsurement. In this way the density of Na DNA et T3¢ Rs H,
r52)t avcon, r v
was found to be ( g/ee \ecorresponding to a temperature of < Ctod (

in EHﬂ-Ej'.l. The water uptoke of the lumpe at 75% R.H, was 32 - 42% .

bér of nucleotides per unit
cell

We are now in & position te assign upper and lower limites to the
number of nucleotides per unit cell, The walue ecannot be fixed
precisely owing to the uncerteinty in the guantity of water in the
erystallities (Franklin and Gosling 1953); this in turn leads to some
uncertainty in the density of the erystalliities, which mey well be
slightly grester than the velue measured for the bulk material at 75%

H|H¢
In Table 2 we show the number of nucleotides per faxee-centred

unit cell, calculsted for w:ter contents of the erystallites eorrespond-
ing to from 4 to 8 molecules of water per nucleotide, and assuming a
density of /-53/ gfec for the erystallites.
DISCUSSION
it has been shown that the use of the eylindrically symmetrical
Patterson funoction has enabled the unit eell to be established for th
most highly ordered state of the sodium desoxy-ribonucleste obtalned

from ealf thymus, For subse,uent stuges in the elueldation of tnis
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structure, methods used in the determination of structure of single
crystals can therefore be applied, Work on the three-dimensional
Patterson funetion is now in Progrese and will be deseribed in s leter
paper., Bines this i3 & much mere powerful instrument than the
eylindriecal funetion, no attempt will be m:de to introduce hypotheses
concerning detd ls of structure at the present Btage. A few comments
of & general nature may, nuwevef. be m:de,

The Patterson function shows rather few pecka of remarkably
high intensity relative to thet of the peak at the erigin, Since the
unit cell conteuins a very large number of atoms (of the order of 1000
excluding hydrogen end water) it seems probable thot the main features
of the funetion represent phosphate - phosphate interesctions, these
being the heavie st group in the structure.

It will be observed that the fece-centred monoeliniec unit sell
i nesr-hexsgonsl in pro jection, Nevertheless, there is evidence to
suggest that the symmetry of the structural unit itgelf 18 far from
eylindrienl, Although the nature of the accident which produced
doble orientation of the eryatallites in = flbre (Plate I) is unknown,
it seems unlikely that it could have gecurred st 8ll if the individual
ur:stnllitcu had & high degree of symmetry about the fibre axis, Mores

over, when the refleetions sre indexed it is found th=t nearly all the

strong spots have indiges Lhki]; the total intensity in (hk{)

reflections isout twice thet in the (hkf)'s.

i
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IABLE 2

Number of nuclestldes per unit eell

lean molecular welght of dry nucleotide = 330

Density of BalNA st B.H., 7524 =

Ko, molegules ‘ ; | inter No.nucleotldes

1
wieter per | nacleotide econtent, per unit gell

I nucleotide [ end water per gent
{

40

420

438

456




a) Meagrem showing reelprocal lettice planes and reflecting

iphere for tilted fibre .

h&,

b Appenrance of phetegreph for diffraction econditions shown im |
F o,

3w
L=poaltion of equivelent reflections with fibre normul te

l=rny beam .
position of eguivalent reflections for fibre inclined at
(90 =7 ) te isey beanm .
Hegram i1llustruting spread of reflection in reciproesl
epace .
Cylindriesl Fatterson function of MaDNA (structurs A) .,

Function shewn in Flg. 7, with sontribution of stropg

reflectlons reduced by one third,

UEBADING TO PLATES

dinEL; fibre, sbout IGFLMI metear, ipecimgn-Film

distance 15 mm. Exposure =bout 100 heurs, Fhotoegraph

shawine double srientation.
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ACTA CRYSTALLOGRAPHICA

FROM THE BRITISH CO-EDITOR AND TECHNICAL EDITOR
R. C. EVANS

CRYSTALLOGRAPHIC LABORATORY, CAVENDISH LABORATORY, CAMEBRIDGE, ENGLAND
Telephone: CamBrIDGE 55478 Telegrams: CrystaLs, CAMBRIDGE, ENGLAND

In reply please gquote 1643

Dear Miss Franklin,

One or two small points about the proofs which you
have just returned:-

l. In the reference to the COLD SPRING HARBOUR SYMPOSIUM,
the printer has queried the word 'quant'. We like to give
such titles in full, and I should be glad to know what this
abbreviation stands for.

