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The thros-dimensional Patterson function of the crystalline form of sodium thymonueleate has

besen enleulated, using the samo intensity data as for the oylindrical Patterson function already
deseribed, Further evidenee was thus obtained in support of the modified form of the Watson
& Urick model |r|'l".|l.ll|.'\-fl‘| dedueed from the |'_l.|ir|r|r'i1'|j| function. In addition, the uee of three
dimengional data made it possible to determine the orientation of the helical moleseule in the unit

oall,

It is shown that the size and shape of the unit eoll is such as to reducs to o minimum the digtanes
etween cortain ]>|‘z|.-=-'r|'.'|.l|.|q- groups in neighbouring molscules,

Introduction

The molecular structure of =odium l'I'.““":”'“':'l'-'““'
(SDN)f fibres is very sensitive to the humidity of the
surrcunding atmosphere (Franklin & Gosling, 195%q).
By wvarying the water content of highly orientated
fibres we have shown, from the changes in the X ray
dingram, that SDN may exist in two different struc-
tural states, which we have ecalled 4 and B, The
change 4 = B is, in general, readily reversible. B is
the equilibrium form at high relative humidity and
A is a erystalline form containing about 409, by waight
of water, best obtained in fibres at a relative humidity
of about 75%. At lower relative humidity the strue-
ture becomes |:I"';'|'|'.'<jh|_1.'_| disordered,

Watson & Crick (1953a2) have proposed a structure
for DNA in which the |J]|||h]rh.'|[1'-|||_'Nr|;~;:.'|'i_|;u_|;4|- bk -
bone chaing form two coaxial helical strands related
by a diad axis. This structure must be considered in
relation to structure K, in which each helical
molecule may be assumed to be shielded from the
deforming influence of neighbouring molecules by a
sheath of water, The molecule ig then free to take up
its least-energy configuration and the X-ray diagram

our

roprosents the continuous transform of o single maole-
cule. We have ghown (Franklin & Gosling, 19535
Goaling, 1954) that the X-ray diagram of structure B,
taken in conjunction with measurements of dlemsity
amd water content, lends support to the general features
of the Watson & Crick model, but indicates that the

molecule is rather more compact than was suggested
by these authors, the phosphorus atoms lying on
coaxial helives of radius about 8-5 ,-.'|| rather than 10 A,

* The work Pl:-.-;c-nrHI in this papor forms part of & thesis
presented by R.G.G. for the PhoD. degros of the Univorsity
of London,

t Now at Birkbeck College CUrystallography Laboratory,
21 Torrington H:tu.ul--, London YW, . |, England.

tIn lel"u'jliII.i papsrs wo have used the notation NaldNA,
hut BN (a8 used by American suthors) is elearly profecabls,

H a two-strand helical molecule exiats in structure .f_l',
then it follows, from the case of transition from one
structure to the other, that the molecule in structure
A must alsoe be a two-strand heliz: the atructural
modifications induced by the close proximity of
neighbouring molecules in the erystalling form must
be relatively minor ones, Therefore, although structure
i 18 undoubtedly the more closely related to DNA
in its natural state, a more detailed study of structurs
A is justified, both by the close relationship which it
must bear to structure 8 and by the greater wealth
and precision of the diffraction data available.

The measurement of intensities and R.space para-
meters for structure 4, and the use of these to eal-
eulate the cylindrieally symmetrical Patterson func-
tion, have :IJrl:"lsli_'l.' been deseribed |:]'Lj'i|.||kiirj & lq'l:l:-iiihg_
1953c). The existence of the two-strand helix in
atructure A4 was clearly revealed in the Patterson
funetion, and it was shown that in changing from B
to A the number of residues per turn of each strand
inereases from ten to eleven and the pitch of the helix
decreases from 33:1 A to 28:-1 A (Franklin & Gosling,
1953d). In structure A we have suggested that the
phogphorus atoms lie equispaced on & two-strand
helix of radius close to 9 A, with & soparation of fe
between the strands, the phosphorus atoms in one
atrand being directly above those in the other strand
in the direction of the axis of the helix, with the sugar
and base rings turned inwards towards that axis, This
moddel is examined in this paper with the aid of the
three.dimensional Patterson function of structure A,

Calculation of the three-dimensional Patterson
function

The experimental data used for the calenlation of the
three-dimensional Patterson funetion were the same
as those nsed to obtain the eylindrical function pre-
viously deseribed (Franklin & Gosling, 1953¢). We
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Fig, 1. (), (8) The thres-dimensionsl Patterson funotion of SN, shown o 16 a-b guarter-cell sections from = 0 Ly = ie,
t Indrasstrand 1P F vector: 9 Tafer-steand P-P veetor,

