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PHYSICAL STUDIES OF
NUCLEIC ACID

By Dr. M. H. F. WILKINS, R. G. GOSLING and
W. E. SEEDS ; Mrs. MARY J. FRASER and
ROBERT D. B. FRASER




PHYSICAL STUDIES OF NUCLEIC
ACID

Nucleic Acid: an Extensible Molecule ?
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= of sodium thymonucleate,  x 1,000
] it | l1l.'-~l;|| L | with compensatbon,

s the v partfon
Wrefringent

i ! ; gth when
o iking point is reached. The positively bi
refringent fibro is stable at 50 por cent humidity bt

The fibre is roughly double its original le
the |

raturns to the negative form, with complete dis-
appearance of necks, when placed in a humid
atmosphere, the length shrinking from about 1:5 to
1. Probably the reversible part of the stretching is
in roughly this ratio, and some irreversible st |J,-;,,;
avaeurs after Ll_u- phase change of the nocking  has
taken place. Similar phase changes may be produeed
by rolling or stretching shoota of thymonuclonte -l-ml
fibres of thymus nucleoprotein. ;
The fibres swoll and shrink markedly when the
lumidity of the surrounding air is varied, In
mt.nmu.nt witer vapour the fibres are largely micro-
erystalline ; but, on raducing the humidity to 50 iﬂ-l'
eent, o reversible chango takes place, the grenter part
of the erystallinit; appoars, longth is roduced Ib\'.
approximately 30 per cent 1 ie halved
and the birefringence per unit mass of nueleic acid
and the ultra-violet dichroism are reduced.  Mors
complete dehydration is obtained by warm ;g i.n air
orin vacus, when approximately 10 per cent sl
in dinmeter and length takes I s, all erystalli
-iwl|1pemn_1. the infra-red dichroism is reduced anid
the negative birefringence draps to 0-02, which is les:
than half that at 50 per cont humidi J: The dri rT
fibres are rapidly hydrated only if ploced in
atmosphers of more than 50 per vent humi it ;

a

. el

k pmilively

Thove is little change in X-ray spacing along the
length of the fibre on drying, and, in view of the
areat longth of the molecules, wh iz probably st
loast 1000 A., it would appear likoly that most of the
increass of length of thoe fibre on hydration is associ
ated with the change from the amorphous to the

stalline state, and is not due to water packing

stween crystallites.  Presumably, oo dehydration,
the backbone of phosphate coster linkages in the
molecule becomes erumpled and  the purine  and
pyrimidine rings tilted ; and hydration, the
molecules  pack  rogularly - il  beeom
extended in length with the pur and  pyrimidin
rings approximately at right-angles to the length. Tt
is also unlikely that the reversil tensic
on stiot is due to reversible slip
manleeules o » another, and it is dJdif
n that these mol
extended in length during-the neckir
wptical ¥ show that the purine and
pyrimidine rings have votadaed duri thiz pr
andl lie on the average ot about 457 to the len
the fibre.

When one considers ol neral form of the
il structu ¥ . whir aldd
theas obaer r g il
vonsists b at rings

thert®, each tide being joi
gingle chain of bonds. Such a system might
med very easily, d the rings might slide over

nother from one equilibrinm position to a
to  the discontinuous |
ing) while keeping their soparation
constant. 17 the ger
backbone of the molecule is k
Cextenaion of the back
/2 wounld mean tilting the ri
aa obsarved. The extension could take place by
rotations of the bonds in the backbone.chain relative
to one another, the bond-angles being kept roughly
eonstant.
Whatever
provess, its study may well east light on t
of nueleie acid. So far the X.ray diffraction picture
of the pogitive phase shows on diffuse rings, but in
the case of infra-red dichroism the change of
oFient n of the units in the molecule givis much
information®,
wigh to thank Profi R. Sign ‘or #odium
thymonucleate, Dr. K. A. Smith for nucleoprotein,
and Prof. J. T. Randall and Dr. . E. Franklin and
colleagues for discussion. A fuller account of thi
work will bo published later. Wo are indebtod to the
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Uhwermistry  Deparbmont of King's Collogo for the use
of ils X-ruy equipment.

M. H. ¥. WiLkins

Munlieal Rosoarch Couneil Biophy
earch Unit,
King's College, London, W.C.2,

Wheatstone Physics Laboratory,
King's College, London, W.OC

von Kacyopl Lytopla
narsten, k., Nafure, 141, |

Wilkins, M. H. F., Farnd, Soc, 1Mscuss,, Cambridge

d. .hl:-ul)-. w. T, So¢, Exp. Bial, Kbl (b,
1l
* Pirascr, M. 1., il Frmser, |

LRI
* Purbierg, 8., Adeta Chen, Soo

Evidence on the Structure of Deoxyribonucleic
Acid from Measurements with Polarized
Infra-Red Radiation

TH1s communication is u preliminary account of o
st of the nue acids by means of infra-red
T i wo shall discuss the extent to which our
measurements support oxisting models of those
polynuclectide structunes.

On the basis of X-ray diffraction patterns from
oriented sodium deoxyribonucleate fibres, Asthury!=2
has proposed a model in which the nueleotides, which
ho supposed to be nearly planar, ar 1 diroctly
on ench other in stiffl columns, with their planes
roughly porpendicular to the axis of “the moleculo,
Moridian ares corresponding to axial repeat distances

34 and 27 A, were observed in the X.ray dif.
tion patterns, and presumed to correspond to the
waration of nuelootides, and n repeat of pavtiorn
overy eight or sixtoen nucleotides. The arger rapent
was associated with the tetranuclectide cons ntion

o put forward, litle experi

mental support has been fotnd for the tetranuel
i, and recont Xoray studios of tho ribos

nucleosides by Furbor lhowve shown that in
arystal thess nucleosides are not plane The plaes
[ the noribose and pyrimidine residuss were found
to be nearly normal. Furberg® supposes that this
nfigur: is present in deoxyribose nuclsic acid,

OPTICAL DENSITY

]

and has ]II‘I?[II1'||.'<| two modifications of Astbury's
strueture. In one case the backbone of sugar rings
and phosphate groups forms a spiral ene h.’i.lu.': 1.:h|.'
baeea : in the other the backbone is & zigzag chain with
tho bases outermost. The infra-red dichiroisms which
we have observed in oriented films of sodium deoxy-
ribormicleate can be interproted in terms of a strueturs
gimilar to that proposed by Furborg.

A e sermeion of the chemical moth
u|n|:ln_\1'r| in pr paring the m wtorial, and L,]I.i' th-*.i,l-
ment of the vrod absorptions, will be given in o
later publication. but the main foatures will be sum-

marized | The matorial was obtained from eall

thymus by a modified form of the techniques used
by Mirsky and Pollister!, and Signor and Schwander?,
Mineed thymus gland wis washed with eitrate buffer
(pH 6-8) containing & trace of thymol, and extracted
with 0:14 M sodium chloride. The residue was
extracted with 1 M sodinm chloride, and the resulting
nueleoprotein solution de‘[u-ulm'_ ized by t

tochnicque,  Tho um chloride was removed b
dialysing against tilled wator, and the sodium
deoxyribonuecleate stored in the froson-dricd state
until required. ’

Oriontod samples were obtainod by shearing viscou:
solutions on & microscopo slide treated so as to have
a non-polar aurfnee. w films obtained by this
method wore extromoly thin, snd negatively b
fringent with respect to the direction of shear, .I”’
infra-red messurements were made with & roflecting
microscope, of numerical aperture 0-8, used in con.
junetion with a Grubb-Parsons infra-red  spectro-

By this thod small areas c. 0-5 mm,
n, were solected in which the film was of
rin thickness and showed high orientation.
inddicatod in the disgram
sity 18 plotted against wavo-
number wi i
and perpendicular, to thoe dire
main features of the spectra are the regions of intense
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absorption around 3,300, 1L,700 and 1,050 em.", all

" which show s grester optical density with the
alectric vector vibrating perpendicular to the direetion
of shear (perpendicular dichroism).

The bands at and 10 et are most
probably N--F stretching vibrations of the amino.
and imino-groups of the purine and pyrimidine
rosidues, whereas the !.u:“L-L at 1,660 and 1,700 cm,=*
are double-bond (O ), C N, © = (¢} vibrations
of these ring systems. In both eases the transition
moments associatod with the vibrations will be in
the plane of the ring. The perpendicular dichroism
of these vibrations supports the approximate per-
pendicularity of the planar bases to the chain-nxis,
Further confirmation of this is obtained from tha
ultra-violet dichroism!'*1%, and the fact that thoe
optical birefringence is negative. The high walor
contont of these films probably accounts for tho
different dichroic ratios of these bands, since wator
absorbs intensely near 3,450 and 1,640 cm,™,

The strong band at 1,087 om iz bolioved to
correspond to o Cp -0 O vibration in the BUgar
rosidue, and the 1,062 cm.”' band to 0—F
vibration'®. The transit sted with
the Cp—0—0C, vibration is y to ba in the C,—C,

irection, 8o that the perpendicular dichroism
obsorved is consistent with Furber maodol. Twao
P—0—C vibrations are to bo expocted, one ¢
aponding to the nucleoside - phosphate ester lir
[ P—() ). the othar to the internueleotide ostor
linkage (P—0—0C;). The relative intensities and
directions of transition moment are not known ; but
if it is sssumed that the intonsitios are  equal, and the
transition moments are in tho dire n P—Cy and
P—0,, the observed dichroism is of the ecorrect
oharactor.

The wvalence vibration of the phosphoryl (P = ()
group is known to occur around 1,250 em, = 20 gnd
it sooms likely that the main component of the band
observed st 1,235 om."! is associated with this
vibration. By analogy with the earbonyl group,
lower fn-n;unur'lm are expected where hydrogen
bonding e, The absence of di nili L
an effectiv ent inelined at 54}
the r'I||||:| axis. furberg model requires o

tlar  dichroism  for this  vibration, but a
ieation s obtained by #  slight
phiospliate up. Alternatively
Ivened |u-:|1|-n\||t-u|.-||- band at o
ild be assigned to this vibration,
1hc-lIL|| this seems loss probable.

Recent observations by Wilking ef al.’ suggest
that a reversible change ocours in the structure of
orviented filma and fibros when they are stretehed or

L]

rolled. These observations are supported by infra.

wuremnsents, which show that the dichroisms

3,210, 1,700, 1,660, 1,087, 1,052 anpd

W67 em.”? bands are all reversed to parallel, whoreas

the dic : | L2355 em' band  remains
gl of o v [ iniky.

The resulis obtainsd g0 far do not contradiet the
original Astbury maodel, but we have i
intorprot onr results in torms of Forborg's
tion, in view of his recont evidenes on the
chemistry of ribose nu sides, and the st
distortions of the phosphate oxygens Foquined
Astbury’s model®.  The assignment of the per-
penclieular band at 987 em.™', which shows a marked
roversal of dichroism on stretehing, may throw new
light on this question.

“l with to thank 1 o T Raqudall for his

and encouragoment in this investi-
gation, and Drs, M, H, Wilking and W, C. Pri
for helplul discussions. Ope of us (R, . B. )
wishes to acknowledge a Medieal Ressarch Couneil
Studentship. Mise T Forsnn
Ronert D). B. Frasen
Modical Research Council Biophysics Fes
Unit and Wheatstone Pliysics
King's College, London, W.Q
‘ab.
T., Natwre, 141
T., Symp.
ML, “Irogres
« dota Che, S

o Uil d gy
Earyoplaamian, 2y
amd :II.|:||||- wrsten, B., Natwre, 141, 122
e, {ln the press),
e {1 850),

W W iikins, M. H. F y ] = , W. E. (st2 prece
ooavimikndoat o,

Prineesl im Ciremt Britain by Fiaher, Knight & Co, L., 51, Albans




WHEATSTONE PHYS ICS LABORATORY

Specific Optical Rotation of Nucleie Acid

One well-known type of optical rotation (a.f.
quartz) arises from a helical arrangement of stoms in
the crystal, I suppose it 1s technically too difficult
t0 observe this in mucleic acid fibres, although 1t
should be quite feasible in sheets. In fact it has
already been observed in gelatin films by Robinson and
Bott (Nature, 168, 325, 1951), An interesting point is
that specific rotation in many substances is very high
near an absorption band, Thus the optical rdation of

a film of nuecleic acid could be observed photographic=
ally (this is a standard technique) near A2500 where
the mucleotldes absorb and the effect of moisture
content and stress could also be studied, (The law

is very similar to that of the Sellmeier dispersion
formla].

The method has possibilities in solution as 2
means of correlatlon with lightescattering work. I
doubt if it is theoretically possible to correlate the
rotation with helical structure only since it can arise
from asymetric carbon atoms, but it might be a very
useful method in showing changes of configuration
grising from changes of pH etc.

2{-].11-51 J.T.Ramall










DEPARTMENT OF ZOOLOGY

Laboratory of Molecular Biophysics

Prolessor of SOLItl'I Parks RDad
Maolecular Biophysics Talephone:
D. C. Phillips, F.R.S. Oxford OX! 3PS Oxford 56789

27 JUL 1977

Dear Aaron:

I'd very much like to see Rosalind's
Turner-Newall fellowship report of Feb. 1952
(was there another, by the way, for 19537).
Is it something you could send me or send me
a copy of? If you have only the original, I'd
undertake to copy it and return it to you
immediately.

I thought the Stockholm meeting was

most exciting, and your work on the virus
coat proteins was near the top.

With best regards,

T S







ROSALIND E, FRANKLIN,

Birkbeck College Crystallograchie
Laboratory,

21 Torrington Square, W.C.1l.

The work carried out during the past ysar may be divided

into ihree periods:

1, 1lst Jemuary to 16th Mareh, Kine's Collepe,

During thie period I ocontinued to work in Kingte College
on the structure desoxyribonuecleie aecid, Two papers entitled:
"Fibre Diagrams of Sodium Thymonucleate:

I, The Influence of Aater Content

ITI, The Cyliindricslly Symmetrical Patterson Function,”
were wirtten (in collaboratiom with R,G, Gosling) and sent to Acta
Crystallographica in March 1953, These have now been published,
and coples are attached to this report,

Further work on the 3j-dimensional Patterson function was
carried out but no quantitative results were obtained in this way,

Measurements on the X-ray fibre-dimrems of Structure B (the
less ordered form of sodium desoxyribommeleate, and that which we

belleve to exiest more or less unmodified both in solution and in

natural nucleo-protein) ylelded a considerable amount of informae

tion, Thip is summarised in a note to Nature wirtten in collabora=
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=tion with R,CG, Goeling (25th April, 1953) and entitled:
“Nolecular Configuration in Sodium Thymonucleate", A copy is
enclosed with thie report,

It 15 shown that the molecule of sodium thymonucleate in

Structure B must consist of a two-strand helix, rather similar to

that proposed by Wateon and Crick (Nature, 25th April, 1953) but of

smaller radius,

Since Structure B (Hsdik) has a 2-strand helical molecule,
and since the change A B is, in general, readily reversible, it
follows that a 2-strand helical molecule muct alge exist in Struc-
ture A, Evidence for a 2-gtrand helix in structure A wes obtained

from a study of the eylindrically averased Patterson funetion,

2. March 1993 - November 1993. Birkbeck Collegze.

Owing to unexpected delays in obtaining the necessary
apparatus for earrying out & programme of X-ray erystallographiec
research on viruses, a substantial part of this perlod was spent
in continuing the interpretation of the X.ray dlagrams of nucleie
aclid and thelr Patterson functions, At the same time, a liters~
ture survey was carried out of previous work on the molecular
gtructure of viruses,

The evidence for a two-atrand helicel molecule of the Struc-
ture A form of DNA was presented in a note to Nature, 25th July,
1953, written in collaboration with R,G, Gosling, A copy is en-
closed, The helix is of radius 9A and has 11 residues per turn,
The evidence is based mainly on a study of the eylindrically sym-

metrical FPatterson funetion of Structure A, It has also been




- 3 -

gshown that the proposed structure accounts for many of the

getrongest features of the 3-dimensional Pattefson funotion,

3. MNovember - December 1953, Birkbeck College,

During this period X-ray diffraction studies of tobaceco
mosalc virus were eftarted, For this purpose an Ehrenberg-Spear
fine-iocus X-ray tube 1s used, with nickel-filtered copper K«
radlation, The X-ray camera is the Phillipe micro-camera modi-
fied to take a specimen-film distance of 30 mm, or 60 mm, as well
as the usual dlstancesz of 10 mm, and 15 mm, It 1is filled with
hydrozen during 21l exposures,

The virus solution wag kindly given to this laboratory by
Dz, R, Markhem,

he research 1s & continuation of the earlier etudies of
Bernal and Fankuchen (1942) and of %Wateon (1953).