2. In the short footnote which you wish to add, you
refer to NATURE Volume 171 Pages 737 and 740. Will you please
give me full details of these t erences with the authors'
names?

Toa] +
LWL L

4

3. In the text you give the reference Clapp 1937, but in
% T
= f =

the bibliography as Clapp 1947. Will you please let me know

which is right?

As soon as 1

IresSs.

Yours sincerely,

7 e I
R

Miss R.E. Franklin,
Birbeck College,
Malet Street,

L':‘ NDON. W.C. 1 .
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IHE STRUCTIURE OF SODIUM THYMONUCLEATE FIBRES

II, THE CYLINDRICALLY SYMMETRICAL PATIERSON FUNCTION

Rosalind E. Franklin and R. G. Gosling

Theatatone Physles Laboratory
King's College London

SUMMARY

The positions and meximum photographic intensities

of reflections have been mecsured on L-ray microphoto=-

graphs of highly crystalline sodium thymonucoleate fibres.

A procedure is described for deduelng from these measure-

méents the integrated intensities of the reflections.

These have been used to celoulste the eylindrically

symmetrleal Patterson function. From this Patterson

function it was possible to obtaln the unit cell and

henee to &llot indices top mll the 66 observed reflections,

Confirmation of the correctness of the indexing was ob-

talned from photographs of a single fibre which showed

double orientetion of the erystzliites.




INTRODUCTION

In the preceding paper it was shown that by varying the water

gontent of highly orlentated flbres of sodium de-exy-ribonucleate

(NaDHA) different structural modifications could be abtained.

Ihe most highly ordered structure was that obtalned when operating

at about 75% R.H. (structure A). Thie has therefore been selected

for a systematic gquantitative study.

The fibre diegram of this erystelline strueture (Franklin and

Gosling, 1553, FPlate I) shows 66 independent reflectlons distributed

on nine well-defined layer-lines, During the gourse of attempts

to index the reflections it became fairly eclear that the unit cell

wad monoclinle c=face-~centred, with the c-sxls parallel to the flbre

axia. However, owing to the inevitable errors of measurement, and

to the ambiguitiea of indexing reflections at large angles of

diffraction, it was not feund pos=zible, by direet inspection, to

esteblish all the cell parameters with certainty. It was therefore

decided to caleculete the eylindriecslly symmetriesl Patterson

funtion deseribed by MaeGillavry and Bruins (1348), Thias funetion
eonteins sll the information whieh can be obtalned from the fibre

diagram without allotting to the reflections any indices other than

thelr layer-line numbers, nqd is therefore periodie in the e-direction

only. It 1s the funetion which would result from taking the trus

three-dimenslonal FPatterson funetion, glving 1t cylindrieal symmetry




Ew

by rotating it about an axis through the origin and parallel to the
fibre axis, and then taking & section through the axis of rotation.

The princlpsl periodicities, or lattice translastions, other than
that corresponding to the layer-plane spacing, will be revealed as
important peaks in this Waperlodic Patterson funetlon. They will, in
general, be distinguished from other Fatterson peaks in that thelr
second (end higher) orders will be cbserved.

MecGlillavry and Bruins (1948) heve shown that the cylindrieally

symmetricel Patterson function }Z/(E!I) iz glven by the eguations

Z0)= Wy [H(4,6) T (@ ghgdg’ w

Flax) = = & (e rlz

(2)
~
Here ‘-% = g/}" s Whare % is the
Bernal ceoordinate. = u.ﬂ,z:t{ )1 13 | L.nNJ.Ln.Sm E{ flaz L.Lu;mr f&dh!_mu-q

. ;
"‘H’(“& }‘g ) is the intensity on the ‘,{ th layer=line at o

o
distance ‘Q from the fibre axis in R-Epace .