These nre the infra-helical P-F vectors to i"""‘:|":"'1"'| froam Ll F'l"'l"'"'lj twirsstrand holical model, A broken oroas denotas o
Visrtar |.d'.'|||i gloss Lo & |‘|||.1|:'--|-'|'I,|||rp ||".'|-'! i|| _,:'_':
(e} The a=f sections of Fig, 1{&) reflooted soross o dind axiz ot the gquoartor coll height. The similarity belsoon §hso soo.
tiong and Fig. 1(c) suggests that parct of the stracture ropeats in hall the eoll period,

served intensity. Where no external guide was avail-  pitch of the helix is equal to e. The density indicates
able the intensity was equally divided among the that only one helical molecule traverses each primitive
possible reflexions, unit, eell, Therefore, if the helix ean be right-handed or

The three-dimensional Patterson function (Fig. 1 left-handed, there are four possible arrangements of
(. b)) was ealeulated at intervals of a/30, b/60 and the eleven phosphorus atoms about a lattice point
/30 in the form of 16 a-b sections, that could comply with the space -group symmetry,
These are shown in Fig, 2 as I|||:|f|:~|1|r|||-» of a turn of
one strand of the helix on to o |||,1||1 at right-angles
: : to the ¢ axis through the level z = 0. Since the B
Wi have shown previously from a study of both the hate-suger haok I et 1I!t ”" phod

ate-sugar backbone chain is non-centric y BY
X-ray dingram of structure B (Franklin & Gosling, I i : I R “. :-__‘.er'|
arai L metry axes along & cannod LHEE through a chain, b
150530) -l]lll the evlindrical Patterson funetion of strue. I : . bkt
: s e ot T must relate one chain, #, to the other, #n'. Thus in

ture A (Franklin & Gosling, 19534) that the principal : TR

: : avcangements (i) and (i) Py must be placed at z = o
diffraction features are due to |r|ll:|.~-t:|:lh.'||:-!1 ||nhu.~:[|]|i|1|- ; F < :

o - : and so be related by the diad axis at de to the atom

vieetors, This is to be expected since these are the 5
heaviest groups in the strocture. 1f 2 18 the atomic
number of any atom, the value of 232 for the group
PONa is 602 and that for the remainder of the
nucleotide 12 only 685 (eytiding) to 819 (guanine).
Thus the PO, Na group, which is highly compact, may
I‘JI." 1'!\2]“1'[11! O Aot a8 0 'hl'il'-'_".' .':ll:-l?l'll. .‘I-lll!'l.'-:l'm'l.'l'. AT L]
the P atom lies at the centre of the —PO, group,
the phosphate-phosphate vectors may be grossly

Interpretation of the Patterson function

identificd with the P-P wvectors, We shall therefore {1 r':lr:ll!-llil':!rd helix |I||1.r|'l:-*|:||;c|la.-|! helix
gock to interpret the three-dimensional Patterson func- p1 o P
tion in terms of P—F vectors. e [ R~ S
5 B o BN
r](/ i B4 ¥
(i) Crienlalion of the helix l Py ;’T" ;L:I-",.
- - — - —— - — -
In order to determine the P-FP vector [l ks to be Pa : b P = 1 " b
expected from the model outlined above it was first B \F'XI.P‘ "‘31, +/ 14
. - . 1 1 Sy —
necessary to determine the orientation, with respect s P |
10 1i'|1,' eiell Fl:l'l':|11l:-lr|'l'.-l. of the .'i!‘l'.'LII;-:I-IEJ'||'||1 ||'[ olevien (1) Right-handed helix (V) Lefeshanded helix

phosphorus atoms forming one turn of each strand Fig. 5. P F il ; ;

of the helical molecule, The axis of the helix is known ”"r" e L R AL LM possible helical nrrangoments
! 210 ; ; : of the eleven phosphorus stoms in one tum of one sirand of

to coincide with the ¢ axis of the unit ecll and the Birtiotars A4
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Py at = = fe. In arrangements (iii) and (iv) P; musi

be considered to be at z = e Sinee from the Patter.
son function it is not possible to distinguish between
a right-handed and o left-handed helix, we have to
tlecide nr:||_1.' betwesn two Fltlﬁhlllli‘ configurations, From
model-building, Watson & Crick (19538) have sug
gested that the DNA helix could only be right-
handed. Adopting this suggestion, the possible con-
figurations are Fig. 2(i) and (iii). In both Fig, 2(i) and
Fig. 2(iii} one vector joining neighbouring phosphorus
atoms, P-F, ;. lies in the a-¢ plane. Consideration
of this vector enables us to choose between the two
possible orientations of the helix. In Fig. 2(i), l,a B
has x = 6:07 A, z = 2:55 A, In Fig. 2(iii) P o—P; has
x AOT A, =z A, The vorresponding Patter-
son peaks will lie between sections 2 and 3 of Fig. 1{a),
and it is clear that a choice must be made in favour
of the orientation of Fig. 2(i). A diagram of this
arrangement of phosphorns atoms projected on to the
d-¢ plane is shown in Fig. 3.