Highly detalled diffrootion diagreme of orientsted virus
specinens (prepared by the method of Bernal and Fankuchen) con-
talning varying amounts of water have already been obtained, While
the greater part of the high-angle patiern 1s substantially inde-
pendent of water content, the reflectione corresponding to distances
of about 20 A vary strikingly, This euggeste that the water most
closely assoclated with the virus may lie on elther side of some
structural component having at least one dimension of about 20 A,

A detalled study of the small differences in the intra
=particle pattern for wet and dry viruses sghould make it posslble
to ealculate the Patterson function ef the difference, and hence

to locate the water,

Further, intensity measurements of the equatorial refleotions,




-4 =
vhich are related to inter-particle, should make 1t possible %o
declide whether or not the ribonucleic acid forms a central core
in the rod-like particle, as has been suggested by several
authors, Freliminary measurements indicate the presence of a

heavy core (presumably RNA) in the rod,

4. HElscellansous,
{2) In April 195431 was invited to the "sSteinkohlentagung®

at Aachen, Germany, There I read a paper on "The Mechanism of

Crystallite Growth in Carbons" whioh 1s to be published {in German)
in Bremnstoff-Chemie in December 1954{ Reprints are not yet
avalilable,

The new vart this work consisted in a kinetic explanation
of the sharpness of the separation of carbonaceous solids into
two classes, the graphitising end non-grephiilsing, and an sipla-
nation of the apprarent elongated shaps ol the crysta . llites 1In
graphitising ecarbons,

(b) In June 1953 I read a short psper on "Le role de l'ean
dang l%acide graphitique” tc an international colloguium in Paris
on "Water in Solide", In this paper a new type of structure for

graphitic acld is prorosed, A reprint is enclosed,

( 5 reprints encloged )




ZndAAugust 1973

Dr. D. Sayer,

Department of Zoology,

Laboratory of Molecular Biophysics,
South Parks Road,

Oxford

0X1 3PS

Dear David,

I entlose copies of the reports you asked for, I
believe I have sent these on to Anne before, but in any
case they may be difficult to £ind.

It was good té have your company to,and at, Stocknolm.

Yours sincerely,




A PROPOSED STRUCTURE FOR THE NUCLEIC
ACIDS

By
LINUS PAULING AND ROBERT B. COREY

Gates and Crellin Laboratories of Chemistry, California Institute of
Technology

Raprinted from the Proceedings of the Narmwar AcapEur or BoiExces,
Vol B9, Mo I, pp. Bé-07. February, 1853




Wegminted [rom the Proceedings of the Natrsal ACApeuy o Semers,
Vel. 3, Ne T pp. BUT. Febawary, 1933

A PROPOSED STRUCTURE FOR THE NUCLEIC ACIDS
By Livus PavLive axp Roneer B, Corey

CatEs AxD CrELers Lanoratonies of CHEsIsTRY,® CALIFORNIA [NSTITUTE OF
TrCHRGLONY

Conmsunicated December 31, 1952

The nucleic acids, us constituents of living organisms, are comparable in
importance to the proteins. There is evidence that they are involved in
the processes of cell division and growth, that they participate i the trans-
mission of Bereditary characters, and that they are important constituents
of viruses. An understanding of the molecular structure of the nucleic
acids should be of value in the effort to understand the Tundamental phe-
nomena of life.

We have now formulated o promising steucture for the nucleic acids, by
making use of the general principles of molecular structure and the avail-
able information about the nucleic acids temselves.  The structure is not
 vague one, but is precisely predieted; atemic coordinates for the primcipal
atoans are given in table 1. This is the first precisely described structure for
the nucleic acids that has been suggested by any investigator. The struc-
ture accounts for some of the features of the x-ray photographs; but de-
tailed intensity caleulations have not vet been made, amnd the structure can-
not be considered to have been proved to be correct.

The Fornrulation of the Structure.~ Only recently has reasonably complete
information been gathered about the chemical nature of the nucleic acids.
The nucleic acids are giant molecules, composed of complex units. h
unit consists of a plosphate jon, HPO.~~, a sugar (ribose in the ribonucleic
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acids, decxyribose in the desxyribonucleic aeids), and a purine or pyrimidine
side chain guanine, thymine, cytosine, uracil, wethyloytosing).
The purine or pyrimidine group is sttached to carbon atom 17 of the sugar,
through the ring nitrogen atom 3 in the case of the pyrimidine nucleotides, '
and the ring nitrogen atom 9 in the case of the pu ¥
evidence has recently been obtamed as to the nature of the linkage between
the sugar and the phosphate, through the investigations of Todd and his
collahorators;? it seems likely that the phospha involve carbon
atoms 3" and 5 of the ribose or deoxyribose.  New chemical evidence that
the natural ribonucleosides have the & prbofuranose configuration has also
been reported by Todd and his collaborators,

me nucleotides.®  Good

andd spectroscopic evi-
dlence indieating that the'deoxynibonucle

ides have the same configuration
as the nibonuclensides has been obtained*  The §-p-ribofurancse configura-
tion has been verified for evtidine by the determination of the strocture of

Tuwenty-four atoms of ench kind_ with cyl;

oo 4w -THE0", w340 4+

240°, w34

Hnm0,1,2

the ervstal by x-ray diffraction
complete x-ray structure determ

Xemay photographs have been
preparations of the nucle

e o
tinn has b

ade of sodiwm thy
acitds by Astl 1 Bell.
been reported by Wilking, Gosling, and Seeds? that highly oriented fibers of
sodium thymonucléate have been prepared, which give sha
photographs than those of Astbury and Bell.  Cur own preparations have
given photographs somewhat inferior to those of Astbury and Bell.  In the
[.)“.Su“[ work we have made use of dat 1 ographs and
Iroms reproductions of the photograghs ¢ 1. especially those
published by Astbury.® some information

o 3

trom our ows e
Asthury and He
Asthury has pointed out t

sbout the nature of the nucleic acid structure can be obtained from the
x-ray photographs, but it has not been found possible to derive the structure
from x-ray data alone,

Prog, N_A. S
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STRY: PAULING

imilar o helix, in which the atoms are packed in a satisfactorily close
ner about the axis, is an important protein structure.)  There are three
'>:=\|1:|]1L.\<'g¢ to the e sition of the core: it may sist of the purnne-
pyrimidine groups, the sugar re lues, or the phosphate groups, It 1%
undd by trial that, because of their va ture, the purine-pyrimidine
groups » packed 3 s the axis of the helix in such a way that suit-

able bonds

this choice
s conatitute th

 way of

cking them has been found. : at shows the difficulty of
ose packing is | ided by the polvsaccharide starch, which

forms helizes with a hole along the axis, into which jodine molecules can
fit. We conclude that th i the molecule s probably ied of the
phosphate groups,

-pack ackd residues, HPOy——, can casily be
constricted. r¢l along the fiber axis there three phosphate

These are packed together in the way shown in figure 1. Six
each tetrahedral phosphate group, forin an octahe-
dron, the trigos which 15 the axis of the three-ch: molecule.
A similar complex of three [1'||-.||1:.x1|' tetrahedra can |n superi
this one, with translation by 3.4 A along the fiber and onl
in azimuth, The neighborhood of the axis of the molecule is the;
filled with oxygen atoms, arranged in groups of three, which change their
azimuthal orientation ahout #0° from baver to lg in such a way as to
produce approximate \'l seat packing of these
The height (hetween two opposite edges)
about 1.7 A, If the same ¢
layers, the basal-pl
vahie is the cing observed f
It is to be expected that the outer oxyg
phosphate groups would be attached to the ribofuranose or deoxyribo
furamose residues, and that the hyvdrogen atom of the HPO,™= residues

CHE T AULING A CORE Proe. XA 8

woubld be pttached to one of the two nner muxl n atoms, and presumakbly
would be invaelved in hydrogen-bond forma h another of the inmer
xygen atoms, of an adjoining phesphate group.  The leagth of the O-H
-« {) bond should be close to that observed in potassium dihyvdrogen phos-
phate, 255 X, The angle P—0—H should be approximately the tetrahe-
dral angle. 1t is found that the spacing 3.4 A is not compatible with this
hond angle, if the hydrogen bonds are formed between one phosphate group

respect b

and a group in the layer above or below it Accordingly

hydrogen bonds are formed between the oxygen atoms the phosphate
groups in the same basal plane, along outer cdges of the octahedron in
figguire 1.

The maximin distance between the oxy wtoms 37 and 3 of a nbo
furanose ar deoxyribofuranose residue permitted by the accepted structural
parameters (- 1 A, C—0 = 2,43 A, bond angles tetrahedral, w

membered ring, one atom
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hydrogen-bond distance is 2,50 .-\,. and each phosphate tetrahedron has two
00 contacts at 2.50 A, with tetruhedra in the e group of
three phosphate tetrahedra in each layer is obtained from that in the layer
helow by translation upward by 3.40 A, and rotation in the direction cor
responding to a left-handed screw by the azinmm thal angle 15°. Thus there
are strings of phosphate tetrahedra that arc ¥ v superimposed, and
ute o slow twist to the left.  These strings arc not connected together
into a single polynucleotide chain, however.  The sugar residues connect
each phosphate group with the phosphate group in the layer above that i8
obtained from it by the translation by 3.40 A and rotation through the
arimuthal angle 105°, in the direction corresponding to a right-handed
screw, as shown in figure 2. This gives rise to a helical chain, with pitch
1165 A, and with 3435 residucs per turn of the helix. The cham has an
identity distance or approximate identity distance of 81.5 A, corresponding
to 24 nucleotide residucs in seven turns, as shown in fi The three
chains of the molecule interpenétrate in such a way that the pitch of the
triple helix is 3.88 A, and the identity distance or approximate identity

yer abave.

re

distance is 27.2 A, correspanding to eight

The structure requires that the sugar residues have the g-furanose con-
figuration: steric hindrance would prevent the introduction of purine or
pyrimidine groups in the positions corresponding to the a configus
The planes of the purine and pyrimidine residues may be perpendicular or
nearly perpendicular to the axis of the molecule.  This caunses these groups
to be superimposed in layers that exccute a slow left-handed turm about the
molecule, the distance between the planes of suecessive groups bemng 3.4 4.
The oricntation of the groups is accordingly that required by the observed
strong negative birefringence of the nucleic acid fibers.  The assignment of
tle » of the helieal molecules corresponding to the right-handed screw is
required by the nature of the structure (the packing of the atoms near the
axis, and the absolute configuration of the sugar, as given by the recent
perimental determination’ that absolute configurations are correctly

s
v

1 by the Fischer convention).

The structure bears some resembls
suggested e described a
nates.  Asthury amd Bell’ suggested that the nucleic
af & column of nucleatide residues,

¢ to the structures that have been
eral way, without atomic coordi-

rl

T, &
il molectile codisis

the purine and pyrmdine groups &

ranged directly above one another, in planes 3.4 A apart.  Asthury'® con
sidered the possibility that the nucleotides are arranged in a spiral arounsd
the long axis of the 1l rejected it, on the grounds t
Iead to a sufficiently close packing of the groups, as is roquired by the high
density of the substance.  He pointed out that it is unlikely that adjacent
molecules could interleave their purine and pyrimidine residues in such a
way as 1o lead to the high density.  Our structure solves this problem by

lecule, it does not

M cii PAULING AND CORE N. A&

the i
tical purine-pyrimuline columns,

5 from the three chaing in altermation,

Furberg!® suggest rrations, each resembling in a
general way one of our helical polynucleotide chains, but his structures i1+
ations of phosphate tetrahedra and the ribofuranose rings that
d it is doubtiul that th
be intertwined.

volve or

chains with either

are quite different from
of the configurations in

20

100

S0

[l

coniiits moderately well for the principal fea-
§ sodiviin thy

10 A between successive lavers of three nucle

¢ and other nucleic acid

momzeles

8.
otides along the wired to within about 0.10 A by the

structural paran s of the nuche

have 24 nucleotide residues per t
% % 3.4 A in the direction of the fiber axis, is in good agreement with the
fact that the x 5 il

i nal reflection on the eighth laver line. The formula of C achran,
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for the radius of gyration would correspond to a molecular diameter of
69 A and to a molecular w of 139,000, whi % twice too 1o
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d'Etudes de Physique Macromoleculaire, Strasbourg, and the conclusion
reached is that the parti cen in the presence of 1o 9, NacCl, fibres
about Beco A long. Prof, R. Signer of th- University of Bern has kindly
presented us with some of this material, the light scattering and X-ray
scattering results of which we report below,

The light-scattering results are somewhat anomalous at first sight,
In Table II are given the dissymmetries fy/Tige — ¢ measured ® with green
light (wavelength in the medium 4090 A) compared with that calculated
for zome ideal models. These results, which are extrapolations to infinite
dilution, are not appreciably different in the prese of NaCl. The
large dissymmetry over that expected for very long rods can be explained
for the most part if one takes into account the strong negative birefrningenc
of the particles optically the fibres behave as if th vd @ great thi
ness. A quantitative theory of this phenomenon been recently
developed.® Other workers ® have reported widel g results from
sample to sample. Care must be taken, however, to ensure that the
sample is fres from denatured protein, a small amount of which could
considerably augment the dissymmeiry. The protein might perhaps be
removed by trypsin which had besn carefully purified to remove traces
of desoxyribonuclease.

TABLE II

Seattesing Angle

phere with
half of wa

The structural nature of nucleic ac 1
pendent on the quantity of water present and on the way in which the
sample is prepared. If insufficient water is present, or again if there is

. the structure is disordered. There is, however, a wide range of
concentrations over which the gels have an ordered structure, inclnding

arrow range where the material appears to be really crystalline. Ow

a wide range of concentrations, from about o4 to o-02 vol, fvel. the nucleic
acid gels possess a partly-ordered structure of the * liquid-crystalline *
type.
P?l'l-.n-. X-ray scattering effects * from all the samples examined can be
grouped into eigh 5. First of all, there are the 3 A, 4 A and 5 4
ranges which are given by all samples and must commespond to intramole-
cular periodicities, The intramolecular structure remains substantially
unaltered on this scale under all the conditions studied, There is also &
similar, but less definite, 8 & region. The crystalline and liquid-crystalline
specimens show, in addition, pronounced diffraction effects in the higher
spacing ranges which have been the subject of special study. Two groups
of well-defined lines are given by the crystalline specime: a triplet of
spacings 106 A, 113 A and 11-8° A and a doublet of spacings 149 A and
16-5 A, Under conditions of poor resolution, the two sets of lines appear
as two bands of spacings To-9 A and 15:7 A, On addition of water, these

= Oster, J. Chim. Phys., 1950, 47, 717. [Abstr.).
* Horn, Benoit and Oster, Compl. rewd., 1951, 233, S10,
# Smith and Sheffer, Can. J. Res. B, 1050, 28, ¢
® Riley and Oster, J. Chim. Phys, 1950, 47, *13 [abstr.), and Biockim,
B‘iopk_}-s. Acta, 1951 [in press).
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bands weaken and finally disappear while two further bands of higher
spacings make an appearance.