A
—~
Ja (’I.I.H is the zero order Bessel function of UL.

V is the volume irradiated
N is the total number of perieds in the fibre directlon.

/ .
Boor TRt 1ot %%EFE”“EFJEFE&‘ED%A“&3?5-%-?a 38 508 Pernidiion

in the discussion which follows, &snd so heve introduced 1t here,




.
If each layer-line shows only discrete reflections whose integrated

intencities oen be measured, the integru:l in equation

C;r{lj may be repleced by a summation, end

& ‘(x) = ‘E'f: 1('{.- grj Jo (Q“ b EI)- (3)

where ]:Léqu) is the integrated intensity of a reflection occurring on

'

tha-Eth layer-line et & distances E from the fibre axis,

53'/;(1} 3 Mv'ffx (x).

EXFERIMENTAL

and

Measurementa were made on photographs taken with & specimen-film
distance of 15 mm. using the Phillips micro-camemesnd an Ehrenberg-Spear
fine-focus tube as described in the preceding paper. A eonstant strecm
of hydrogen at 753 relative humidity was passed through the camers during
the exposures.

In order to search for further reflections on or near the fibre-axis

direction, photographs were slso teken with the fibre inclined to the

I-ray beam at & series of angles in the renge 85" to Tﬂu. A miero-camers
was designed speeifleally for this purpose and will be described else-
where, The specimen-film distance and collimator dimensions were the
same as those of the Phillips micro-camera,

These photographs revealed only one reflection not observed with the

fibre perpendlcular to the I-ray beam, This reflection lies on the 1llth

layer-line on, or c¢losa to, the fibre-axis direection. It ia, however, a

weak refleetion and in the quantitative work described here its intensity




when corrected for geometrical fectors, 1s negligibly small.

For the messurement of the R-space co-ordinetes nnd the intensities
of the 66 independent reflé¢tions standard methods could not besppllied
owing to the small size of the photogrephs, end te the wvarlety of shapes

and sizes of the photographic spots. A description of the methods used

is glven below.

Measurement of R-spzce co-ordinates
For the meassurement of the posltions of reflections the

mierophotographs were projected on a white eardboard sereen using a

magnification of about 10. The centres of the reflections were then

marked on the card and thelr x add y co-ordinastes measured. For the

outer reflections an indieatlon of the length of the a&rcas was alse

recorded. The use of the projector rether than a travelling microscope

wes found not only to be much less fatigulng, but also to provide & more

reliable estimate of the positions of weak reflections end a more

€
gonvenient method of meking messurements on curvg layer-lines.

For ealibration of the acale of the projeected photogrophs,
photogrephs teken with ¢ Unlcam single-crystul camera were used, In

this way, the very strong equetorisl reflection was shown te correspond
to a spacing of 11.3A., Uslgg thlis value, the apyropriante demagnifieation
factor for converting the measurdd x and y co-ordinates to the soale

of & Bernal chart wes calculated, and henece the's tmd‘s values of each
reflection were obtalined,

Correation for tilting of the flbre axls

A correction must be epplied to the measured E &nds values

owing to the feet that it is clmost impossible to plece the flbre




exactly perpendicular to the X-ray besm.
Fig. 1 (e) 1llustrates the diffraction conditions when the
fibre-exls deviates from the idesl position by a small angle\f. A

plane parsllel to the lesyer-lines and at & distance from the R-space

origin 0 given by ‘3‘ = w\ﬂ will glve a straight line "l:s on the flat
5

film. Layer planes above [~ will form layer lines which are less
s

curved and have reflections more widely separcted than if the fibre wers

normel teo the direet beam, Layer planes lying halouﬁz wlll form leyer-
5
lines more highly curved having reflections closer to the meridisn, The

genersl form of the layer lines will be cs indlecated 1in Fig.1l (b),

Let 3‘ and ¥ be the apparent T -values measured above and below
! \

- ~

the equator respectively for a glven set of reflections corresponding to &

g

spaecing ci = fﬂ} ' It ean be shown that the regquired velue of T for
the perpendicular fibre is given by