(i) Jaetra-helical P-P veclors: | |"”'_u,; and PPy

The irtra-helical phosphorus vectors for one strand
PP u, and the vectors from one strand to the
next, P~FP.. .. were determined graphically for
o= U0-10 and m = 1-5, using that confipuration of
P atoms shown in Figs. 2(i) and 3. Since the proposed

Fig. 3. Projection on the o plans of the configurstion of
phosphoras atoms proposed for one helisal unit of stroe.
ture A,

pattern of P atoms repeats at = = §e, it was not neces-
sary to caleulate the vector series due to values of m
from 6 to 10. The theoretical ]Jursi[juuﬁ of peaks due
to PPy vectors are marked with a cross in
Fig. 1{a, &); where the position lies nearly half-way
batween two sections, it is indicated on both sections
by a broken cross, The P, E’{,,-_m vectors are similarly

THYMONIUCLEATE FIBRES. 111

marked by a full or broken cross ringed by o full line.
Sinee there is only one helix .':.c:-;n:-i;|1|--.| with each
lattice point, the dnier-helical P-P vectors give riso
to no further Patterson peaks,

The complets array of P-P vectors indicated in
i"j_u. [I'rn'. ,I',: |'Jt':4l'|ll.' accounts well for a ..||||_.:.,|: antial I-.:||-I
of the Patterson function,

{Hii) Superposilion wmellod

Before confronting the three-dimensional data with
the proposed helical model, extensive attempts were
made to use the superposition method (Buerser, 1951)
to obtain a partial solution of the problem without
introducing any hypothesis, This method is strietly
applicable only when a well-isolated non-multipls peak
van be identified in the Patterson funetion. Although
this condition was not fulfilled in the present case,
we thought it possible that phosphate-phosphiats
VeoLors IIIi,'_'II| ]Pl'li'liﬂlrtih.'tll.' to such an extent that
certain reasonably well defined peaks might be effeo-
tively entirely due to them, and that the use of such
peaks in a series of three-dimensional superpositions
might give some indication of the arrangement of these
Eroups in the structure. In _-'pirp of rather numeronus
attempts, H.‘-ill_u 1 'l.'ill'il.'ll'.' of Flr.;-;_-..||;.i|_n F,,:-"L-L_,; s dlis-
placement vectors, anid searching for the common
elements in the resulting superposition functions, no
progress was made by this method before a model
structure became available

After the development of the two-strand helical
model deseribed above, we returned to the super-
position method to look for confirmation of the model.
For this purpose superposition functions were traced
using displacement veetors correaponding to certain
of the PP vectors of the model, with the olyject of
i:ll‘-'l'!"~riJ.'_’U'illl.'l whether or not the other P ]n;_n'.iﬂ:::m-; of
the model ilJ!jH':ll'l'rl as !u-.;uu'in.-“t features of the
reaulting funetions,

In the proposed model, if the phosphorus atoms only
are congidered, the fibre-axis repeat period is halved,
psendo-diad axes being present at heights e 1 and
¢ = { in the complete unit cell. Tt follows that that
part of the Patterson function due to P-FP veclors
must aleo show this extra symmetry. That this pseudo-
halving of ¢ is a strong feature of the Patterson fune-
tion may be seen from Fig. L{z). Thia figure consists
of sections 15-8 rotated about a dind axis parallel to b
at height }e. There s elearly a strong resemblance
between this set of reflected sections and the sectiond
=7 of Fig. 1{a).

In order to remove those peaks not related by this
wrlditional symmetry, the two sets of sections shown
in Fig. 1(e) and Fig, L{a) were Hll!ll!'r‘i||||;|l:|:-'\.|:|:| and the
Common positive regions were traced, Peaks in nega-
tive regions were also indicated. The eight Patterson
sections resulting from this procedure ghould contain
all the P-P vectors of the proposed model,

Using these sections. three superposition funetions
were constructed uging the three displacement vectors
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I 1yr. b Hu||-'|'|||-1|||n|| funetion propared Trom the Patterson
aootions, using some of the PP distances given by thoe
prpeesed. helienl strookore,

By, PPy, Po Py abtained from the model {projoe.
tions shown In Figs, 2(i) and 3). These three fune-
tiong were then superimposed on one another using
thi h]}]ttin] |'|'|I|1i||||.‘-\.hi]h.-= of P,, |‘:; and PI VeI |'-_1.' the
muodel, and the part common to all three superposition
functions was traced.