These two bands are characteristic of the liquid-crystalline state.
Their spacings increase as the systems are diluted, the inner band shifting
more rapidly than the outer. The outer band, of lower spacing, is usually
the sharper and more intense and its spacing can vary between the wide
limits of 19 A and 95 A Fora specimen of given concentration, the
spacing of this band is effectively independent of the sonrce of the nucleic
acid employed. The spacing, definition and intensity of the inner-high-
spacing band are, on the contrary, greatly affected by the source of the
nucleic acid material as well as by the concentration of the gel and the way
in which it was prepared. The spacings lie within the range 50 A to 200 A.

The fact that both sets of spacings are inversely proportional to the
square root of the concentration (as shown by the slope of — § of the
lines which result from a double-logarithmic plot) indicates that the
expansion on dilution is z-dimensional im each case. Dwetailed con-
sideration of the data leads to the following structural scheme for the
strong solutions. The nucleic acid molecule is very long and narrow and
is effectively rigid. Pictured as a cylinder, it has a diameter of about
16 A. Its length is about 8ooo Ain Signer's samples and much smaller,
about 500 A in the commercial preparations. These long rod-like mole-
cules aggregate into roughly cylindrical bundles or micelles which are
themselves regularly packed together. The evidence is that the highly
purified and non-degraded Signer’s sample gives highly organized micellar
systems if the specimens are prepared without mechanical agitation. On
stirring or on keeping for long periods at room temperature, this structural
perfection is broken down and the systems resemble those made with
other samples of nucleic acid. The structure of the more ordered systems
has been studied in some detail. It appears that not only are the mole-
cules grouped into identical micelles (the centred hexagonal 7-molecule
micelles discussed earlier), bvt the micelles are themselves arranged in a
distinctive hexagonal 2-dimensional pattern of an open honeycomb kind.
On dilution, the whole structure expands uniformly in 2-dimensions by
interpolation of water between the molecules and, in addition, tends to
become more disordered. This is a markedly different state of affairs
from that existing in gels of tobacco mosaic virus, also a long rod-like
molecule. TIn this case the molecules simply fill space uniformly.

0il-Water Disperse Systems.—Schulman and collaborators ¥ have
shown that dispersions of sub-microscopic oil droplets in water, or wvice-
versa, may be made by the use of suitable stabilizing agents. The dia-
meters of the spherical micelles can be arrived at in three ways: (a) by
calculation from the chemical model,® (b) from X-ray studies.
(¢) from light-scattering measurements.4® Comparison of results shows
that the best values for the distances s separating centres of neighbouring
micelles is given by placing « = 1 in the relation s = wd, where 4 is the
apparent Bragg spacing of the low-angle X-ray diffraction band. In the
original paper, « was taken to be 1-23. It would thus appear that the
micelles resemble =olid spheres more than thin shells as regards their
X-ray scattering properties, and that the spheres are arranged in liquid-
type configurations (see egn. (64), (6b), (6¢)). The scattering from
assemblies of long cylindrical micelles of similar chemical type can be
calculated from the general theory given earlier.

The Royal Imstitwiion,
21 Albemarle Street,
London, W.1.

# Schulman and McRoberts, Trans. Faraday Soc., 1046, 428, 165,
# Schulman and Riley, [. Colloid Sei., 1048, 3, 383.

# Schulman, McRoberts and Riley, f. Physiol., 1048, 107, 40P.

48 Schulman and Friend, [, Colloid Sci., 1999, 4, 497.
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213. Deoxypentose Nucleic Acids. Part II. Electrometric Titration of
the Acidic and the Basic Groups of the Deoxypentose Nucleic Acid of
Calf Thymus.

By J. Massonw Gurranp, D. O. Jorpax, and H. F, W, Taviror.

The acidic and the basic groups of the tetrasodium salt of the deoxypentose nucleic acid
of calf thymus and of barium thymate derived therefrom have been titrated electrometrically,
employing hydrogen and glasselectrodes. This polynucleotide is found to possess three amino-,
two punne—gvﬁmiclme enolic hydroxyl, four primary phosphoryl, and not more, and probably
less, than 0-25 secondary phosphoryl dissociations for every four atoms of phosphorus.  These
data are consistent with a chain structure for this acid in which branching, if it occurs, is infre-
quent as compared with yeast ribonucleic acid. The main internucleotide bond is an ester link-
age. For every four atoms of phosphorus it is found that there are 1-0 goanine, 1-0 thymine,
1-0 to 1-2 cytosine, and 1-0 to 0-8 adenine radicals.

‘The initial dissociation curves of the tetrasodinom salt of the deoxypentose nucleic acid of calf
thymus obtained by titrating from pH 6-8 with acid and alkali are abnormal, being displaced
from the back-titration curves. 1This discrepancy between the forward- and back-titration
curves persists in high concentrations of neutral salt. It is concluded that the purine-
E}'rim:idml: hydroxyl groups and some of the amino-groups are blocked, most probably by a

ydrogen bond between these groups. The significance of this linkage in the macromolecular
structure of the tetrasodium salt of the deoxypentose nucleic acid is discussed.

THE conflicting results obtained previously from investigations of the acid-base properties of
thymus deoxypentose nucleic acid (Steudel, Z. physiol. Chem., 1912, 77, 487; Feulgen, ibid.,
1919, 104, 189; Levene and Simms, J. Biol. Cheme., 1925, 65, 519; 1926, 70, 327; Makino, Z.
fhysiol. Chem., 1935, 233, 220; 1935, 288, 201; Bredereck, Kothnig, and Lehmann, Ber., 1038,
T1, 2613; Bredereck and K&thnig, ibid., 1939, T3, 121; Ahlstrém, Euler, Fischer, Hahn, and
Hiogberg, Arkiv Kemi, Min, Geol., 1945, 20, A4, 1) may be ascribed to the different degrees of
degradation of the samples studied (Schmidt, Pickels, and Levene, J. Biol. Chem., 1930, 127,
251; Cohen, ibid., 1942, 146, 47]1; Tennent and Vilbrandt, J. Amer. Chemi. Seoc., 1943, 85,
424 : Gulland, Barker, and Jordan, Ann. Revr. Biochem., 1945, 17, 175). In all probability the
least degraded specimens which have hitherto been examined were those prepared by the method
of Bang (Hofmeister's ** Beitrige chem. Physiol. Path."”, 1903, 4, 331) and studied conduocti-
metrically by Hammarsten (Biochem. Z., 1924, 184, 383) and electrometrically by Jorpes
(Biochem. J., 1934, 28, 2102) and Stenhagen and Teorell (Trans. Faraday Soc., 1939; 35, 743).
They were found to possess four acid-dissociating groups per hypothetical tetranucleotide,
having the very approximate ph, values of 2+4, 37, 43, and §-2. The Hammarsten-Bang
method of isclation, however, gave a product which on analysis was found to be very deficient
in nitrogen and phosphorus (N, 11-87; P, 7099, ; Hammarsten, loc. cil.) when compared with
the theoretical for the tetrasodium salt (N, 15-85; P, 9-37%). Furthermore, Hammarsten
studied the free acid obtained from the sodium salt by the action of hydrochloric acid; as will
be shown in this paper this treatment causes an irreversible change in that the free acid isolated
from solutions more acid than pH 3°6 does not show the same acid-base properties as the sodiom
salt isolated at pH 7-0.

The sodium salt of calf thymus deoxypentose nucleic acid which has been studied in this
investigation was isolated by a mild method (Gulland, Jordan, and Threlfall, Part I, this vol,,
p. 1129), throughout which the solution employed did not vary significantly from pH 7-0.* The
solid was fibrous and dissolved in water to give a faintly opalescent solution, having a pH of
690, which exhibited marked structural viscosity and streaming birefringence (Creeth, Gulland,
and Jordan, Part III, this vol., p. 1141). A second specimen, prepared by the Hammarsten-
Bang procedure and supplied by Professor Caspersson through Professor Astbury in 1939, has
also been stodied. It was found to contain a small amount of protein which was removed by
the method of Sevag, Lackman, and Smolens (J. Biol. Cheme., 1938, 124, 425), and is believed
to be identical with that studied with ultracentrifuge and viscosity methods by Signer, Caspers-
son, and Hammarsten (Natwre, 1938, 141, 122) and with X-ray methods by Astbury and Bell
(ibid., p. 747).

*Itisn to correct a point in the r of Tennent and Vilbrandt (. Amer. Chem. Soc.,
1943, 65, -iﬁn sample of 'P'?'lhymunuclr_lijca]:mrl TNAZ, prepared by Lnll..!l{:rl , referred to by
these anthors, was a purchased commercial sample, and the barinm thvma.tc BTI, PII:EEI‘CI!I by {,ullzmd
was made from it by the usual method. These were given to Professor Astbury in 1939 with a ‘warning
that their purity and homogeneity was open to doubt; they were not intended for the type of investig-

ation to which they have been put by Tennent and Vilbrandt, and in our view results obtained with them
ars of no value in connection with nucleic acid structure,
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Results of the Present Ivestipation.—All electrometric titration corves have been corrected
&t the extremes of pH for the titsation of the water by the method of Jordan and Taylor (f.,
1046, D04).

(i) Titration of ke sodizem salt of thymus deosypentose wuileic acid. The titratlon carve of
this sample is shown in Fig, I, curve I Tt will be seen that on the addition of acid or aliali to
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tthe solution in water o groaps are titrated at first betwesn pH 50 and 1190, but that outalds
these limits there cecurs & rapid liberation of groups titmting in the ranges pH 2°0 to 60 and
pH 00 to 120, On back titration either with acid from pH 130 or with alkali from pH 25,
a curve (11} is obtained which ks different from that represcnting the initial titration, and it &
significant that the same curve (I} i obtained whether the back titration & with alkal from
pH 25 or with acid from pH 1240, This complete kentity of the back-titration curves suggests
that acid and alkali have an m.mlxal effect in liberating both sets of groups.
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Thee back-titration corve sxhibits & well-defined point of infection in the newtml region,
and shows inciptent peists of inflection in the regiona of pH 120 and pH 240, corresponding
respectively to approximately 240 equivalents of alkali and 30 equivalents of acid for each
foar atoms of phasphorus. Thore is some dificalty is interproting electrometric titmtion

Fic. .

Fowr atoms of

!
& L " F-4
PH.
The dissoeiation curnes of the fetraeodium sl rfwumrpcuw wwelric acid of calf thymis
8 Mepoiasiem cAloridy
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data above pH 110 and below pH 30 owing to the depesdence of the water correction on the
ienic stresgth (Jordan asd Taylor, Jos. which, for a polybasic subatance such 4 nucleic
acld, cannot be estimated with certainty.  In obimining the data given in Fig. 1, the sssumption
ks boen made o scidic and basie groups coatribute independently to the ionic strength.
This Ip'p\wmm.ahl:lll is j.I{Url'l by the fact that ne appreciable proportion of the phosphoras
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aboms casry more than one dissociating groap (ses below). It appeared desirable, however, to
hawe additsonal comfirmation of the mumber of groupa titrating in the alkaline region, and
titration of the sodium salt of thymus denxypentoss nuckes scid was therefore carried cut in
w-potamsium chloride, The presescs of the potassinm chloride has the effect of masking all
other contributions to the jonic streagth (Cobn, Green, and Blanchard, J. Amer. Chem. Soc.,
1887, B9, 500), asd the water comrection is obtained from a titration of s-potassivm chloride.
The results of this titraticn, which are given in Fig. 2, curve 111, show conclusively that the
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V. Tilration wilh alkali from pH
VI Tibration with acid from pbl 67,
H 124,

Vil U..u‘..-.;;.: A ran firation currs of the tstrasodim galt of the drarypemion wucleis acid of ealf thymus
Jrom Fig

O
7 back tivation with altali from pH 25, @ @ bark hirahizs from

number of gronps dissociating in the range pH 80 to 120 205, Owing to the exse with which
precipitation of the deoxypentose mucheic 4cid occur in the pressace of -potassium chiloride
when acid is added, & complete back titration below pH 112 was sot practicable; the data
which bave been obtained, however, are sufficient to indicate that the discrepancy between the
forward- and back-titratioa curves described above penists in the presence of s-potassium
chloride. Very similar results were cbtained by titration in 2'53s-guanidine sulphate
(IC(NH,,1,50,; Fig. % curve IV). Owing, however, to the existence of an usstosdy liquid-

[1947] Deoxypentose Nucleie Acids, Part I1. 1135

jumetion potential between this solution and the suturated potassiam chloride bridgs, the P
vahies were Bat very seproducible, especially in strongly alkaline solutions.

() Titration of the sodism zali of thymus deaxypemioss nuclric acid precapiialed wilh alzadal
af pH 740 after treaiment wilth alkali ol pH 120, or with acid ai $H 30. The titration corves of
an allcali-trented sample ase shown in Fig, 4, curves V and VI; similar ranls wers olstained
with two other sumples. The results of titration on the Alikaline side of newtrality ressmble
those obtaimed with the origisal substacce, in that & shift in the dissciation curve s observed
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IX. Timation with acid om pH $:1, © § Bock birsiion from pil 33, @ ; back tteation from o1 120, @.
the deoayprafose mucleic acid of calf dhymur

X [unt tum}_. Moan tifration gared of the drteasodives sall of
Jrowm Fig. 1.

an back titratios, altheugh to & somewhat smaller extent. Mo such effect, oa the other hand,
was observed on the ackl side.  The back-titration curves from pH 130 or pH 25 ase idetical,
and are very similar to the carve obtained with the original substance,

The results oltained with an acid-trested specimen (Fig. 5, curves VIIT and [X] are almost
identical ith those describod above for the alkalitreated material,

(i) Titsation of the sodium salf of thymses deorypeniose mucise acid supplied by Professor
Caspersion. The titration curves of this sampla are sbown in Fig. 6, curves X1 and XIf, and




1136 Gulland, Jordan, and Taylor :

are intermediate between those of the alkali- asd ackd-treated materials prepared by us and
those of car original material. Viscosity stodicos (Croeth, Gulland, and Jordan, Jog, eil,}) sapport
the view that, compared with the acid prepared by us, the samphe of Caspersson exhibits
different, probably bes, hydrogen banding (see below) and lower viscosity,

(bv) Turation of the bariwm salf of thymiz acid. On treating thymus deoxypentoss nocheic
sebd with dilute sulphuric acld at 80°, quantitative removal of geanine asd adenine takes place
(Feulgen, Z. phyriod, Chem,, 1918, 101, 206; Feulgen and Landmann, ibdd.. 102, 162; Bredereck
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The disrocianion curves of thy tetrasodinm il of the deoxypeatose mucinic acid of calf
rhymar suppiind by Professer Casperison ©

KI, Tilrabizn wilh albali from f," T8 0.
KIL, Tidrakiom wilh aod from . B, O ; back Hiralion from g8 118, @.

and Muller, Ber., 1939, 72, 118 the resulting thymic acid is isolated as its bariom salt. The
empirical formula weight of this substance is defined, for coavenisnce, as the amount containing
4 gatoms of phosphores, and the valaes obtained from the phospharns contents of the two

tions studicd were 1310 and 1315, The electrometric titration corve caleulated on
the basis of these formuls welghts is shown in Fig. 7, csrve XITT, well-masied points of inSoection
being observed at pH 25, 50 and 11-5 after the peutralisation of 1'55 and 10 equivalty
redpoctively. A timbion has also boen carried out in the prownco of formaldehyde in csdsr
o ascertain what proportion of the more ackllc dissociation repressats that of An amino-group
feurve XIV).
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Dissussion.—(7) The mature of the acidic dnd the banic groups af deoxypentoss wuclsic acid.