“E =

whence

(6)
Measurements of  , [/ ean therefore be used to dete:m.nea:
wdl f

Most of our measurements were mede on photographs for which { WEE

found to be mbout En & Values of E‘uht;inud with the ald of equations

s

(4) end (5) from measurements made on reflections in the first 4 loyer-
iines ore shown in Table 1. Bach vaelue 15 a mean of messurements on a

least 3 reflections. Neglecting the volue obtained for the “rd layer-




6.

line, where the reflections are weak and diffieult to mensure socurately,

the mean vrlue ur*g is 0,0547, This glves e, the fibre-axlis repeat

period, as 28.14,
TABLE I

Lz 1 2 3 4 2 6 7 8

'}': .0550 .0540 .0333 .0545 ,0352 .0548 .0545 ,0546 « 0551

Having establiched in this way the layer-line spaeclng, velues n:rfg

gan now be obtained with improved mecursey for refleetions en the higher

layer-lines. For these, the most accurstely observable parameter ls the

radius of the eirele on whieh ths four squivalent photographic spots musat

lie, Thies glves .F (= 'i‘f;.) i and§ =velues were therefore determlned

‘§ 2 fl--“

C

from the reletionshlip =1 (J:,I\ \.‘2'

Measurement of intenslities

The varlety of shapes ecnd sizes of thn-fhotngraphic spots makes it

impesalble te estimate directly the integrated photographle intensity.
It 18 necessery therefore elther to explore each spot photometrieslly, or
to estimate its meximum intensity and to conselder separstely the question

of apet slze and shape, The latter elterncetive was cdopted, Kot only
would the photometrie methed invelve = very large amount of work, but,

in the miero-photogreyhs aveilable, the grain-size is too large in

relation to the spot-size for chotometry to be applied with sny degree of

BCCUTACY . Use of fine-graln films would lead to exgesslve exposure times

and thus remove the cdventage gained from the use of the micro-technigue,




Te
The maxmium intensity of each s;ot wes estimnted visuslly by

comparison with & stand:rd seale. For the preparation of this scale

the ultra-fine collimeting system of & low-sngle crmere & (slit width

EFL} wud used to photegraph the direct beam, with eipesure times varying

frem 3 to 90 seeonds. A set of streaks of width comparsble with that o

the spots on the micro-photographs was obtulned, The flbre-photegrs;h
projected, &8 for the messurement of the positons of reflections, and

the scale displaced by hand across the vhotogreph in the projeetor. The

standard stresks were pleced as close as possible to the spot whose

intensity was being messured in order to eliminate, as fur as possible,
the effect of verying inteneity of the background.

We must now conaider how the memnsured velues of photographic maxmium
intensity are related to the R-sprce integrated intensities of relfectlion
The relationship will depend on the followlng factora:-

g

(1) ZTrue diffrsction bresdth The breadth of the reflections, meesurt

-t
elong & 1line joining the relection to the origin, is approximately consten

ever the whole photograph. It may therefore be zssumed that the true
diffraction bresdth is everyrhere small compared with the geometrical
broedening (direct besm size) ~nd ean be neglected.

\1i) Spread of reflections in R-space due to diserientation
8F the erystallities

la) If the crystallites are perfectly aligned with respect to the

fibre exis but in raddom orientation sbout this axls, eseh reflection wi

be sprend over a circle of radium f’ﬁ. Meximum Intensities must therefore

e muttipiled by Ln-6Fder x I




8.
be multiplied by ﬁiﬁ in order to relaté them to integrated intensities,

iThis sccounts for the factor RTI_"?':'Q?{E}{\ which oecurs in Egustion (1)
but not in Equation (3) ).