The sections of this final superposition function s
shiown in Fig. 4. On each section there are also shown
circular traces of 9 A rading, on which the P atoms of
the model strocture would lie. (These traces should be
|-“i|rl el |:|'|l.'ir:;|: Lia I:|||:'- :-a|4:-ih|' of the o i-il.'l"iujl. bt the
difference between the major and minor axes is only
06 A and can therefore be neglected.) The section
numbers at which the phosphorus atoms should oecur
are listed in Table 2 (P, P, and Py are related by a

peeudo-dind axis to !’;, P. and By).

Table 2

P, e TR T
B 4D Tl T

Pz B s
b LT A TRTT ] ] 1= 2.1 ol
The expected position of these PP atoms is marked

on the appropriate sections with a full cross, except for

P.. the coordinates of which sre indicated on both

sections 4 and 5.

It seems that Fig. 4 provides substantial confirma-
tion of the proposed helical array of ' atoms. Only
twao of the atoms Py, Py and Py were introduced into
pach of the three primary superposition functions, aned
the final superposition function (Fig. 4) contains not
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only peaks corresponding to all three of these atoms,
but, in addition, the remaining P atoms, P,, P, and
P:. :|'I:]I all AP ||Ie-.!i!|'||'1?_';' in 1!||'i|' COFreet |n|;-hi1-'_r||H-,
Moreover, the cylinders of radius 9 A, on which all
the I* atoms lie, are seen to be sufficiently free from
extrancous peaks for these resulta to be significant.

Inter-helical bonding

We have suggested previously that neighbouring
molecules of SN in the crystalling structore wonld
be most probably linked to one another by

honds represented schematically by

RCRINNAE

Ly Nt (0]
P J &
{1 Nat i}

This suggestion finds support in the strooture which
we have described here.

From the scctions of the helices shown in Fig. 4,
strong inter-helical phosphate-phoaphate bonds, of the
bype suggested above, might be expected between P,
Pg and P, respectively, in
P; distance is

FFor any one

and Py in one helix and
adjoining helices, The inter-helical P,
490 A and the P, |’_.: distance is 4-4 A,
helix thore are eight positions of the P, I’I: tvpe and
J'-'JIH' |.lll3'\-[1|.flll:"~ of the |':I |'_L type im each 1'|'||||'||.||,'||_-
period of the structure. Now the size and shape of the
moncelinie face-contred unit cell are such that the
C-axia 1ii.'iil|:'|l'l.'H'||'1|! of the I_JI.I'I_'--I'I'll‘l'iil}_{ helix with
roespect Lo those at the cornors of the cell is +e/22
i.o. this c-axis displacement s exactly half that
between neighbouring P atoms on any given helical
strand. With the two strands of the helical molecules
equally spaced on the helical axis, and orientated as
deseribed above, this has the effect of bringing two P
atoms of neighbouring helices into the closest possibloe
E|1'|'|.‘ii.lllit_".' for the |_':J.'|.'|.'r?| values of @ and &, The two P

® ©
L]

P Q
L.
P :I_'
\\, 7
L]

= L
(W=Ho

8 = M
Pl=P

r||‘|||-|!||'|;|||' |||||:--;||-|u|'|l
e -orcl i basd

Bebieamant v |'-|'|||'-'::|-r:::|liur|_ of

lieal bonding invoelving octahedrally
godinm 1ons as intermadiaries, (Other waler moleciles 1o
above and below the plane of the diagram.)
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AtOms which are h]'llll:_‘:]l! close 1r1'_"|'r|||'l' in this way
lie on non-equivalent helical strands; that is, they lie
on gtrands of the type which are related to one another
by a true diad in the full structure.

These P-P distances are at first sight surprisingly
amall, I.Ili'll'_\.' are too small to Jwi't'l]il the Nat ions to
be situated directly between the two PO; groups. Ti
seems reasonable to suppose, however, that the bond-
ing would be affected by the two Nat jons situated
just outside the phosphate groups, their coordination
(probably 5- or G-fold) being ecompleted by the water
molecules known to be present. This is shown schemati-
cally in Fig. b.

If the O-Na distance is taken as 2:32 A, the lowest
value found by Beevers & Cochran (1947) for an
Na-(OH) bond in an octahedral 1'|.ll|f|:_l'||l'u!i||;l| in
sucrose sodinm bromide dihydrate, and the O-FP-0O
angle ig taken as 116° with the PO bond of length
1-6 A, then the P-P distance for the planar arrange-
ment shown in Fig, 5 is 4-87 A. This value agrees well
with the estimated P-Pg distance of 49 A, That the
["3--|",: distance is apparently as low as 4-4 A (Fig. 4,
gection 7) suggests that either the helices may he
slightly flattened in the o direction, or that in this

case the two /’,I’(}u Eroups are not mplnrml'.