The problem of the Initial structune of deoxypentoss mecless ackd before alkall or acid treat-

ment will be considered in sect i) of this discussion, and in this section the hack-titration
carve (Fig. 1. curve 1) only will be treated,

Owing to the fact that the denxyribomaclectides have oot yet etn isolated in quantities
sufficient to permit an investigation by electrometric mothods, it b5 secosmary to refer to dis
sociation-constant data of the ribonecleotides in arder to interpret this curve, This procedare
s b0 some extent justifed by the fact that the pkK," values of the amino-grospa of adenylle

Ay,
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The ditiosiation suried of the basium salr of rhymic acid
RATL, Titradions with asid and albali from approvimaisly pi 7, ©.  The smoolh cures deism theouph
therr M-r: is ralrwisted for 11 equavs, of PR, 48, 0-75 equin. of pH,' -8, and 10 sqwiv. of
X1V, Tutal‘uu in LRT5% fermaldehyds solution, @.

20 of epuivalrets i lﬁns arbitrarily o B B4, the Hirafions being carried oul on (=0 sampler
ﬂf- -shry differens barivom comionr,

and cytidylic acids do not differ very greatly from those of adeaing and cytosine reipestively.
as shown by the following data :
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It is not expected, thercfore, that n
amy considerable change in the ph,’ v

There has been some (-\nfulunr n the Illcnturn hmnm the |-h. values assigaed to lhe
amine- and the primary ph i
sit.) considered the groups dissociating
whereas Hammarsten {for. and Fle 5
them to be the primary phosphoryl dissociations. Consideration of the pK,' value for the




1138 Gulland, Jordam, and Taylor :

nuclecsides and sugar phosphates (given below) in the light of the modern theory of rwitberions
poinis conclhsively to ihe former view balng comect.®

Adezolse ......eoo.. 345 (Levese and Simem, loe efl).
Sugar phosphates.., pi, " 5t 11 pi, 0 oS (Kumler and Eiler, J. dare. Chem. Soc,

1943, 2355,
Adenylic soid ... pEyS 088 piS, 370 pA,S 000 (Levens and Simans, for. rie.).

The pK,,” value of adenytic ackd is clearly that of a primary phosphoryl dissociation, the'pKy' an
amino-dissociation, and the pk,' a secondary phosphoryl dissociation. At the isoclectric
point, therefore, nocleic acids will oxist almost entirely in the switterfonic form.

The disscciations which will b= titrated in the range pH 2'5 to 80 are therefore those of the
amino- and the sscondary phosphory] groups.  Examination of the lower portion of the back-
titration curve (Fig. 1, corve 11} shows that groups of both types am present, although the
amount of secondary phosphory] dissociation for every four atoms of phesphorus is relatively
very small {see below). The curve is in approximate agreement with a theorotical curve con-
#tructed for 10 equivalent each, for every four atoms of phoasphoras, of the LEE
of geanylic, adenylic, and cytidylic acids, the pK,’ values of which are 33, 3-7. and 4234 respeci-
ively [Levens and Simms, ioe, eif.; Fletcher, Gulland, and Jordan, b, cir). Tt nppears,
Bowever, that the pi," value of the amino-group of cytidylic acid (vie., 4:24) which bas besn
assumed for the aminoegrosp of cytosine deoxypentose nucleotide is low, and mech better

ent with the experimental corve s obtained by employing the pi," valse of 3-5, 15,
m'! for constructing the theoretical curve; the curve shown in Fig. | is caloulated on this

The titration carve in the range pH 55 to 75 indicates the presence of & small amount of
& group baviag a pR, valoe of 640 to 85, whith & conssdesed to be a sccondary phosphoryl
group,  The detenmination of the exact quantity of this dissociation is dependent wpon a precise
knowledge of its pi,’ valee and of the amounts of the amino-dimociations and their pK," values,
bt wsing 85 for the pi,’ value of the sscondary phosphory] dissocdation, which is that observed
for thymic acid, and asuming that there is no cverlap of the amino- and the secondary plosploryl
dissociations above pH 85 i, no aminodissociation greater than pi,' 4°5), the amount of
secomdary phosphoryl dissociation is 0°25 equivalent for overy four atoms of phospherus,
This represents the maximum amount of this gronp which can be preseat. Since, however,
the pK," value of the weakest améno-group b of the order of 62, overlapping of the discciations
above pH &6 must occor, and thus the amount of the secondary phosphory| dissociation present
will be less than the mazimum value,

The analysis of the sodium salt of deoxypentose nucleic acid shows that thene ane four sodium
atorms for every four atoma of phospherus, and i view of the fact that the amoust of sscandary
phinsphory] dissociation is small, the four atoms of sodium must be combined largely or entirely
with four primary phosphory] disociations. The deoxypestose nuclec acd of call thymus
differs in this respect markedly from the riboamcleic acils of yeast (Fletcher, Gulland, and

ordas, dor. «if) and of Calliphora erythrocephela {Khouvine and Grégoire, Bull, S, Chim.
Beol., 144, 18, 421), both of which show 10 equivalent of secondary phosphory] dissociation
{on correction for the phosphores analyals) for every four atoms of phoaphorus, and it cannot
therefore possess the branched chain stroctare postulated for yeast riboaucleic acid by Fletcher,
Gulland, amd Jordan (fe. eif.). The datn recorded are, however, conabitent with the view that
the thymes decxypentose nuclele acid of calf thymus has a long, unlwanched chain structure
(Signer, Caspersson, and Hammersten, loe, cil,; Astbury and Bell, foe, ei).

The groups titrating in the range pH 840 to 120 are considered to be the parine—pyrimbdine
bydrexy] groups of thymine and guasine deoxypentosides, and the upper part of the back.
titration. carve is in agreement with a theoretical curve constructed for 140 equivalent each of
pi,' valees 1ird and 114, The commespoading pi," valee for thymine b3 904 (Lovens, Hass,
and Simma, [, Hiol Chem., 1928 70, 220: and confirmed by us) and for guaoylic acid, 936
(Levene and Simms, loc. cit), which, although of the same order of magnitude as the apper
dissociationg of deoxypentose nucleic acid, are severtheloss appreciably lower. The same
effoct [ seen 1o & besder extent in yeast ribonucleic acid which shows 240 dissociations of pi,'
102 a8 compared with §36 for guanylic acid and 943 for uridylic acid (Levene and Simms,
doe, eit.; Fletcher, Gulland, and Jerdas, k. cid).  The reason for this discrepancy is not clear,

bw:‘-*;ffp!-w of gh ﬂ!-“m":lo;‘lhw the m&ﬂ-ﬁdﬂ_llﬁ_":ﬂtf‘k'f ‘5‘\'““*:« and Jordan
! = strocture und phogl roug i ool
maceaanily (st of wridylic acid, e e T Bl iy
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especially in view of the better agreement which exista between the pA," values for the amino-
dimociations of the rlbonucleotider and of 3 yoast ribonuclei scld, It may, however, be relsted
to the degree of polymerisation of the nuckeic acid since it b ot observed in thymic scid, which
in conmiderod to lave & low molecular weight (seo below],

The dats given in Fig. 2, carve IT1, show that, other than the pusine-pyzimidine hydrooxyl
Jfroiapa, thete ase ne discciating groups titrating with alkali whick have o pi,' value in water
bess than at keast 13'5,  This confirms the absence of free sugar hydroxyl groups in this sampla,
since the pi," valoes of the primary hydeoxyl dissociations of many sugars are in tho region
of 128 [Hirsch and Schlags, Z. physibal Chew, 1020, 181, 4, 387; Stearn, J. Physical Chom.,
1930, 85, 2220: Urbas and Shafer, f. Bl Chem., 1032, 94, 607: Urban and Williama, ibed.,
1933, 100, 237). and suggests that no other sugar than a deoxypeatoss is present in any appre-
clable quantity in this sampls of desxypentoss nucleic acid of thymes, Furthermore, takea
in conjunction with the presesca of one primary phosphoryl dissocdation for every atom of
phosphorss, the guanine, adenire, asd eytosine dissociations and the guanise and thymine
hydrooyd dissociations, this fact supporis the view that the internucléotids bond is an ester
linkage between the phosphery] grosps and the two bydroxyl groups of the sugar which are
not involved in the glycosidic ring structare. Other types of linking may, however, exist in
the nuclelc meid, but the sensitivity of the titration method procludes the occurrence of such
other linkages 10 a greater extent than one for every ten to twenty nacl iz

The titration of thyemic acid, taken b conjunaction with the praceding data for deaxypentoss
mscheic ackd, supplies information concerning the proportions of the four bases guanine, adenine,
cytosineg, and thymine present in this sample af necleks acid. The titration carve for thymic
acid (Fig. 7} shows 10 dissoclation per four atoms of phosphorus in the pH mange 60 to 120;
this group cin oaly be the enalic hydroxyl group of thymine. The 20 disocis therelare
oaerved in this pH range for deoxypentose aecleic 2cid (ser above) mast indicate the pressnce:
of one malscube sach of thymine and gouanine for every loar atoms of phosphoras. It & not
posaitde to determine with cestalnty the relative proportions of cytosine asd adeaine from the
titration data of the sdium salt of desxypentese nuchee acid, although the total amousnt of
these groups is approximately 249, Thymic acid, however, possesses for evesy four atoms of
phosplaras 10 to 12 disscckations. of piy 475 which must be the amino-disociation of cytoalng,
and tius it is probable ehat the ratio of cytosine to adenine in the deoxypentose nuckic acid is
a8 10—12 is to 10—0-8,

The peostece kn bar thymate of 076 equivalent of 4 secondary phosphory] dimociation
for every four atoms of phosphorus Suggsts, on the basis of the simight-chain strocture oF
dooxypentose neclei ackd, that the average namber of nuclectides per molecule of thymic
ackl is approximately &, and thus that (he average molecular weight of the fres acid is ol tha
order of 1300,

(i) The macromolrenlar stmesture of deasypentose wusless asid. As isshown in Fig. 1, the amino-
and the enalic hydroxyl grosps of thymes deoxypentose nucloic acid are partly or completely
blocked until the material has been treated with acid or alkali; an irreversible change then taked
place with ihe acoompany literation of titratable groups. The felesss of ths groups on
treatment with alkali takes place sharply in the neighbourhood of pH 115, but l=s sharply
in the range pH 35 to 4'5 on treatment with acid.  In both casm equilibrium i etablished
almast inFtantanecusly, and the liberation of groups is accompanied by 3 marked fall in the
wiscealty nmd a disappearsses of ireds ( foe, eid.; Wilbrandt
and Tennent, [. Awer. Chem, Soc., 1943, €5, 1808; Creeth, Gulland, and Jordan, foc. cit).

The decrease in viscosity brought atout by the addition of acid of alkali was
by Vilteandt and Tennent (for. ¢t to be caussd by 3 depolymerisation which was slowly
reversed when the solstion wis retrned to neatrality, Owsr results show that such a depoly-
merisation cannot lnvolve the rupters of the internucleotide ester linkages since ro increase
of secondary phophoryl dissociation obaerved in the bac carve. ‘The con !
identity of the back-titration carves from pH 20 and pH 120 strongly suggests that acld and
alkali have tbe same efect in Hberating the amino- and the hydroayl BTOupS. Twn poasibiitio
may be considered to explain this bebaviour. It conld be caustd by easily hydrolysed radicals,
hitherto unidentified in the breakdown prodects of the nuclsic ackd, which either substitate
in the amine- and the hydroxyl groups separately or form a bridige between them. There are,
however, certain limitations is the type of radical which could be involved ; fint, it could not
contain groups which are titrated in the pH range examined ia this investigation, since the
baclk-titrntion curve shows no liberation of sech groups and §§ mareover almost identical wl_.l.l:.
the titration curve of the acid or alkali treated samples (Figs. 4 and 8), and secondly, the stability
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to acid and alkali of the links involving the amino- and the hydroxy] groups would have to
bo wvery similas, In our opinion these sestrictions make the preceding explanation of the
abssrved bebaviour improbable, and & simpler and prefesable explanation is that in which the
amino- and the hydroxyl groups are Halked by bydrogen bomds. Bosding of this Lype has
frequently been suggested as being important in protcin sirectare, asd our observations on.
the behaviour of decxypentoss nucheic acid resemble in some respects thase secorded for egg
albumen (Cannan, Kibsick, and Palmer, dwi. N.¥, Adead. Sei., 1840, 41, 243; Crammer and
Neuberger, Biochemi. [, 1943, 37, 302), which bave been imterpreted by postulating a hydrogen
bond between & phenolic hydraoxyl group and a carbexylate ion.  Although it is undesizabla
st the present stage to specalate o far as to the macromolecular structure of decxypeitose
mucleic acid, a hydrogen bond between an amino-group and either the ~NH~ group or the sanlic
=C{OH)= growp of aa sdjscent puanine of thymine radical could sxplain satisfactorily our
experimental results. The large number of swch bonds which are possible, the maximem
number being two for every four atoms of phospborus, would give & degree of stakility to the
untreated deoxypentoss nocleic acid, and in onder to degvade the nwcleic acid it might be
secessary to break many of the bydrogen bonds simultasecusly, Such a process would lead
0 an absormal titration carve of the type shown in Fig. L It ks not possible on the basis of
those data to decide whether the wgen bonds unite in the same, or in different
i E i in the light of viscosity and streaming birefringence by Creeth,

: this aspect is

Hland, med Jordan (foc., cik.).

Thw increase in viscosity observed at approximately pEH 7 whea 8 solution. of the nucleic
acdd was adjusted io that value after tsoatmest with acd or alkali [Vilbrandt and Tennent,
loe. ¢if.; Coeeth, Gulland, and Jordas, lc. ¢it.) does not involve the blecking of the amino-
and the cnalie Bydroxy] groups, since the titration curves obtained wero identical with the back-
titration curve shown in Fig. | whether the solution was titrated immediately o was allowed to
remain at approximately pH 7 for 96 hours in the absence of stmosphieric oxygen.  During this
period the visosity had risen to a valme of the same opder as that observed with the original
achd (Creeth, Gellasd, and Josdan, fo. &il).

A different bebavious was observed in samples which bad been precipitated by alcobol at
pH 7 after acid or alkalize treatment.  Some blocking of tho caolic hydroxyl groups sccurred
{Figs. 4 and §), but to & musch smaller extent than that found with the original material. and the

of the procipitated material appeared to be isdepesdent of the viscosity changes,

similar titration curves were obtained whether the product was precipitated
imedintely or after 86 hours.  Precipitation would thas seem to be the important lactor.  There
is no evidence from titration data that precipitation effects blocking of the amino-groups.

Greensteln and Jenrette (. Nai. Concer, Imal., 1948, 1, 77; Cold Spring Harbor Symp.
Quani. Bicl., 1841, B, 238) have postulated on the evidence of viscosity measurements that
soversible depolymerisation of thymus deceypentoss nuchdc acid takes place on the addition
of meutral sals. Titration of the sodivm salt of thymus deoxypenicse puceic acid in

wm chloride (Fig. 2) asd i 2 L i {Fig. 3} b
in viscosity which occur bear no relation to the irrevemible change which takes place on treat-
mment with acld or alkali, since the discrepancy between the forward- and back-titration curves
was still present in these salt solutions.  The ing aof the viscosity by the addi of sale
mast dore involve a g 2 al change to that cocarring oa tHeatment
with scld or alkali.