(b) Imperfect alignment of the crystullites with respect to the
fibre axis results in a smell angular syraad,jﬁ, (fig. 2) of each
reflection along an arc of a cirele with centre at the origin and the
fibre exis as dismeter, The length of this sre in R=spuce 1s equel to
SJﬁ s Where S 18 its distance from the origin, The R-space maximum
intensity must therefore be multiplied bys te relate it to the Aintegrated

intensity.

(111) CGeometricsl frotors involved

the transfer of R-spcge effects to the photogrephie film

¥e have seen that each reflection will be spread, in R-space, over a
emall volume of elrculer symmetry with mean rxaiungi,.nnd exls on the
fibre exis. An sxlal sectlon of tils volume (Flg.Z) shows two elements
éach of cres ds.dl where ds 1s the true diffrsction breadth of the

reflection snd dl, the length of the sre resulting from disorientetion of

the erystcliites with respect to the fibre axis, e must now conslder
the effect on the photogrephic maximum intensity of the obligue
intersection of ds and dl with the refleeting sphera,

¥hen & reflection interseets the refleecting sphere obliguely two
extreme effects =re possible,

(a) If the diffraction bread@th is much less then the geometrical
breadth then the photographic spot-size is independent of the diffrsetion
bresdth, and oblique intersection lesds only to incressed photographic
intensity. This 1e normelly true in single-érystel work and is corrected
for in the Lorentz factor.

{b) If the diffreetion bresdth is much grecter than the geometricsl
breadth then oblique intersection with the refleeting sphere lesds to
lneressed spot breadth on the fllm but does not influence the maximum
intensity.

In the present case we hove seen that (a) 1s true for the dimension
ds, Since ds mekes an angle & with the surface of the reflectl ng sphere,

the observed meximum intensity muest be multiplied by eos & to relate it




to the integroted 1ﬁtannitr.

In generzl, the effect of obligue intersection of dl with the
refleeting sphere 18 importont for =1l reflections which secur rt a large
angular dleplagement from the egquater, However, in the present work it
happens thut all suech reflections cacur st diffraetion anglea lerge
enough for the length of the photographie are to be much greater than the
geometrical broadening (direct beam size). Obligue intersection of dl
end the reflecting sphere 1s therefore without effect on the maximum
intensity for these reflections (see 111 (b) above) and no special
correction is required.

For reflections at small diffraction angles and small angular
displacement from the equator, the i.rfluence, on the photographie maximum
intensity of the geometrical broandening in the direction of dl 1s important
dl is given hyjjﬁ:herajﬁ’ia the angular spread due to disorientatien.

Io obtain ;Efb visuzl estimate was mode of the j-peak length of the arcs

for equatorisl reflections et large §. \8inee the walue of the
correction to be aprlied is in any cese small, this method of estimation

was consldered adeguante),

This value of ﬁf was then used to obtain the R-space lengths, dl, of
ares occurring at smell O ., The lengths dlfraf the photographlie aros for
reflections at smaell @ were then obteined, from the dl velues and the known
diemeter of the direet beam (by the method of Jones (1938) ). If the

effect of obligue intersection be neglected, the retio of the R-spuce

/
meximum intensity to the photographie maximum intensity is given by dlf&i

The measured meximum intensity values must therefore be multiplied
by this faotor.

It 12 shown below that eny error introduced by neglecting the
oblidquity correction for the reflections at small @ has little effect
on the resulting Patterson functlien,

We ore now in a pos ltion to list ell the corrections whieh must bas
epplled to the observed meximum intensity values, They are as follows:

1, Multiply by f/}* (see (11) a above)

2s Multiply by cos @ (see (111)a above)