If the Nat are B.coordinated thizs type of linkage
would determine, for half the nucleotides, the position
of four of the average cight oxygen atoms that the
water-content measurements indicate are associated
with each nueleotide in structure A,

Inspection of seetions 4 and 5 of Fig. 4 shows that
the phosphorus atom P, lies very close to the adjoining
helix. The nearest phoaphorus atom on the neighbour-
ing helix is Py at a distance of 7-8 A, A phosphate
phosphate linkage between these groups would there-
fore seem Ii]tlil{vl_‘l,', It seems |J||h<i||-||,', '|i11'|'1'1'|;u'|_=: that
in this case there may be a base-phosphate bridge
between neighbouring helices. Such additional infer-
helical bonding close to the @ direction may in part
explain why the separation of the helices is least in
that direction.

Discussion
The combined study of the cylindrical and three-
dimensional Patterson function has enabled us
sugpest a detailed picture of the arrangement of the
phosphate groups in the erystalline structure (4) of
SDN. This is o modified form of the two.strand helix
proposed by Watson & Crick. The phosphorus atoms
of two polynucleatide chains form two eoaxial helieal
strands of 9 A radius and 281 A pitch, with 11 phos.
phorus atoms spaced equally along each turn of each
gtrand, The separation of these helical strands in the
direetion of their common axis iz 14 A, Corresponding
successive phosphorus atoms in each strand, P, and
P;, have the same coordinates in a plane at right-
angles to the axis of the helix, The orientation of the
helix and the shape of the unit eell are such as to reduce
to a minimum the distance between certain pairs of

THYMONUCLEATE FIBRES. II1

P atoms on non-equivalent neighbouring chains, This
model lends support to our previous sugrestion that
ionie links between phosphate groups are primarily
respongible for maintaining three-dimensional order in
the crystalline material,

The X-ray data have not given any direct evidence
as to the position of the sugar and base rings in the
structure, but it is now fully eatablished that this part
of the molecule is turned inwards towards the helical
axig. The evidence for this has been discussed in
previous papers, to which we have referred,

In conclusion, it seems of interest to recapitulate the
part played in establishing the proposed structure by
cach of the interpretive mothods which we have used,
Briefly, the eylindrical Patterson function gave us,
with fairly high accuracy, the nature of the helix and
its parameters, The three-dimensional Patterson funo.
tion enabled ug to determine the orientation of the
helix in the unit eell, The application of the super-
position method gave some further confirmation of the
correctness of the ]Iririll:n-il'-:[ maodel,

The relative roles of the eylindrical and three-
dimensional Patterson funetions are such as would be
expected. The eylindrical Patterson function is cspe-
cinlly well-suited to the determination of helical
parameters, since any set of veetors velated by the
helical axis in the strocture appears a8 a single veotor
on the eylindrical Patterson function. The eylindrical
Patterson function is therefore a more powerful tool
than the three-dimensional for detecting helical fea-
tures of the strocture, But for determining the orien-
tation of the helix in the unit cell it is obviously
noecessary to use three-dimensional diffraction data.

The authors are grateful to Prof. .J, T. Randall for
his constant interest. This work was carried out during
the tenure of a Turner and Newall Fellowship (B.E.F.)
and latterly with the aid of a grant from the British
Empire Cancer Campaign (B.G.G.). The work was
completed in 1953, before the more accurnte intensity
measurements of Wilkins, Stokes & Wilson (to be
published) were made.

References

Brevers, (. A, & Coonnax, W. (184T). Proe, Roy. Soc,
A, 190, 257.

Buenorr, M. J. (1061). Acta Cryst. 4, 531,

Fravevs, H. E. & Gospisa, B, G, (1853a). Acta Clriat.
6, 673,

Franeris, R, K, & Gostisa, B, G, (10535). Nature, Fomd.
171, 742,

Framunw, K. K. & Gosuxa, R, (3, (19068c). Acte Cryst.
, G7TH.

Frawrrw, K. . & Uosoixag,
Lond, 172, 158,

Gosuxo, R, G, (19564). Ph.DD. thesis, London,

Warsoxn, J. I, & Crice, F. H. . (]!I:’j:luj_ Netvre, Load
171, 737.