ExXrstuEnTAL:

atus —The slectsometsic itrations were carried out accosding to the meihed described by
- Golland, and Jordan (R, 6il.), asd the tieration curves were commected for the titration of water
at the extremes of pH by the method of Jordan asd Taylor (e oif).  The solwtions for titration con-

talmed b hmmmu I 20 ml. of water.
iow o i-troated Samples of tha Sodism Salt of Thymus Deorspanicae Nusleic Aoid—To
m salt of deoxypentom auckic acid [E'ﬁLm Waker rw ml), G-sx-sodium bydroxide
with mechanical stiving. The sobsl thes had a reaction of pH 1230, 08n-
acid (24 ml ) diluted with water (6] ml.) was added shwly with rapid stirving to &void
tation. The pH was mfa adjested to 70, The slstion ided (mmediately of at the
time required to eihyl aloobol (7 -l.;. The white granslar precipitate (16 ) was collected, washed
shedd £ & vaEWUE Ower
g clriz Asid —To s
Ofix-bydrochloric
added slowly ng. the Enal roac pH 21 &) «Sodmm
mil.) was adied skowly with m“d the recticn adju H 71 with difate
k.  The scldution was added i nely or later as reqsired to othyl akoobal (Tod mb.h

[1947] Deoxypentose Nucleic Acids. Part I1. 1141
The white g.:auj..rpmiuu (1-8 g.) was collected, washed with alcobol, and dried in & vacoam over
assiioe ¢ Barium Thymats,—A solution of the sidium st of thy tose encleic

Pl of =t
&) im q\“—iﬁﬂ mi} was warmed to S0 and mixed with 10% m:rp'huﬁl: acid (30 =1) &t the
tare,

perad whizs 1ebid feemed and redisseived in 5 minntes. The solution was =aintainod
A% 80° for 30 minutes. Sidver salphate (5 g.) was added and the suspension shaken for | hoar, cooled
#o 07, and mixed with a sofation of barium acetate (30 g.) and bariam chioride (5
t day the sapes ¢ was decanted, and the nl-d‘mllnl:lnl by centrifuge
th $0% aleohl :ﬁ: then with 1007 aleobol and ether. The product (6 £) was
pharic axlid
uluu dried at 110" in a vacuum over phosphorie oxide. Details of the
T (e, g Sodiam salt of deoxypeatos: nucheic sl of call
Professor Casperasca de Ian:«!hr us (sen text], found : C, 36-5; H, &14;
&, 7-2 jolorimetric) . rrate] sexkium salt of am\qi-n:nn muckic acid of
tive waloes for theee preparations), found : C, 33-3, 357, 36-1: H, 362, 343, 370
: P, 9-30, 963, 9-58; Na, — 642 6-55 vimetric) %,  Ackl-trented sodiam salt of
o 359; H,378; N, [8; P, i-81; Na, 633 [gravi
ymmclootide of salts of tetr idns con-
m guamine, adenime, cyiosine, and hysing deoxypentoss neclessdes,
PN, the additanal HONa of the terminal groaps being ignored = C, 304 M. 34;
5 Sh, G853, Calk, for s lasge polyaucleotide consisting of the tetrasodinm salts of tetra-
: faining on averago | mod, esch of gasnioe and thymine, asd 1-2 molk. of cytosise and (-8
of aduonise deaxypeatoss nucleotides, L. wH O ™ g o MR ), T addizional HONS of the
igmared : G, 35+4; H, 34; R, 155; £, 4] Ha, woen,
e (respective valuos for twa prepamations), ound: C, 20, —j H. 348, —:
-44; Ha, 233, 2319, Calc. fora mobecsle contabning foar atoms of phosphorus,
10 mal, of thymise, 323 atoms of bariom asd o terminal OH IN:E Iﬁl"g five
. ot Capabhe iy oS g aFeBiaggy : €, 2048 H 3100 K, 590 F,944; Ba, 23-2
i our atema of , 140 mol. each of ¢ .lndth{minr.!'
a=d a termizal OH group to svery five atoma of phoaphoras, 6, Gyl (O o Py 0
5, 537; F,066; Ba, 33-4%

B

& plessere to record our thanks to Imperial Chembcal Industries Led. for the loas of spparatus;

Professor W. T. Astbury, F.RS., for the gift of the sample prepared by Fro : to

i . Cresth, BS¢.. for preparing two of the alkali-treated sam) fer prelimisary work om the

, and for seme of the sodism analyses; to Mr. lw_'l'hu fall. B.Sc. foe pregaring

samplos of basfum thymaie; and to Mr. ], B 9%, BSc., asd Mr. D 8, R, Camarea for the
Yoo
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MOLECULAR CHARACTERISTICS OF SODIUM
DESOXYRIBONUCLEATE

by
JOHN W. ROWEN, MURRAY EDEN axo HERBERT KAHLER
National Cancer Institule”, Bethesda, Md. (U.5.4.)

It has been the purpose of many studies!-'* on sodium desoxyribonucleate (DNA)
to determine molecular parameters in order to define the molecular shape and size.
Consideration of this work suggests that a large sample to sample and technique to
technique variation is responsible for the enormous range (9.5 — 20-10°%) of molecular
weight values.

We have prepared a high molecular weight sample by the MIRsKy-PoLLISTER!,
SEVAG, LACKMAN AND SMOLENS method!® as modified by GULLAND ¢f al.’® and studied
its properties by light scattering, electron microscopy and viscometry. In addition, the
viscometric behavior of a second sample prepared by a modified HAMMARSTEN method
by GREENSTEIN AND HovERMY was studied. This investigation is still incomplete but
the measurements thus far obtained are interesting enough to warrant publication at
this time. A more detailed account will be submitted upon completion of this investi-
gation.

LICHT-SCATTERING STUDIES

The intrinsic asymmetries of approximately fifty solutions of the Gulland prepa-
ration of varying DNA concentration (0.40 — 7.0-10~* g/ml) and salt concentration

= — —

L2 LE 2 & ] 52

sINt £+ sooocC.

Fig. 1. Typical Zimm plot. The lowest angle of observation of each of the five concentrations, over
the range of 1.0 — 7.0- 107 g/ml, is 40°, the highest point is 100°

* Natiomal Institutes of Health, Public Health Service, Federal Security Agency.
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{0.0-2.5 M) fell between 2.8 and 3.6, The double extrapolation method of Zism®™ was
found to be applicable to the data. A typical Zimm plot at one ionic strength is shown
in Fig. 1. The molecular configuration was intermediate between that « rodl and a
coil as shown in Fig. 2. The leng thread-like molecules contracted in length from
65107 A to 4.5-10% A when the ionic strength of the added clectrolyte was increased
from o to 2.0-107%,

MOLECULAR SCATTERMG BY

DHA M SALT FREE SOLUTIONS

poo- 7 e7sod

1
SH B

Scattering envelopes, I (0) is the ratio of the intensity (1) of the scattered light at any angle
# to the intensity of the scattered light at o®,

ELECTRON MICEOSCOPY STUIDMES

ectron microscope studies™ 18 of DNA the diameters m
reported bore no resemblance to the obtained by other methods and undoubtedly
were measurements of multiple filaments. In this investig n a great many elae bz
micrographs of bath of the above-mentioned preparations shadow cast under a variety
of conditions with platinum, chromium, and uraniom we .

wsured and

= made. We have succeeded
by the use of high resolving power methods and by the proper interpretation of s
lengths in obtair ]

range of 10-20 A. This v

fow
it fibers and found them to be in the
T is in fair agreement with the

Tods, Ce trary to carlier
ndications® 7.1 the molecule appears to be not a stiff rod but one whi

as a slightly kinked and slightly flexible rod. One of its most strikir
tendency to spiral, twist and intertwine with neighboring me

1 is best described
roperties is its
ecule

VISCOMETRY STUDIES

Tk metric properties of both samples have been studied and found to be quite
comparable. The study of the Gulland preparation is still incomplete. Tt was found
possible to correct the relative viscosities obtained with a Bingham vis stor to ZEro
References . g2
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shear rate by two methods which g sentially identical results, In the first method
the pressure was plotted versus sh nd the limiting slope at z ar rate was
used. In the second methoed the reciprocal of the product of pressure and time was
plotted against pre e and the limiting viscosity was obtained from the extrapolated
value PT™, A plot of the specific viscosity versus concentration is shown in Fig. 3.
The intrinsic viscosity 5060 mljg lead to an axial ratio of 330 us SiMHA'S equation
for a rod®,

Fair agreement was found in molecular parameters as estimated by the above three
methods, The molecular diameter was found te be in the range of 15-24 A, the axial
ratio between 330 and 4oo and the molecular weight between four and five million
(451 — ©.53-10%).

Fig. 3. Intrinsic viscosity determined by extrap

specific viscosity divided by
concentrations |

SUMMARY

Studies by thees different physical methods on & s
that tk

Nous avons dtudid = 2 m par trois m
différentes. :
1. Des expériences avee de la lumibee dig s I o
de 6300 A & 4500 A lorsqu ! nt passe hooa
poids maléoulaire est de 4.5
viscoaité extrapalés e vites

axial de 330,
s

3. I A o traniqL amernitenses
dont la walear da di
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ZUSAMMENFASSUNG

Untersuchungen einer Probe Natriumdesoxyribonucleat mit drei verschiedenen physikalischen
Methoden werden beschrieben.

1. Untersuchungen im Streulicht zeigen, dass die Molekiillinge von 6800 A in Lisungen mit
der Ionenstirke o abnimmt auf 4500 A bei Ionenstiirke o.02. Das Molekulargewicht wurde zu 4.5- 108
gefunden.

2. Die fir Schergeschwindigkeit Null extrapolierte Viskositiit zeigt ein Achsenverhiltnis von
330 an.

3. Aufnahmen mit dem Elektronenmikroskop zeigen faserige Teilchen, deren Durchmesser in
Ubereinstimmung sind mit den durch indirekte Methoden erhaltenen Werten.
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BIOCHIMICA ET BIOPHYSICA ACTA

AN X-RAY DIFFRACTION INVESTIGATION OF
AQUEOUS S5YSTEMS OF DESOXYRIBONUCLEIC ACID (Na SALT)
by

D. P. RILEY awp G. OSTER"
The Royal Institution, 21, Albemarle Street, London (Engeland)

Nucleic acid is an essential constituent of living animal cells. In its desoxy variety,
it constitutes the major part of the nucleus, in association or combination with protein.
The exact nature of the interaction between protein and nucleic acid is not _known.
Chemical analyses show! that the nucleus contains about 149 by weight of desoxy-
ribonucleic acid and in local regions the concentration may be higher. According to
Mirsgy AND Ris?, 37% by weight of chromatin threads consists of nucleic acid.

The aim of this work has not been to achieve a detailed analysis of the nucleic acid
molecule itself, but to study molecular arrangement in aqueous systems at relatively
high concentrations. It is felt that knowledge of molecular interaction in environments
similar to those which exist in the living cell may be more important to an understanding
of gross cytological phenomena than even a complete picture of the molecule taken in
isolation. For this type of investigation, the method of X-ray diffraction analysis is
uniquely suited. It has the virtue of being indifferent to the nature of the specimen,
which can be a solid, a concentrated or dilute solution, or living tissue, and of not af-
fecting the material in the course of experiment. Linear dimensions in the 1 A. to 100 A.
range can be accurately measured and still higher values are accessible by the low-angle
scattering technique. In this paper, we shall examine the X-ray scattering given by
aqueous systems of the sodium salt of desoxyribonucleic acid in concentrations varying
from about 0.03 to 1.8 g/ml (2% to 100% by volume). Certain aspects of the problem
have already been briefly described by us elsewhere?®,

THE MATERIAL

Three samples of the sodium salt of desoxyribose nucleic acid (from calf thymus)
having different molecular weights were studied. (1) Sample prepared by Prof. R. SIGNER
AND Dr H. ScewaNDER?! who kindly presented it to us. This material is of very high
purity and contains less than 0.3% protein. (2) Sample prepared by Drs J. A. V. BUTLER
aND K. A. Smite® who kindly presented it to us. (3) Commercial sample purchased from
the British Drug Houses Ltd. Samples (1) and (2) were prepared by modifications of
the Hammarsten technique (salt extraction) and sample (3) was prepared by the
Feulgen-Levene technique (alkali extraction). By a comparison of the ultra-violet

* Present address: Polytechnic Institute of Brooklyn, go, Livingston Street, Brooklyn z, New
York, U.S.A.
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absorption of solutions of these samples with the absorption for samples dried over
P, Og and then dissolved in water (optical density of dehydrated nucleic acid at 260 mu
equals 0.zoo for a solution of concentration 1.0-10~° g/ml) it was found that the air-dry
samples, as received, contained (1) 30%, (2) 30% and (3) 109 water by weight re-
spectively. By light scattering and viscosity studies, the molecular weights (in millions)
of the samples have been found to equal (1) 3.26, (2) 1.34 and (3) 0.51% and the axial
ratios 175, 125 and 1g respectively. The partial specific volume of nucleic acid is taken
as 0.55, the mean of the observed values’. In all the work considered here the nucleic
acids are in the form of their sodium salts.

From sedimentation and diffusion measurements extrapolated to infinite dilution® 8,
the diameter of the fundamental particle, assuming it to be an elongated ellipsoid
obeying the laws of macroscopic hydrodynamics, is calculated to be 18.4 A. The rate
of sedimentation for elongated particles is determined by their cross-sectional area. In
the very dilute solutions required by this method, the molecules are apparently hydro-
dynamically independent and the dimensions thereby derived are those of the individual
molecule. Electron microscope examination (with palladium shadowing) of dried
solutions of SIGNER’s sample shows fibres with diameters of about 50 to 60 A.® These
apparently correspond to bundles of the fundamental molecular fibres, as will be seen
from the later discussion.

THE SFECIMENS

Specimens of known concentration were prepared from the SiGNER and from the
BuTLER samples*® by the following method. Bundles of air-dry fibres were introduced into
weighed thin-walled Pyrex glass tubes (average diameter 1.2 mm and wall thickness
0.04 mm). The tubes were then re-weighed and distilled water introduced with a micro-
syringe; a final weighing after careful sealing-off completed the process. Specimens
prepared in this way, without stirring, were left to stand for several days to attain
equilibrium. This was indicated by the fact that the spacings of the X-ray diffraction
bands did not change on further keeping and were the same for different parts of the
specimen. On keeping for several months, however, the SIGNER specimens do show
changes which are discussed later. A solution of the SIGNER sample of known concen-
tration was also prepared by rapid stirring in a small vessel before being sucked up into
the specimen tube with the aid of a vacuum pump. This specimen also showed differences
from those prepared without mechanical agitation. Solutions of the commercial sample
are not highly viscous and were prepared separately before being sucked into the tubes.

Work on the crystalline-micelle transition was done with the aid of a small vacuum-
tight cell with thin mica windows. This cell was also used for much of the wide-angle
work and for a number of exploratory experiments where the concentrations were not
measured in advance.

X=RAY PHOTOGRAPHY
All X-ray photographs were taken with CuKa radiation (4 = 1.542 A.) obtained
from the large rotating-anode X-ray generator in the Davy-Faraday Laboratory. Con-

* We shall, for brevity, refer to these two samples by the names of the first mentioned authors
in the references previously given?.5,
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siderable modifications have been made to this unit since it was first described by
MULLER AND CLaY?®, in order to make it less troublesome to operate for prolonged
periods. As the X-ray effects examined consist of relatively well-defined bands, it was
not considered necessary to use crystal-reflected radiation and sufhciently mono-
chromatic X-rays were obtained by filtering through 0.025 mm of nickel.

The camera used was essentially an optical bench mounted in a long vacuum
chamber so that specimen-to-film distances of up to 110 cm could be used if needed.
The beam was defined by three slits, one on the tube-window and the other two in
the vacuum chamber. The latter two were precisely adjustable by micrometer screw-
threads and were faced with pure tungsten. The third slit, following the usual practice,
merely suppressed secondary scattering from the second sht. Little difficulty was found
in obtaining by this means fine well-collimated beams of height ¢a 3 mm at the specimen.