3. Multiply by s (see (11)b above)




i ln-
For reflections at small @, multiply by dl /dl

Multiply by the pelarisation focts (1 —cos—28 & ﬂ//“» et 28
Correction for the influence of the angle of incidence of the
diffracted XI-rays on the film (Cox and Shaw, 13930).
Correction for variatlion of specimen~-fllm distence with @ for a
flet film,
B, Absorption correctlion
Correction B, was negligible throughout. Moreover, in the range of
® used in this study, corrections 2, J, &6 and 7 taken together never
exceed 108, which is well within the limit of experimental error of our
intensity mesmurements., Only corrections 1, 7 end 4 were therefore used,
For the gomplete met of intensity measurements 1z fllms were used.
These were abtoined from two exposures on each of twe different speclimens,
using three films for each exposure, The total range of intensitles

measured in this way wae from 1 to 96, end sgreement obtained between

different sets of measurements was better th:n Z0% for all exepet & few of
the weakest reflectlons. Bome slight further error may huove been
introduged by the spproximatione involved in obteining integrated from
maximum intensities, but such error will vary on!y smeothly and slowly
with s end will not, therefore, have a major influence on the main fezture
of the FPatterson dlagram.
glal temper fa

Sinee the corrected intensities showed little, 1f any, tendency to

decrease with increasing @ an “urtificyfl temperzture factor® was applied,

to2 #-5¢
a“s
Intensities were multiplied by ¢ where a = 07456, o value

chosen to reduce to 0.3 of its value the intensity of the furthest
squrtoriel reflection obaerved,.

Culeulation of the eylindrical Patterson function

Y
Values of ]:ﬁq were avelilable only for wvelues of u up to 40 (Brit,

=1 4
Asse. 1937, Clepp, 1937). In order to eover the desired renge uf;ﬁ%iﬁ

in the present work, vclues of T}ﬁ; for u up to 76 wers regulired. Theae

Jw.

mere calculated from the spproximstion formula 'J'( o St W Feas Ul
oY) ~ —_—

The results obtained are tabulsted in the Appendix.
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Values of the corrected intensities,l G.;:ﬁ J, were then assembled for

egch leyer-line, i s and the summations of equation (J) were carried out
et intervals of 1A in x in the range x=0 to 50A, For each velue of X,
the reguired Patterson funetien is then glven ne = funetion of > by the
cosine series of equstion (2).

RESULTS

The resulilng oylindriecelly symmetrical Patterson funetion is shown
in Mg. 3.

Bafore sesking in any wey to interpret this function it seemed
desirable to have some 1dea of the extent to which it mizht be infivenced
by possible errors in the intensity measurements, The grestest possible
source of error lles in the two strongest spots, thoses at 11.3A on the

eguator and st 12.4A on the zZnd layer-line. Bach of these 1s clearly

en unresolved doublet, a faet which wes ellowed for enly by making & visual
estimate of the breadth of the are. Moreover, in the erse of the Znd
leyer=line doublet, no correction wes made for obligque intersection with the
reflecting sphere (see above) and the intensity wvalue adopted wis therefore
somewhat too high, It was estimated thut, for these refleetions, the
maximum poszible error from all sources wassbout 30%. The Patterson
funetion wes therefore caleulated for velues of x up to Z6A for these two
doublets alone, and one-third of it subtracte. from the function shown in
Flg. 4. It 18 elesr thot the principal features of the function are
substentielly unealtered by this procedure, and th:t the effect of
experimentsl error in intensity measurements is therefore nbt importent.

The Patterson function shows & number of strong, well-defined peaks,
and among these we muszt look for the lattice tronslations,

The first important region of high density ocours at x =12 - 1l4A and

Z=5 = 9A, However, it can readily be shown that it is impossible to index

the equatorial refleotlons on the beslis of & unit eell in which one
par-meter has an x-component of -bout 13A.

The peaks around x=22ZA, X = 2A, and x= 40A, 2=0 were next selected

a8 possibly contuining lattioe vectors. These agreed well with the

Ei-llnﬂg ratio of 1.82 indiceted by the application of a Bunn chart to the

squatorisl reflections, and led to the satisfaotory indexing of =1l the
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66 observed reflections on the beasis of = fece-centred monoclinic unit

eell having the following parameters
9.8

e = 28,14

aend ig = 896.5

Agreement between calouleted and observed wrlues of E Wrs gener:=lly
better then 1%, and in no case worse than 2%,

It was found that for the lurger values of @ on the eguator and the
first :nd second layer-lines no reflection could be indexed unambiguously;
reflections which shoul d have been well-resolved and single were cbsent.,
Thie result 1= elearly not fortultous, It seems to imply thet the presen

or absence of observable reflections in this reglon is not of great

significence; single reflectlions are not strong enough to be distinguished
from the rather strons diffuse background, end only where the geometry of
the reciprocal lattice is sueh thet twe or rore reflectlions relnforce one
another ean a photogrephle effeat be obasarved, On this secount the
introduction of an "artificiel tempersture faetor® mentioned sbave 18 more
then usuelly important.