Wardox, J. I, & Cricx, F, H, C. (19535). Private com-
munieation,

t. G (1963d). Neafure,




PR, BAESEE KL, HEMSI TR LN
COFTNMLETY, DT MR




MRC Laboratory of Molecular Biology
University Postgraduate Medical School
Hills Road, Cambridge, CB2 2QH
England

‘Q’ifﬂﬂﬂw QE,P telephone Cambridge ( 0223 ) 48011
{ CL,S“:L telex - 81532

24 November 1975

Medical Research Council
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Yours sincerely,

Qf-"f‘!‘l’,w\_

A. Klug




| .
i : : -
F Sy

r!-"-{-_,{-;: ty=  fetlasnd - el

\.:l -
; -.'F bl 4
/ _: = i-l:f-"Jn"-"--.-_\__er r"\.-':-‘l-:/"'.
§ -
.-I:.‘.".*.-l: R

Owsr g Rxehe 8@

e
Dy Tad .-“-'l.-.rH:’:"V“-:-.‘?

£ -'.. g 2

.-.-,1' e herad Feisk
At

"

Ak it 00T
fiar etoar ab ndl
J'_In e o | L : :
I -‘:-- - . E ——— -.,{_-
J '{ 5 ..-._-"_JI i :j L P P
l“,_..'..-\.—"--'l‘:‘-':I T lll_.n'

] 2 J
LIS o l..'i'-{n} Ir;m\f:r---. WA =

W

e

it Loy & .--_,_:- }
(4

A *—L{-cl"‘q.'q_.




o I . -
Solle =

| g ¥, \ .:'.-;:»r 24
|-|.-'._.J,.E£_'J" ._,-a'.'ull-n-'\-'-: f:l"f:s. 7{:{" At & (_J/Jr :

iy
- ﬂL:_._C_)

i o
£..1'3" r,lf-,r.___j ‘i:f‘}.-whl. ’:-{#'" Aﬁ'{eff‘i-_.a.: /}f"‘ e | e : i
ik 5"."::*: }"-“"‘"‘.I- Sttt 7" -’f’ft_;"f} .-"‘*- /E”:‘i/ A e é f/.
: ; : a
g o ) / /
({fﬂ-".‘r‘— %fwf,*%r g ,,‘__h,v‘é o ’,,ru-.'fy.;ft{i-/’ f.‘/.,/ﬂ-ﬁ : /fff
i ‘,?1"""'{*—*'; g.'-J’III”‘:'IIIV-?' 5 2-':1-‘- o M- e, ..-;Zr_a-/\-"-—» )
e

A
é‘"é‘ pled. I?ﬁ}%{

| 2
5 = o | 1 g~
,f":-f. e R R e o lilee . phend T nser -
F i

dﬂ_f’ '?’ ; P
’ ol R ?h’-—j r{':?‘_j.




. J‘f ]
f’/{;"“‘j /{*\“?:”Wbp w"l-'-(-/’rﬂ-l_ /. J_? !"ﬂ

Y lapannial ol ;2 s /ﬁ
- 3370 4

L s
e -'"'_..-'"' ll."...-'_-’ 5 E

sor 4 Blomidedel foo il [ i)

r..-'r_,

i, v” Sl e i “»//

f

pmi f:_./ /i o




Y ; / il /‘_ _‘L /»Z.L-‘l # e
tdgAiiag -3 L }u,w‘:; ;fwfs/q__. e A = +
A —

{ -

3 o ; i# .
"Fr_:-- :‘;’f{ ;"f ._."'-.L:I:r"u-\ C-"{lfl"'-r:-....-:.. /v-‘.){.a..\_‘,éf; o I ,-ler‘f /ﬁ{,ﬁ Lipiay
BT e o ad ?4,,/ /AT i

rd

- #
L
- ,u_rn_;\{) II.-.‘J‘MM cbne
r

s 1 i
1™ 'b-ruu*\_.cu/‘-,ugﬂ_{{r

= - 1..v|_{
l-{,.f\ ‘:\"'a Yool "h—ﬁ._ l"\-\._
L

g :lllf 7 ‘
Ll aade "rl i e : H'-afwvrtj; /L:,-’f"is "‘—':il"'_"’w

J},ﬂ-f«ﬁ-'-.'?T

.f.f{r-:—-ﬂ,. / v-_;.jwz’-f—-t.w-.- T j_ -: }(ﬁz/d'éi;
".}-._E,B\Lq-f:_ f}?vu\i/ -V?i;_,d{'w : :_ L"j’{:-(‘/{ M{&Zfﬂh

fwnq»-{..-#“?i"; ')-'zaq / -'J-L Clsliay -, -«d-r,r-viﬁ; uww%/'\N
Vi -

P;L,

Vi

j" i.r-,__ﬂ
f

/ :
7-’"& ‘,r'ﬂ' "r"'-"""".lr .-f-'d-"“-"'ln -3 ,.H-Lq-..ﬂ:r -'?1. ”_'___,_._,{::__’/ .-‘ﬂ__'k -""L-h....--'.éfd“'