The low-angle photographs were taken on a flat film at various distances between
15 cm and 50 cm. The wide-angle photographs were mainly taken in a cylindrical
camera of radmus 5 cm although some were taken at longer distances on flat film to
increase the resolution. The exposure varied considerably, the wide-angle photographs
requiring from 15 to 30 minutes while the low-angle exposures were of about 2 hours
duration with a power input of 15 KW, the long exposures being made necessary by
the great distance between the X-ray tube focus and the film. In order to eliminate
ﬂir-ﬁcnttftrlng, all low-angle photographs were taken in a vacuum; this prm'_t*:lure Was
also used for most of the wide-angle work.

GENERAL CLASSIFICATION OF THE SYSTEMS

The structural nature of nucleic acid preparations is markedly dependent on the
quantity of water present and on the way in which the sample is prepared. If insufficient
water is present, or again if there is too much, the structure is disordered. There is,
however, a wide range of concentrations over which the gels have an ordered structure,
including a narrow range where the material appears to be really crystalline.

Four principal regions of concentrations may be distinguished and will be described
in turn.

a. Dry region

This region starts at the anhydrous material (¢ = 1.0)* and includes the air-dry
fibres as received (¢ = 0.57 or 1.04 g/ml). The anhydrous material, prepared by drying
out a wet gel in a vacuum chamber containing P,0;, is hard, white and opaque.

b. Crystalline region

Crystalline samples, in which the concentration is in the neighbourhood of 0.44
(weight concentration, 80%,) can be prepared in the following way. A drop of distilled
water is added to a small amount of the air-dry fibrous substance (ex SiGNER). The
material rapidly imbibes water and loses its opacity and shape. A homogeneous solution
is obtained by stirring with a needle and this is left to dry gradually for about 24 hours.
The crystalline substance which results is a hard mass with a white waxy appearance.
It is opaque in bulk but shows under low magnification strong domain birefringence in

* All concentrations ¢, unless stated otherwise, are given in terms of the volume of anhydrous
material per unit total volume,
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thin sections, the domains being elongated in shape and negatively birefringent. Once
obtained, the material can be wetted and dried between narrow limits without losing
its essential crystalline nature.

c. Micelle region

Over a wide range of volume concentrations, from about 0.4 to .02 (73% to 4%
wtvol), the nucleic acid gels possess a partly-ordered structure of the “liquid-crystalline”
type. The striking feature of this region is that the molecules aggregate into micelles;
the distance apart of molecules within micelles, as af the micelles themselves, increases
markedly with dilution. These characteristics will be fully discussed in a later section.
The appearance of the samples varies from that of a moist semi-opaque fibrous mass
to that of a typical transparent liquid gel of high viscosity. The more concentrated
transparent samples exhibit pronounced domain birefringence under static conditions,
the domains being in some cases as large as 0.1 mm in length, as well as strong streaming
birefringence.

d. Dilute region

At concentrations less than about 0.02, the systems are transparent non-birefringent
solutions of relatively low viscosity. There is no evidence of marked molecular ordering
or aggregation in this region.

GENERAL DESCRIPTION OF THE X-RAY SCATTERING

Previous X-ray work on nucleic acid preparations by AsTBURY aND BEeLLM and
AsTBURY2, has been of a fundamentally different type from ours and has been aimed
at elucidating the intramolecular structure. Fibre photographs obtamned by these
workers of stretched films in air showed marked preferred orientation. A list of spacings
is not given but the presence of a strong meridian are of spacing 3.34 A. is emphasised:
the true identity spacing along the fibre axis is stated to be at least 27 A. In his latest
paper, ASTBURY™ states that the true repeat distance along the fibre axis corresponds
to the thickness of 8 or 16 nucleotides. The principal side-spacing reported has a value
of 16.2 A. and higher spacings up to about 26 A. are also mentioned. It may not be
possible to compare these data with our findings in detail as the material used was not
identical and the specimens were prepared in different ways. We shall return to ASTBURY's
work in the discussion at the end of the paper.

As will be seen by reference to Table I, the X-ray scattering effects observed by
us from the samples examined can be grouped into eight ranges®. First of all, there
are the 3 A., 4 A. and 5 A. ranges which are given under all conditions and must corre-
spond to intramolecular periodicities. (They were not looked for in the most dilute
systems owing to the confusing effect of scattering by the bulk of water present). In
the anhydrous specimen, they take the form of very diffuse bands, as they do in the
case ot a wet gel. The air-dry fibres (BUTLER, as received) show a significant difference
in that the 3 A. band becomes a sharp line of spacing 3.25 A., although the rest of the
pattern remains diffuse. The crystalline specimens show on ly sharp lines, several in each
region, and the diffuse bands in the disordered structures correspond to a blurred-out

* This statement refers specifically to the Siexer axp BuTLER samples. Specimens made from
the commercial material were examined for high spacings only.
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TABLE I

SUMMARY OF X-RAY RESULTS FOR NUCLEIC
HOWING THE RELATION OF THE PRINCIPAL DIFFRACTION

Specimen

Anhydrous Air-dry fibres

Vaolume
Concentration
Spacing Range

3A

204
Micelle Band
JOA {a)
(1) | (3)

very strong; s

medinm; i

strong; s linm strong;
medinm weal vary weal ;

wh = very broad; b = broad; sb = slightly broadened line.
a. This spacing range not recorded

b. Weak unlocalized scattering

Crystalline

297w
3.15m
334w
3.50 0w
3.88 m

4.04 §

4.53w
3.66
5.23 muw

7

it sh

anan

The intensities given are relative intensitie
are n

0,88 w

ACID UNDER VARIOUS CONDITIONS,
REGIONS TO THE DIFFERENT STRUCTURE TY

Moist

Crystalline Wet gel

.40

(a)

w

HRLE
m

L

m

44.9 vie b
(s} | ()

s are in A, concentrations in ml/ml.

c. Intense diffuse central scattering

Wet gel

o015

()

(a)
(8)

for any one specimen and
ot directly comparable with those for another.

d. Intense low-angle scattering unresolved owing to small camera radius.
N.B. The columns are numbered at the base of the table.

10A

(1861) 1 -
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version of the richer crystalline pattern. There is not necessarily an exact equivalence
in spacing between the strongest crvstalline lines and the 15¢ bands but they are
all obviously related to an intramolecular structure which remains substantially un-
altered on this scale under all the conditions studied. The 8 A, region is also given at
all concentrations but is much less definite and intense. It, too, 1s probably largely
intramolecular in nature.

Scattering is not observed in the remaining four spacing-ranges | SIS A 20A.
and 40 A. upwards) in the case of material from the dry region, if exception be made
for the usual diffuse central (low-angle) blackening given by disordered colloidal sub-
stances. This also applies to dilute solutions, which give diffuse central scattering only.

Specimens in the crystalline and micelle region, however, show pronounced dif-
fraction effects in the higher spacing ranges which have been the subject ot special study.
Broadly, the lines in the 1o A. and 15 A. ranges are characteristic of a crystalline
specimen, while the bands in the 20 A. and 40 A. ranges correspond to micelle formation.
Several series of photographs were taken to establish the nature of the transition, a given
slightly moist specimen being repeatedly examined as it slowly dried.

A typical wet gel in the micelle region shows two bands at low angles whose spacings
are markedly dependent on the concentration of nucleic acid in the specimen. The exact
way in which these bands move with concentration will be the --alhj,l't'l of the next
section. Such a system may, if it is not too dilute, also show diffuse bands inthe 3 A.,
4 A.,5A. and 8 A, ranges and, In addition, one at about 13 A. At the high concentration
end of the region, lines typical of the crystalline state appear, first very faint and rather
diffuse, then more and more definite as crystallisation sets in. Correspondingly, the
micelle bands become fainter until they disappear, the band of higher spacing vanishing
considerably ahead ot the 2o A. band. The erystalline lines, once apparent, do not change
appreciably in spacing or relative intensity. They consist of a triplet of lines of spacings
10.6 A., 11.3 A, and 11.8 A. and a doublet whose components are at 14.9 A. and 16,5 A.,
Under conditions of poor resolution, the two sets of lines appear as two bands of .-['Imll'l-l'l_’_t:-
10.9 A. and 15.7 A. The latter composite band can be still further broadened at concen-
trations where the 20 A. micelle band is just appearing. Nevertheless, there is clear
evidence from several I:-h-c:',u;_{‘.;|pl|-. that the micelle band 15 a separate E:h-'l:l-.':'.-*::llln and
is not, as a rapid inspection of one or two patterns might misleadingly indicate, the
Ih A. -'F_';'r~[~|||i||-' hand shifted inwards. The transition from the crystalline state to a
micelle system is reversible and a given specimen can be repeatedly changed, back and
forth, from one to the other by adjusting the water-content

The micelle band has not been observed with a S ing of less than 19.1 A. When

its Sl ing has this value, the band 15 weak whereas the erystalline ii||.-_|| ittern 15 well

developed. We may therefore take this figure as the lower limit of movement of the
band. If the concentration of nucleic acid is then slightly increased by allowing specimen
to dry a little, the micelle band disappears completely and the crystalline pattern only

15 SR,

THE X-EAY PHUTM:RAPHS

We have reproduced 1n Fig, 1, 2, and : selection of X-rav photographs given by
nucleic acid under various condin
Fig. 1 reproduces four wide-angle photographs taken in order to show the lower

if
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spacing regions in specimens of different moistness. Photographs Ia, b, ¢ were taken
||'| | l'.'l,'llilll:.l"il';'..l Camera ll'i' :| CITh 'I';llili'“."\-_ '\I."u'hil.t' Ill. wis ].l]\.‘l':l LI :L!t ji![:l at ::_‘| CII1 o l;f‘t.lill L

1a. A photograph of the crystalline material, showing a wealth of well-defined lines
reminiscent of the patterns given by normal erystalline substances in powder form. The
spacings and relative intensitites are hsted in Table I, column 4. The substance was
enclosed in the small air-tight cell descnibed earher.

Ib. A similar photograph of the same crystalline specimen in a shghtly more moist
state. Note the blurring of the lines which otherwise remain ||r'.u'l'i: allv unchanged. Th

specimen was enclosed in a cell, as 1n Ia.

o of Mall

i 16l (Cu e radiation
a. Lrystalline specimen in cy al camera of 5 em radius

b, Moistened crystalline PECITEn 10 Same CAmera

¢. Anhyvdrous s e 101 SA e CAImeri

d. Bundle of air-dryv hbre il 5.5 Cm Hat flm,

1c. The pattern given by anhydrous material obtan
in a vacoum over P,0,. Details of the photograph are giver
photograph was taken in a vacuum camera with the specimen unsurrounded by

I s ELT e

1d. A photograph of a bundle of air-dry fibres (BUTLER axD SMITH, as received),

Details are given in Table I, column 3 The dominant feature is a sharp line of -.i-,_|.i_-,.-
.25 AL and the 2oo line of NaCl present in the sample 1s also shown

Fig. 2. Shows a series of photographs taken to illustrate the gradual transition from
the crystalline state to the micelle remion, All photographs were taken on flat film i
A4 vacuum camera, 2a at 20 cm, the rest at IS5 CIT.

2a 15 a photo I a crystalline specimen corresponding to the central higher-
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spacing region of Fig. 1a. The triplet and doublet, the spacings of which are given in

Table I, column 5, are clearly resolved (T and D). There is no evidence of other crystal-
line lines of high spacing but the micelle band M, 15 just starting to be p--l'-':-p'.i.h]-- af
its lowest observed spacing of 19 A.

zh shows how, on addition of a tiny amount of water, M, becomes more pronounced

and slightly increases its spacing (Table I, column 6 [he ervstalline lines are still

present.

Fig, 2. Photog hs to show the transition from the crvstalline state to the micelle regi
film (b (c) {(d) and (e} at
Micelle be

i §
InNLEIcaL ¢

radiation, X1 filter, in a vacuum camera. (a) at zo cm on flat
film. {d) and (e & under wints of the same photog
!-:-,' . and M., % Nime i | and triplets are 1 14l
'..u'.'.-w-!;;.|_|':|:-_' 1.: LT rerions, Concentration « from (&) to [d) wWith consequent onsc
Iroin mica windows of SEEECITIETE

M 15 now the dominant feature

re shows the effect of further addition of water,

of the pattern and the inner micelle band .U\_, 15 ill--| becoming visible, » crystalline
El:-_'.El'TII 15 weaker and less distinct.

zd and e are photographs of a transparent wet gel prepared from the above spec e
by addition of water and stirring. 2d is a light print which shows clearly the two micelle
bands, now at much higher spacings Table I, column 7). 2e is a heawvy print f the
SAMe ]|,L|n'||'-;_f|'.|]:||'_ made m order to show how the '|le"|:.| ction of the crystalline pattern
has been lost and replaced by the broad scattering regions indicated by arrows.

MMEferences 1 :'..j"'-.,
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Fig. 3 reproduces low-angle photographs given by the three different samples of
nucleic acud mvestigated. All were taken in a vacuum camera, 3a at 30 em, the other
two at 25 cm, with the specimens enclosed in thin-
walled #lass tubes.
3a 15 a photograph of an unstirred SI1GNER
specimen of volume concentration 0,152, The inner
band .M, is markedly more intense than M.
3b is a similar ]>:'|--L--_',;|;:|;':; of a BuTLER Spect=
men of volume concentration 0.250, The print has
been over-expesed to bring up the weak and broad
M, band. In the onginal, the outer band M, is
sharper than appears here.
3c 15 a similar photograph of a commercial
2 PeCIITLE D of volume concentration .257. lhe inner
band is markedly weaker and more diffuse than the

outer,

'HE MICELLE REGIOXN

All three samples of nucleic acid give pro-

nounced low-angle difiraction effects if the concen-

Iratioan s ill"_".'.'-.'l'i:-':".'I,.||; | IMits an ! .||:|||.!|_L::'| |E'||-||-

1. Valume concentration o, 182

13355 wt/val): b, BUTLER AND SMITH.
Volume concentration o.z50

wifvol) ;¢ Commercial (BDH).

are differences in detail, the general nature of the
{452 scattering 15 the same in each case. [t consists of

Wil - two well-separated bands of which the outermost.
ume concentration o.274 (50%; wt/vol)
CuKea radiation Ni filter, in vacuum

camera, (a) i-\,'__{-ll_':'.l-_ll and [c}jatz25cm. Intense. .“l" '-]".Ll'ill__:':- "f |f|-||| Il:l;|l.|1- iII' FeEgse o=

of lower spacing, is usually the sharper and more

the systems are diluted but at different rates, the
inner band shifting more rapidly than the outer. The sharpness and intensity of the

bands alzo |I.l'!..'._l with concentration.