When sll possible indices of the observed reflections nre taken inte
aceount the totel number of reflections 1s incressed from 66 to 92.

Spoee grou

Owing to the relatively small number of reflections observed, and to
the embliguity of indexing the reflections at large & , systematic absences
€annot be detected with certainty. However, sinece the asymmetrie carben
atoms of the sugar rings preclude the existence of & plane of symmetry, C.J

is the only speace-group .ossible,

Double orientetion
A fortunate accident provided a rather satisfuctory confirmation of
the correctness of the indexing scheme, One flbre, of diameter sbout
qug wes folind to give a photogreph showing strong double orientation,

That 1s, the crystallites were not in random orientestlion sbout the fibre
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axis, end geve, o8 & result, something intermedicte between & rotaotion

and an osclllation photograph, Ihis photograph ls shown in Plate I,
It will be seen that meny palrs of equivelent reflegtions ln udjucent
quadrants have markedly different intensities,

A list was drawn up in which those refleotions which were strongest
in the top left-h:nd quadrant of thls photogreph were lebelled L and those
atrongest in the top right-h:nd quadrent were labelled R. it was then

found that all reflections labelled L had been sllotted Ilndlices nk{

whereas sll R refleotions had indlces hk { , The distribution of the

observed reflections among the different guadrants iIn R-space as determined

independently by the process of sllotting indlees'is thus direcily
erfifirmed by comperison with the distrlbution revesnled in this phetograph.

It wea thought that the double orlientatlen shown in Flate I wos
probably due elither to & mechanieal cecident to the flbre, or to

preferentinl orientation of the eyystellites which lie near the surface,

h geriea of attempts to reproduce the effect in other flbres have,
however, been unsuccessful, Firetly, single fibres were ploaced on a glass
slide and flettened by rolling ¢ gloss rod clong the direction of the
fibre-cxie, When alr-dried fibres were used this resulted in & trune-
formotion to the unstuble, opticelly positive state (Wilkins et al, 1951)
which is highly disordered; that ls, 1t had the scme effect as excessive
stretching. If, on the other hund, the fibres were rolled while at 75%
relative humldity they remaoined optieally negative but showed subsequently
the leas h'gh]} order:d structure B (Franklin snd Oosling, 1953, Plate 4),
Seaondly, XI-ray photographs were tuken of alngle fibres dlaplaced with
respect to the collimetor in sueh & wuy that only smell reglion nesar the
surfece of the flbre wes exposed to the X-rays. In this way several well-

orientated photogrgphs of structure A were obtained, but they showed no
trace of double erientetion,

Density Determination
The density of NaDNA at various humidities wus measured by the
following method,
Bamogeneous lumps of dry Na DHA were prepared by allowling pleces of

gigllen gel to dry alowly, stirring them gently at first to zllow trepmd
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sir to escape, The lumps were then dried over ﬂjh st room

temperature for severcl weeks, To measure the density of the dry
substence, utchllump wea pleced in CCE4 in n test-tube, and the
tempersture sllowed to rise slowly from below =10Cuntil the lump just
sank. In thls way a density renge of about L65 to 1,58 g/ece,

eorresponding to temperztures from -10C to 23°%¢ » can be satizsfactoril

covered, The dentity of dry Na LNA wes found to be 1,625 X u.nuﬁjf;

at 4+ 1°% s in good agreement with Astbury's velue of 1,63
(Adbury 1947).