Y L iy -
ﬁ“""ﬁl{"} 4 i .I"J'f';:{ J‘L "&:?//.ruﬁﬁém“m 3 W gt

; 'y
AT gar e Rl

- o g i ey { '..,'-"';'_-"1.--:_."\. ""1"':5. o -:..._,_.I!): t_,.n.o-’.:":.-‘i

22p - bt 7 Zew. S srnet

e+ &

L - N

1 f I ! ; E
2 u'. _,.' y o -y == .
F r "Ir vla - L '-."n-.-{l,-fi':-.t.-f"r -"JLM'}I.::-T =2 E_ﬂ,"_-"" n'{ al.Z‘:'.'} ‘I:’:‘:" L - h‘-‘.{j el

7/ EN A TR BT R e

g

“f::?u’,'lg‘.é f.n.f-fv!il:"\-Li_u.--;’?:: .[{:L[F Alaris ':-I'-"-"?‘?/'E ?.-F r")' l'#"-ﬁ;’_'f::"‘*"'r -»""'dlr ; Lfé""""




AL L "E_\
l'.J

o
P

S = o ; # L f; I £r
- ':-M(.{j/fké: AL }"W'\T 7’ i Lo e e ad

,.{‘ .’.:, -i-tc.n-.- '_,mhw* AL Pt #J’;fa :1,¢_
'I:-ﬁ--d'{:-"‘ L Iy,
f{?* 5 n g P) lonn o gorm

aF e B e 4
--‘:;fﬁ-‘iﬂ T e oy

et gl - ol
I.- l'"\--'.-?" QW __..-j o ,,‘_.,-,-'-’L" p:‘fn_._n-r-{r* J 1-_—:_} Ifﬁ_ f}f,

. 4‘./_47:1 A—'jc feeunn, - 4»-":1 L. .
: . ik !Tw—u JLl £
."FA){ - i: \

» '::_; }.;.5 ,-*';L'.:f-'\--—. p: N AP ¥

il

’f::'m‘_,..- o e, e 7‘—"2;--’"’ F
- — -
Lﬂﬁqﬁ-\..{f-é;m—‘-{'? ;T«JJ;. o —5 -’.i:'_ ﬁ:._

£ l,,.,..,...gj" ‘f-f',:- p
! _,x*f"’f.;; Ll - J‘"‘:ﬂ {/x'{—'.r'?' - L2 PN 2 'J_)

R a A
Z N et 3
2

r;{:ljjufe{:- e -.-:.—:',-q.,--—{-:_.e
f{-ﬂ.yj:f é KO r RH D5 .,,/

."P.‘:II:-...,_ :“{-_-:f/:!/
&

"3'?5- F:-A.J? .,4{’
""""‘"i‘—rféq} qﬂ{:'../ et o z
~f ] ! o e
Ur r{n_-f,?“lz;-'{ - Ij“r:lnl-:?m {L-_-_._z: l,-!::q 45 ]"-I"r{: .-{:“61




Ryl mb e

ii—...-rfﬂ, T . 4 ’_f :e;m}, :{ ‘J’r{;-m:’r‘;—v"— &
ity thile.T Sl ST é;;ﬂ.é,t_ I -:/ e ey T Xzd_o
p b

et (}w /m,af ookt A 7 00N

v T polandes Y L?/mLM/pEL ¢ Wad—= :vl’//wlr-:-m-ﬁ-?
Fgp Ml =

A

e
& _/—\,..---q...‘r-"r

X ’i:-"f-.._.-ﬁ:_'- _-"wd-vaw ”_-"“j'“:/-"""“'{c:-é

m__".‘- ,. f:llflr-w_{;p-;-j ‘-'? 2 :..

e e

i e
-l -

5*:‘;4:.-'1« (= s
&

RS A G
: f - 'HL : =¥ 3

,f’"""""”'"“'"% '-—-/:'-'),'fri“ . “n__"/ el *

oL, psE w A A

- Ly




-~ . &
; \,/(fu / .
.r -
TR P E '-...-h-( A *—j.;. ,_1,,{:
L - "

e
)

)}ll-_o-f{.-l*!:; _H-L.. '\-::_ -/-".i{:v’-:j--‘-i{"z___ _.-1"—1—:-'&?':-\. A \-_.",r-f

=

(/L--rfx‘* Py B 'V_jj:j{j :E% /M'Z;—-’?




!.-4'}’.'.'.‘;'

Jf}:z - S ) // i, '\"'\..-'\

,,fr'i“"i: I::“-il""-f?'“;.‘“’?{‘”"'-c‘ “'—-C‘I)ﬂ

L.