L5 will be seen from Table IT and Fig, 3, the S1GoxeER and SCHWAXDER material gives

photographs which are distinctly different from those given by the other two samples.
l'he inner band 1/, is similar in definition and intensity to the outer band M, and, in

the three more dilute specimens, 1s actually the stronger of the two, The commercial
sample resembles that of BUTLER AND SMmiTH in that the outer band W, is always
stronger and usually sharper than the inner, M,. In all cases, dilution tends to broaden

both M, and 1, In the most dilute systems M, is no longer observed, and the region

between M, and the central beam is filled in with a nearly uniform backeround. The
more concentrated specimens prepared from the BUTLER material, and from the com
mercial sample. give an 15 unsymmetrical hough quite sharp,
; 12 Not 50 apparent with
the sPACINEs COrre-
sponding to ree on the nature of the sample
1ien. The nature of the inner band M, is on

the contrar ected by both factors. Its spaci

1 relative o o

N e N =+
r two LEECY RZ

considerably higher for the SIGNER "":"'l‘i" ithan for the otl




TABLE 11

DESCRIFTION OF THE LOW-ANGL BANDS GIVEN ¥ MICELLAR SYSTEMS OF VARIOUS CONCENTRATIONS
PREPARED IM THREE DIFFERENT SAMPLES OF NUCLEIC AC

Volume Spacings in A, Sharpness
e Relative Other

Sample Specimen | Concentration ) ; ;
3 g and & A . tati nisities q: 25
2 B ”,‘l {; | Ban . Ratio Intensities Band M, Band M, Features

0,351 21. 3.07 = 2], Quite sharp, symm.| Quite sharp, symm
0.236 7. 3. = 1y | Quite sharp, symm.| Quite sharp, symm

SIGKER 3 o.182 30.5 3- 20l Sharp, unsymim. Very broad
AND 4 0.000 42.5 3.77 41, Quite broad {]u]hr broacd
SCHWANDER . o.067 53. 3.53 6i, Broad Broad
0.032 = 10l Broad Very broad Background
| Mot
| Very broad distinguishable Strong
I background

Cuite sharp, symm.| Very broad

Sharp, unsymm, Very broad
BuTLER
AND k 4 27,1 y 5 Sharp, unsymm., Very
SMITH

Bk} : : 5 | Very broad Very broad Background
L0bg 8 d -3 = z2ly Very broad Very broad Strong
. | background

6l Sharp, unsymm. Very broad but Background
(50, 103) well defined
Commercial : {115} = 2], Broad, n mm. Very broad Background
(BDH) k .13 f {115} ' Very broad \':;r}.' broad Background
226 30 fris} | 41, Very broad | Very broad
0%, NaCl) |
| |

" Spacings in round brackets give the rough limits of the band. Curly brackets indicate that the value given is very approximate. dy, I, and dy,
Iy refer to the bands M, and M, respectively. Relative intensities are very approximate.

(xS61) £, "10A

NOLLOVEAAIA
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In three cases, the specimens were re-photographed after being kept untouched at
room temperature for several weeks in their original sealed capillary tubes. The BUTLER
samples (2 and 3) showed no significant differences after 8 weeks, whereas the SIGNER
specimen (2) after 16 weeks gave a substantially altered photograph (see Table II).
Whereas originally the inner band M, was about equal in intensity and sharpness to M,,
on keeping it had become much weaker and more diffuse. The spacing of M, had only
slightly changed but that of M, was considerably lower than at first. In short, the
diffraction effects were similar to those given by BUTLER AND SMITH specimens of about
the same concentration.

The characteristics of the inner band are also dependent on the way in which a
specimen is prepared. In general, the specimens were prepared without the use of any
mechanical agitation, equilibrium being reached in a sealed tube merely by keeping for
z to 3 days. If, however, gels of the SIGNER sample be made up by stirring in small
containers and, when visibly homogeneous, sealed up in the usual tubes or in the
vacuum-tight cell, the inner band is again weaker, more diffuse and of lower spacing.
A typical specimen of this type gave spacings of 45 A. and ¢8 A. for M, and M,; the
ratio dyfd, = 2.15 is substantially lower than in the unstirred specimens and resembles
those found with the BUTLER samples.

One other isolated experiment needs to be mentioned. In an attempt to see whether
any very weak bands were escaping observation, a very over-exposed photograph was
taken of a weak gel (stirred-up SiGNER sample). The result is reported in Table I,
column 7, and it will be seen that a third very weak band was present. The concentration
of the specimen can be roughly gauged from the spacing of M, (358 A.) and is 0.15.
The ratio of the spacing of M, to that of the new band is 1.69. There is a rough corre-

spondence to the ratio, 43, of the spacings of the 1o and 11 planesin a two-dimensional
hexagonal array.

STRUCTURE OF THE MICELLAR SYSTEMS

In the discussion which follows, it will be taken that BracG’s law helds for the
spacings of the low-angle bands. We have elsewhere!® ¥ given theoretical arguments
in favour of this supposition in certain cases. In the nucleic acid systems, the fact that
strongly birefringent domains are visible in transparent specimens under static con-
ditions argues a high degree of crystallinity and strengthens the Brace law assumption.

In order to illustrate the way in which the spacings 4, and d, of the bands depend
on concentration, the relevant data of Table IT have been plotted on a double logarith-
mic scale (Fig. 4). The main features of the graph are

a. the points corresponding to d, all lie on or near the same straight line (C}, no
matter which sample is considered or how the specimen was prepared

b. the points corresponding to d, lie on one of two straight lines (4 or B) according
to the source of the nucleic acid sample and the method of preparation of the specimen

c. al] three lines are parallel and have a slope of -14.

This value for the slope of the plots means that in each series the spacings are
inversely proportional to the square root of the concentration. The expansion on dilution
is therefore two-dimensional in each case and consequently neither spacing can relate
to a simple repeat distance along the molecular axis.

The observation that 4, is dependent only on the concentration of the specimen

References £. 540.
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and not, or only slightly, on the source of the nucleic acid or the way in which the
specimen is made up, suggests that it is related to some fundamental dimension in the
molecule itself. All three samples, when made up into specimens of the same concen-
tration, will give approximately the same value for d,. The most probable explanation
of these facts is that d, is simply related to the distance of separation s of neighbouring
molecules and therefore to the molecular diameter o.

The larger spacing d, derives from a further periodicity which is also subject to
expansion in two dimensions. It is much more marked in the SiGNER specimens (when
unstirred and fresh) than in the others. The SIGNER specimens clearly have a relatively
very ordered structure. The larger periodicity is less perfect in the other specimens, and

Spacing in 4
250

200

150

100

02 03 04 0505 10
Volume concentration mijmil

Fig. 4. Plots of the spacings d of the two micelle bands against concentration on a double logarithmic
scale.

0 SIGNER AND SCHWANDER specimens (fresh and unstirred) {dy om line A, &, on line C)
O BUTLER AND SMITH specimens (d, on line B, 4, on line C)

£ Commercial (BDH) specimens (4, on line D)

¥ SIGNER AND SCHWANDER specimen, after several months.

its mean value is lower. It is probably related to the micelle diameter 3 but other hypo-
theses will first be discussed.

At first sight, the two spacings 4, and 4; might derive from two separate phases
and to two different nucleic acid molecules. With complex macromolecules, this duality
is not an impossibility but the hypothesis can be excluded by a simple argument. Both
spacings are observed to be proportional to 1/,f¢ where ¢ is the measured concentration
of the whole system. In any two phase system, each spacing would vary as 1/,/¢ only
if ¢ were expressed as the concentration in the phase concerned. It follows that the
variation of the two spacings must be different aspects of one phenomenon. The ex-
pansion of d; must be a consequence of the increase in d, on dilution and not a separate
effect. Only two hypotheses meet the situation. One is that of micelle formation, and
the other, of regular molecular folding.

References . 540.
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The expansion of d, 1s, in the first case, intramicellar while that of 4, is inter-
micellar, The micelles consist of regular bundles of long rod-like molecules and are
themselves arranged in a semi-regular 2-dimensional pattern. On addition of water the
constituent molecules of the micelles move further apart and hence the micelles swell
laterally. As a result of this intramicellar swelling, the centre-to-centre distance between
neighbouring micelles shows a corresponding increase. d; and d, would thus always be
in the same proportion at any stage of dilution, as observed experimentally.

The second hypothesis is that the long molecules are regularly coiled or folded in
such a way that two-dimensional intramolecular swelling can take place as between
different longitudinal sections. As a result, the overall lateral dimensions of the molecule
increase and give rise to an increase tn the intermolecular spacing d,. The scheme is best

, exemplified by a regular cylindrical helix. Sup-

' pose the molecules in a concentrated specimen

to be as in Fig. 5a. The longitudinal axis of the

molecular chain (pictured as having a circular
cross-section) is coiled into a regular helical form

and there is an intramolecular periodicity d, cor-

responding to f, the distance between one coil

and the next. The effective diameter of the

molecule is not 7, the diameter of the chain,

but o, the diameter of the helix. There is there-

fore a further intermolecular periodicity d; cor-

responding to the distance of separation s of
neighbouring helices in a regularly packed two-

dimensional assembly. In order that the intra-

molecular swelling be two-dimensional, it 1s

necessary that the diameter of the helix # expand

as well as the repeat distance along its axis £

The diametral expansion of & causes a corres-

ponding increase in s, and therefore in d; (Fig.

" 5b). This postulated intramolecular swelling 1s
Sie s Eheitic pictere of beliced mols- the E‘l]_'lE]"-.'EllL‘ﬂ.!t- of IIIIC[}!lEUg the helix in a certain
cule at two stages of uncoiling on dilution, ~ WaY. It is difficult to give an exact treatment

7, true molecular (fibre) diameter; o, ei- of the dependence of d, and d; on concentration
fective molecular (helix) diameter;

repeat distance along long axis of helix- in such a case, as the various parameters de-

fining the helix are unknown. In short, the helical

hypothesis is a very flexible one, but, because of that, is difficult to use numerically.
It is, in particular, difficult to employ an extrapolation procedure to derive t and e
from the values of d, and 4, over a range of concentrations. If this type of molecular
model is correct, the interesting corollary follows that the molecule really possesses two
diameters, T and ¢, which might be revealed differently by different physical methods.
The alternative hypothesis of micelle formation has been subjected to detailed
analysis in the case of the highly ordered SIGNER specimens. Two types of structure are
possible and one may pass into the other on change of concentration. In one type, each
micelle of diameter & is free to rotate about its longitudinal axis; in the other, neigh-
bouring micelles register one against the other and do not rotate. In both types, the
molecules are free to rotate about their long axes. That they do so rotate, or at least
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oscillate, i1s suggested by the disappearance of the high spacing lines of the crystalline
matenal when wetted. It seems reasonable to suppose, from the repeated wetting and
drying experiments described earlier, that some components of the 10.9 A. and 15.7 A.
composite bands are the spacings of vertical sets of planes defined by the precise location
and orientation of molecules in the crystalline case. On addition of water, the molecules
start to rotate and the perfection of the crystalline structure is destroyed. A para-
crystalline system results in which the molecules can be approximated by cylinders of
rotation and which therefore gives rise to a single intermolecular diffraction band in
place of the richer crystalline line spectrum. Extrapolation of d; to a volume concen-
tration of unity will give a rough value for the molecular diameter. A more accurate
value can only result from an extrapolation procedure which 2
takes into account the actual structure of the mucellar sys- e 25
tems. In Fig. 4, the value of d, extrapolated to ¢ = 115 13 A.
and this figure may be taken as a lower limit for o, the dia- . .:
meter of the unhydrated molecule. Another value 1s given by N ¥
the lowest observed value for d,, which is ca 19 A. at ¢ = 0.44. ., . "
On further drying, the band disappears altogether and the e T
lines charactenstic of the crystalline state appear. This value .‘ . ;
of d, is presumably related to the diameter of the unhydrated —
molecule in a way discussed in detail below. Further, from  =— e
Table II, it will be noted that at any concentration dy = 3.7 , y
Gt Fig. 6. Hexagonal 7-mole-
d,, approximately. cule micelle, Rotation of
A structure therefore needs to be proposed in which molecules indicated by ar-
the micellar diameter & in the hypothetical dry state, is ;"‘t‘t;:ll“g“g;‘i‘::ﬂf;“‘i’”d*;
roughly three times the molecular diameter o. The micelles  tance separating centres of
are probably roughly cylindrical in shape and Fig. 6 shows neighbouring molecules.
the obvious model to adopt. Six cylindrical molecules are
grouped hexagonally around a cen-

tral one and the whole structure ex-
pands laterally on addition of water.

The next step is to consider ways
in which these 7-molecule micelles
can be arranged in 2-dimensional
patterns and any proposed structure
must explain why 4, can be more
intense than d, in the SIGNER speci-
mens. It must also satisfy the con-
centration conditions for micelle
formation, as the typical bands do
not appear at concentrations above
about 0.44.

As mentioned above, one possi-
bility 1s that the micelles are free
to rotate. The depiction of this

scheme in two dimensions is given
in Fig. 7, which roughly reproduces
depicted by arrows. a, unit-cell edge. the concentration conditions in the

Fig. 7. Structure consisting of freely-rotating micelles
in a regular hexagonal array. Fotation of micelles
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concentrated SIGNER specimens. If the micelles are placed in a regular hexagonal 2-
dimensional array, the spacing 4, would be pronounced, as it would correspond to the
10 planes of the statistical unit-cell of edge a outlined in the drawing. The spacing d,,
on the other hand, could not be crystallographic but would anse from purely intra-
micellar interferences. As regards d,, the structure consists of micelles which are in-
dependent scatterers, there being no coherence between radiation scattered by one
micelle and the next. The problem of evaluating the intensity of scattering by assemblies
of parallel cylindrical molecules, assumed to be of infinite length, has been treated
by us elsewhere!s, The normalized intensity (i.e. per molecule) of radiation scattered
by the 7-rod micelle of Fig. 515

1 [z ],(kR)]? ] _ , i,
tee = 2D [7 4+ 24 o0 + 6 T0(an) + 32 FoW30 | (@)

where Ju(z) and J,(z) are the Bessel functions of order zero and unity respectively, and
& 4msin®
=
2yk R, where R = 1 ¢ is the radius of the cylindrical molecules and y = s/o is a factor
introduced to make the expression apply
to micelles of any degree of lateral dilution-
expansion. Fig. 8 gives curves of I plotted
against the dimensionless wariable ks for
two values of 4. It is evident that the diffrac-
tion bands are more pronounced the larger
the gap between the molecules; at the same
time, the maximum of the main band A .
moves towards a spacing corresponding to [ (5 [ [ LR T
that of the 10 planes in a 2-dimensional = hexagonal lattice
hexagonal lattice of infinite extent. The sub- ' l
sidiary maximum B, which has no equivalent
in the case of the infinite lattice, is a result
of the small number of molecules in the

micelle.

4 F : ) : ; 7-molecule micelles (see Fig. 6) at two stages
micelles may apply in dilute solutions, we o dilution-expansion. Upper curve, slg = 2.0;

exclode 1t in the case of the concentrated lower curve, s/o = 1.25.
systems for the following reasons:

a. the observed band d, appears to be sharper than the band 4 in Fig. 8. On this
hypothesis the band is most diffuse in the concentrated systems—the reverse of what
is observed:

b. on dilution, the spacing of the band 4 decreases relative to the standard provided
by the intermicellar spacing d5. Thus, on this hypothesis, the ratio d,/d, would progres-
sively increase whereas it is observed to remain sensibly constant.

We need now to consider the hypothesis that the hexagonal micelles of Fig. 6 do
not rotate but are arranged in a quasi-regular 2-dimensional structure. On this basis,
the problem reduces to one of solving a 2-dimensional crystal structure which is partly

disordered.
References p. 540.
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The procedure adopted was to calculate the structure amplitudes F, of the princi-
pal sets of planes Ak for a large number of structural models. Micelles other than that
shown in Fig. 6 were tried in this work and a variety of structural types involving
them were tested.

If the system can be considered as a two-dimensional crystal, the intensity of
scattering by any set of planes k% is given by

Jr_:h;z x IIllf : I"ﬁg IE I:.E:I

where f is the molecular scattering factor for cylinders, 2J,(kR)/kR, given in equation
(1). We have considered only centro-symmetrical structures, in which case F is no longer
complex and may be expressed as

F = 2 cos 2m (hx 4+ ky) (3)

where x and y represent the positions in the unit-cell of the different molecules, expressed
as fractions of the unit-cell edges.

0o ©0 0o
o o 000,
o o0 o 00
0002 %% 006”002 %0
o0 o0 o0
oo o0 00
00 00 00
oo 00 oo 00
000°% 00°%000°%00
o o0 o 00

Fig. 9. Micellar structure proposed for fresh, unstirred SIGNER AND SCHWANDER specimens. (a) detail
of hexagonal unit-cell containing 2 7-molecule micelles, for a concentrated specimen (b} general
picture of structure showing honeycomb pattern with regularly disposed holes.