By using, in the same temper:ture re:nge, GHEL3 in plece of EEQ¢
densities between abart 1,54 and 1.48 g/ec can be messured. Lumps of
Ne DNA were moeintained at the required relative humidity until
equilibrium was recsched, then immersed in the eppropriaete liguid

{GEQ4 or CHCA, ) the temperature of which was rapldly adjusted to glve
a density messurement. In this way the density of Na UNA at 7% Rs H.
/-2l T 0 oDa, v .
was found to be | g/ec (corresponding to & temperature of ACto 4 ¢
in CHC.,). The water uptske of the -lumps st 75% R.H., wes 32 - 42% .

-

mber of nucleotides per unit

cell
We are now in a position to mssign upper and lower limitgs to the
number of nucleotides per unit eell, The wvelue cennot be fixed
precisely owing to the uncertainty in the quantity of water in the
erystallities (Frenklin and Goeling 1953); this in turn lesds to some
uncertainty in the density of the erystallities, which may well be
slightly grecster than the velue mezsured for the bulk material at 75%

R.H.
In Table 2 we show the number of nucleotldes per fece-centred

unit ecell, esleulsted for woter contents of the crystallites correspond=
ing to from 4 to 8 molecules of wuter per nucleotide, and assuming a
density of /- 55 ) gfcc for the orystallites.
DISCUSSION
It has been shown that the use of the eylindricelly symmetriecal
Patterson function has enabled the unit cell to be established for the
moat highly ordered state of the sodium desoxy-ribonucleste obtalned

from eslf thymus,. For subse uent stuges in the eluecidution of tiis
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structure, methods used in the determination of structure of single
erystals ean therefore be appllied. Work on the three-dimensional
Patterson funetion is now in progress snd will be desaribed in & later
paper, Bince this 1z a much more powerful instrument then the
eylindrical functlon, no attempt will be mide to introduce hypotheses
eoncerning dete le of structure at the present stage. A few comnments
of & general nature mey, howaver, be m=de,

The Patterson function shows rather few pesks of remarkably
high intensity relative to that of the [ eck at the origin. Since the
unit eell eontrins & very large number of atoms (of the order of 1000
exeluding hvdrogen and water) it seems probable th:t the maln features
of the funetlon represent phosphate - phosphete intersctions, these
being the heavie st group in the" structure,

It will be observed that the face=centred monoclinie unit ecell
is near-hexagonel in projection, Wevertheless, there is evidence to
sugeest thet the ﬁ}mmetry;uf the structural unit itself is fer from
eylindriesl, Although the nature of the aseldent which produced
dotible orientstion of the erysteallites in = flbre (Plate I) is unknown,
it seems unlikely that it could have oecurred at sll 1f the individual
&E!1tﬂlliteﬁ had & high degres of aymmetry sbout the fibre axis, More=

over, when the reflections sre indexed it is found that nesrly esll the

strong spots have indices (hkf): the total intensity in (hkE)

reflections 1& cbout twice thet in the khkﬂ}'n.
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TABLE 2

Humbsr of nucleotides per unit esell

Mean molecular welght of dry nucleotide = 330

Density of NeDNA et R, H, 758 = [-5d]

|

Ho. molegules | Mol. Wt, [ Wnter Ho.nucleotldes

wetar per nucleotide | gontent, per unit ecell

nucleotide and weater per cent




HAEADINGS TO FIGURES

&) Dlepgram showing reclproeal lattice planes and reflecting

aphere for tllted flbre .

|g.

b) Appesrance of photograph for diffraction conditions shown in
X

..1..,!

L =position of equivalent reflections with fibre normul te
I=-Tay beam _

= = position of equivalent reflections for flbre lnelined =t
(90 = ' ) to Lsey beam
L

Megram 1llustrating spread of reflection in reeiproesl

space .
Cylindricel Patterson function of NaDNA (structure A).

Function shown in Fig. J, with contribution of strapg

reflections reduced by oane third,

HEADING TO PLATES

Plate 1., Singke flbre, about IGP dicmeter. ipecimgn-£ilm

distance 15 mm. Exposere =bout 100 huurs, Fhotograph

showving double srlentatien.