In the crystalline case, both d, and d, must refer to the spacings of crystallographic
sets of planes or, when there is some disorder, to unresolved combinations. Owing to
the rapid way in which the factor f diminishes with angle (i.e., &), only planes of low
indices need be considered and this is obviously even more true in partly disordered
structures. It is probable that the averaged overall symmetry is hexagonal, in which
case simple relations exist between the interplanar spacings dy and the a dimension
of the hexagonal unit-cell. From the relations it is seen that the ratio d,g/d, is 3.61,
whereas the observed ratio dy/d, is ca 3.7. The ratio d,4/d,, is, obviously, 4.0. If, as seems
probable, d, corresponds to d,,, d, must correspond to 43, or to an unresolved combi-
nation of dy; and d,,. It is a simple matter to derive structures in which 31 and 40 are
strong reflectors. In order to make 10 strong, any proposed structure must have sub-
stantial discontinuities on the scale of the unit-cell edge a, i.e., the structure must be
of an open honeycomb pattern. Fig. g shows the structure finally adopted for which
Table III gives the calculated F values for planes of low indices. For convenience in
calculation, the parameters defining the positions of the molecular centres were taken
to have exactly the following fractional values
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which makes the intermicellar gap slightly less than that between molecules within
a micelle, whereas in the proposed structure, as drawn in Fig. g, these two gaps are
equal. Table III also gives the relative multiplicity factor $, i.e. the relative frequency
of occurrence of reflecting planes related by symmetry. The theoretically estimated
intensity is therefore $F* multiplied by the appropnate value of f* for the particular
angle of reflection. As the influence of /2 will vary with the degree of dilution-expansion,
we have preferred to plot #F% only in exact form. Fig. 1o shows lines of length pro-
portional to $F? drawn at positions given by the reciprocal of their spacings. This
method of presentation is the pictorial equivalent of an actual low-angle X-ray photo-
graph. The smooth curve shows roughly the effect of amalgamating the broadened lines
which would be the result of structural disorder, and also allows for the falling-off effect

TABLE III

GEOMETRICAL STRUCTURE FACTORS JT"-,nl.g CAL=

CULATED FOR THE MODEL SHOWEN IN FIG. 4

1.1

89

WITH THE CORRESPONDING RELATIVE MUL-
TIFLICITY FACTORS {
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Fig. 1o. $F® values (vertical lines) *for the low-
order k& planes plotted against 1/d for the struc-
ture drawn in Fig. 6. Smooth curve gives rough
estimate of intensity distribution to be expected
in a real specimen. Arrows indicate observed
positions of diffraction bands.

of the f* factor. It will be seen that the diffraction consists of the two main bands A
and B connected by a region of lower intensity, the plateau C. If B corresponds to d,,
the observed mean position of 4, is shown by arrows. The position and intensity of the
composite maximum A is thus in reasonable accord with experiment. Some of the
SIGNER specimens do, in fact, show a slight tail on the low-angle side of the outer band
as would be expected from Fig. 10 (see Fig. 3a). In the proposed structure, as stated
above, the water-gap between the “contact™ sides of the micelles has been taken to be
the same as that between molecules within a2 micelle. On dilution, the whole structure
expands uniformly in two dimensions and the ratio d,/d, remains constant. At lower
concentrations, however, the structure will become progressively more disordered and
the diffraction pattern correspondingly more diffuse.

This suggested structure has been denved from purely crystallographic reasoning.
It remains to be seen whether it satisfies the concentration conditions observed in
practice. The volume concentration of the structure drawn in Fig. g, assuming infinitely
long cylindrical molecules, is 0.54 (o/s)®. At molecular contact (¢ = s), therefore, the
volume concentration would still be quite low, 0.54. The extrapolated value of 4, at

References ¢, 546,




voL. 7 (1951) DIFFRACTION OF DESOXYRIBONUCLEIC ACID SODIUM 543

this limiting concentration is 18 A. which compares reasonably well with the lowest
observed value, 19 A., which must embrace a small water-gap.

We are now in a position to derive a figure for the unhydrated molecular diameter ¢
and to compare it with the limiting values discussed earlier. The values of the relevant
interplanar spacings dy in terms of the intermolecular distances s are

“Tm

iy = 1375 )
g, = I1.05 5§ J

As d, is composite, it is perhaps more satisfactory to work from the 4, relation and
employ the known ratio d,/d, to derive the factor connecting 4, and s. In this way, we
find that d, = 1.14 5. It ful]m‘.a trom the extrapolated-to-dryness value of 18 A, for dy,
that the unhydrated molecular diameter o is 16 A. The diameter of the dry micelle &'
is therefore approximately 3 times this figure, which agrees with the value of ca 50 A.
observed in the electron microscope.

The structure of the micellar systems prepared from the other two samples of
nucleic acid (BUTLER AND Sumite; BDH) is less definite. Both samples give strong and
sharp d, bands whose spacings, as a function of concentration, are almost identical
with those given by the SIGNER specimens. The inner 4, bands, on the other hand, are
weak and very diffuse. In the case of the commercial sample, it is difficult to assign
a significant mean spacing to the 4, band. The long-range order in these specimens must
therefore be considerably less than that existing in the SIGNER systems.

In the case of the commercial sample, it is probable that there is only a small tenden-
cy to micelle formation. This is shown, first of all, by the extreme lack of definition of the
inner band. In the most concentrated specimen, d, is, on the contrary, very sharp and in-
tense. This would be in accord with a simple hexagonal arrangement of molecules uni-

: ; X ; w 3
formly in two-dimensions. In such a structure, the volume concentration ¢ = - ;." {—- )
=
=473

2
W3
hexagonal array. Substitution of the known values for 4, and ¢ into these expressions
(@, = 28 A., ¢ = 16 A.) gives ¢ = 0.228, which, when compared with the measured value
of 0.257, suggests only slight micelle formation. However, a numerical argument cannot
be pushed too far because of the effect of small amounts of impurity or of degraded
molecules of nucleic acid which are probably present. The fact that the values tor d,
for this sample lie above the others in Fig. 4 is in agreement with only slight micelle
formation (line D compared with line C).

The position of the BUTLER AND SMITH specimens is intermediate. There is certainly

and s is now given by the crystallographic relation d, for 10 planes 1n a simple

a tendency to micelle formation as the inner band, although very broad and weak,
nevertheless exists and moves rationally with change of concentration. The mean spacing
of this band is considerably less than in equivalent SIGNER specimens. There is also the
significant observation that SIGNER preparations, on stirring or keeping, give difiraction
patterns which are practically identical with those given by the BuTLER samples. This
is strong evidence that the highly organized SiGNER systems are formed only under
exceptional conditions and are easily transformed into the more disordered BUTLER
structures.

The essential difference between the two types would appear to be the occurrence
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of large and regularly disposed water gaps in the SIGNER structures. Only by having an
open honeycomb pattern as shown in Fig. g is it possible to make 4, sufhciently intense
and well defined. It is obvious that this band will be less intense for any structure in
which the molecules tend to fill space uniformly and, in the limiting case of a simple
hexagonal network, it will not occur at all. In an attempt to elucidate the nature of the
BUTLER specimens, we have considered possible micellar structures of intermediate
density (Fig. 11), While the general trend of the pF2 plots (¢f. Fig. 10) is in the right
direction, in no single instance is it possible to arrive at close agreement with experiment.
It would therefore appear that the real structure is a semi-ordered mixture of micellar
structures of the sort shown in Fig. g and 11. An important result of the calculations
is that the intense band, corresponding to the d, spacing, does not change greatly in
position under equivalent concentration conditions.

Fig. 11. Some possible micellar structures considered for the less-ordered systems.

GENERAL CONCLUSIONS

OQur X-ray investigations have shown that desoxyribonucleic acid in solution 1s
a system of considerable complexity. Fortunately, since the samples show relatively
large crystalline domains, we are justified in applying crystallographic principles to the
treatment ot the data.

The nature of the variation of the two large spacings with concentration suggests
immediately a two-dimensional swelling. This swelling is, however, of a higher degree
of complexity than that reported for tobacco mesaic virus solutions by BERNAL AND
FANKUCHEN!® where the molecules simply fill space uniformly. In Fig. g 15 given a
possible structural model of a nucleic acid gel which is consistent with the observed data
for the sample of highest molecular-weight. The more degraded samples of nucleic acid
in solution exhibit less long-range order, indicating that the proposed honeycomb
structure is critically dependent on the length of the fibres. However, with all three
samples studied, small local micelles of the fibrous molecules are always present except
at extreme dilutions. Apparently the regular honey-comb structure is not very rigid
since it can be broken down by mere mechanical agitation. This may help to explain

the unusual mechanical properties of nucleic acid gels.

We cannot at the present time attempt to explain in rigorous fashion the nature
of the forces acting between nucleic acid molecules in the manner applied in the case
of tobacco mosaic virus'®>. What are lacking are thermodynamic measurements made
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on concentrated solutions of nucleic acid in the presence of varying amounts of salts,
in order to ascertain the role of electrostatic forces.

From consideration of the micellar systems, we arrived above at a value of 16 A.
for the diameter of the unhydrated molecule. In fact, the molecule is unlikely to be
precisely cylindrical and this figure will more exactly have reference to its largest lateral
dimension. It is perhaps significant that the value is close to the largest crystalhne
spacing of 16.5 A. This spacing is probably the same as ASTBURY's 10.2 A. side-spacing
and may be defined, as was suggested earlier, by the side-by-side packing of molecules
along one direction. From the perfection of the diffraction pattern given by the crystal-
line specimen, it is clear that some hydrate of nucleic acid 1s formed when a critical
minimum amount of water is added corresponding to a volume concentration of 0.44
(802, wt/vol). Vapour pressure measurements of this hydrate might prove instructive.

The fact that the main low-spacing diffraction regions persist, albeit sometimes
blurred, in all the specimens examined, wet or dry, is strong evidence that the nucleic
acid molecule is very rigid. The internal structure of the molecule must possess pro-
nounced regularity for its principal features are still detectable in a dilute wet gel
(¢ = 0.15 or 3% wt/vol approximately) as is shown in column 8 of Table I. In a dilute
sample such as this, each molecule is an independent scatterer as regards its internal
periodicities in structure.

We should not like, from our data, to draw any positive conclusions regarding the
detail of the internal structure of the molecule. Qur results, in the main, are nevertheless
not inconsistent with ASTBURY's general picture of the nucleic acid structure. In his
view, the molecule consists of a long column of flat nucleotide discs piled vertically one
above another, each nucleotide having linear dimensions 15 A. X 7.5 A. approximately,
and being joined to its neighbours through phosphoric acid links. Astbury places great
emphasis on the meridional 3.34 A. spacing he observes and assigns it to the distance
separating neighbouring parallel nucleotide discs along the fibre axis. Our results, as
summarised in Table I, place less emphasis on this spacing. A marked spacing at 3.25 A.
occurs in the air-dry fibres, but in the fully-ordered crystalline specimens there is no
uniquely outstanding spacing in this region. There is a line actually at 3.34 A. but there
are several others, notably at 3.15 A. and at 4.04 A., which are as strong or stronger.
Further, we have discovered no evidence of the suggested true repeat distance along
the fibre axis of 27 A. or of a still higher multiple of the 3.34 A. spacing (16 times) as
later stated by AsTBURY!. We have examined the high-spacing region carefully and
have observed no diffraction lines for the crystalline material with spacings greater
than 16.5 A.

It is clear from the data presented in Table I, columns 4 and 5, that the unit-cell
cannot be very large even if some of the lines are second-order reflections with the first-
order absent for reasons of symmetry. Some of the lines can be tentatively indexed on
the basis of an orthorhombic cell but we have not pursued the matter. Comparison of
our crystalline data with AsTBURY's should not be carried too far as his specimens were
prepared in a quite different way. Nevertheless, our crystalline specimens contain un-
degraded nucleic acid molecules in a nearly natural condition and the data should
reflect some of the principal characteristics of their structure. A detailed analysis of
the molecular structure of nucleic acid will require, in addition to the results presented
here, a thorough examination of the diffraction spots obtainable from highly oriented
Speclmens.
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SUMMARY

Aqueocus systems of desoxyribonucleic acid (Na salt), over a range of concentrations from about
o.03 to 1.8 gfml (29 to 1e09%; by volume) have been submitted to X-ray diffraction analysis. The
structure of the specimens is markedly dependent on the quantity of water present and on the method
of preparation. Over a narrow concentration range, the material appears to be really crystalline and,
on further dilution, the systems are paracrystalline over a wide range. A detailed analysis of the
micellar structures 18 given for the paracrystalline specimens, lhese structures are more complex
than in the case of tobacco mosaic virus, but also exhibit two-dimensional regularity and swell on
dilution. The molecular fibre itself is rigid and has a diameter of about 16 A. The most-favoured
micelle consists of 7 molecules in a centred hexagonal arrangement. In the most ordered micellar
systems, the structure possesses regularly disposed holes which produce an open honeycomb effect.

RESUME

Des systémes aqueux d'acide desoxyribonucléique (sel de sodium), de concentrations comprises
entre 0,03 et 1.8 g/ml (29 & 1008, en v -::Jurnral ont été soumis i 1"analyse par diffraction des rayons-X.
La structure du spécimen dépend considérablement de la gquantité d’ean présente et de la méthode
de préparation. Dans un domaine de concentration restreint la matiére se montre réellement crystal-
line; lorsque la dilution augmente, les systémes sont paracrystallins dans un large domaine. Les
auteurs donnent une analyse détaillée des structures micellairez des spécimens paracrystallins, Ces
structures sont plus complexes que dans le cas du virus de la mosaique du tabac, mais elles montrent
ansgi une régularité 4 deux dimensions et elles gonflent 4 la dilution. La fibre moléculaire elle-méme
est rigide; son diamétre est de 16 A environ. La micelle la plus favorisée consiste en 7 mblécules en
disposition hexagonale centrée. Les systémes micellaires les plus ordonnés possédent des trous disposés
régulidqrement gqui produisent un efiet de rayon de miel ouvert.

ZUSAMMENFASSUNG

Wiissrige Systeme von Desoxyribonukleinsiure (Natriumsalz), in einem Konzentrationsbereich
von ungefihr 0.03 bis 1.8 g/ml (2 bis 100 Volumprozent) wurden der X-Strahlendifiraktions-Analyse
unterworfen. Die Struktur der Proben ist deutlich abhiingig von der Wassermenge und der Herstel-
lungsmethode. In einem kleinen Konzentrationshereich erscheint das Material wirklich kristallin;
bei weitersr Verdiinnung sind die Systeme in einem grossen Bereich parakristallin. Fiir die para-
kristallinen Proben wird eine ausfiihrliche Analyse der Mizellenstrukturen dargelegt. Diese Strukturen
sind komplexer als im Falle des Tabakmosaikvirms, aber sie zeigen anch eine zweidimensionale Regel-
missigkeit und schwellen bei Verdiinnung. Die molekulare Faser selbst ist steif und hat einen Durch-
messer von ungefihr 16 A. Die meist bevorzugte Mizelle besteht aus 7 Molekiilen in hexogonal zen-
inierter Anordnung. Die Struktur der regelmi 155|;::.ttﬂ Mizellensysteme enthilt regelmissig angeord-
nete Licher, W€lche an eine offene Honigwabe erinnern.
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Four window X-ray diffraction tube. A new foeal spot design lends a highly
concentrated radiation output to these tubes, Focal spot size and design per-
milts nse as a source slit providing higher resolution and higher peak inten-
sities, Awvailable with a variety of anode materials.

iNorth American Philips Co. Inc., New York).
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