I . / =
QL-.‘ ¥~ AL o, & RO wetin ’J:—:'/L{'E.Sflf;-_._—y/




"f
e 141’--\.-‘1...1-_‘."{.;‘

i

£ f,"’f Dk L S H::-’l:_h

757

AT A

-~

VS

1':.._. ir. _.;,T!
Firtag s
e P:f"*&rrm
":"r ri - -t ..-"; A= ‘J f:"
it i 1:'1;—-—-m5{-u. e ,'._,-;._r;:’..'—\. S et n-ﬂ'.-ﬁu' Y
2 3

-‘};{q 3 M*I"i-..._,_,

-

¥ . =
{ / A + ' A -x.,-_u:".i:-. b Crd il
i _ PR T &2 Tl X '

-

#

v
-a!':}‘u"Ir W/ L,...n-i.a":; : j}ﬂ .\,...-l_.,.:) ,-?,1} -1 ::., % h/f-- s ‘i‘; £ '-'?:’11.{..-'—‘ ==

Fl
4

H{'f—-:"’l' ELi ;z?qwffa’ /H—-- O -’-r'-"é::_ _/ i,

-

5} ‘I’:,QM‘;‘L

:;:-'-\ r.-,wé "mj

P LA
P ol =
Al f vl - I
{ i

j'-—l..L Mu-in = FL" sy IIi "E’

2 “;53,)1; o .-r-e_nr"' __,L':_

F o 1




._/’M

(j A

el

= 'Eudf'f? : ..rfh_ﬂnf‘v{ﬂr—ri{.-;c;_

;rui-u-j F.25 Wf‘?“-"l—-—-;r""‘ e o ./II n-f‘--;-w-*'-

-

/’J{_r. "”‘:‘a—d ""‘?‘{ —j‘ .r:#-"‘fif.}.»c_ ;-/,Mf-_;’_‘_'_,’i
':'?":-'I:.u-'.’fﬂ:v m @ Cilm . P,

?r"-l. . .
’{ﬂ.ﬂ.{-i SrAR T e /{{:ﬁ,..?:(j
U g

e




/4.

/. F e ‘.

""I..q..-'n_l":.r'\

Fx
7 -
e .-*l.‘a_'::-—-l':':..,_._.._mg-.ﬁL

- _ =

+ 7
e et ,Jmﬁ 44 ww/ (f gt s

."f -
‘f...-"’ ndl -_:.-.r*"f._,,.-,,,..____h B Z ..,M,i : ;,f 4 _,jmz':
( ot

A s bs.#ﬂm,., )
4‘{1'-1-;..-:- /;..,1..:;:{_4;%) ’/11.4./{“":—”'/ LY Fq,f#vd{:,f
7";;;"'-{-—:— I(-:‘_; .E‘::: ‘;fr"’ ¥ - 1_4_4_,_4;15!- el "-l"i:'"l":\.. qéﬁ-g-;E:}

L

/- f)/ s / :-'uf--‘t‘- L"rx{ LA PR, {ll.- A b
jh'ﬂ\“_ M”" {-'-'f—:w_.& olew )

rﬁ fﬁmwﬂ” / 2 :7 /6}') /,?«-oﬁ( 4&% il c/ MZJE-’::{:

'f'l"'\r :;«4'-;..,_, = e W?;_; £ }-ﬂué-\..r.—a—'—ﬂ .P"-"-?'LL rg-F Lt s ‘/'!;

3’ = M"-“"I.Lﬂ.j'. - H_%i? hv_{b‘ -’__-‘l-h_p‘.-.-d{ﬂ..—b "'f.-{:r\_.a A.: :-}'::I:.-_ ¥

il
__-’{f l.hav{.-x,,

-

q"—:.'w—‘—n'cj P Tl f; Fs :..{_F.d-‘j e

L f Mmh/ L_J "_‘.1-1-'1- k. ._A,.,uu—-/ //..{.J' -’.:"f_.,.qr }]
;{'-)

i

ot gl oy ey e

-







O mflo |23 350

f

glvtr »:.::' fff L -

f--—'{ ?'3-7

Lo

- I Y
e =
- s

159

W . H_F_' lr..

3 i&l{.l,'l

Fy

= 8] e ) HI"::J ?r?;:l-
& quasrl= o g

oA 4,0 2447




™~

{7 bt A —
Tas. PP AL L ﬁ__.i._}_,—'\-\.-'

B
Senne . T A Ry
,?"_'.h. L |"-....1.-:r\..u|:,.-1:I o J,._H;.-"l foedt

gt L : yrels z
57'. Tl - j'lm—-‘-'{-\.ﬂ. 3 I'E/ "i / L..-""-'-’ﬂ-'\-\. ,f,,.:'.-...an.-rj
s j 5538 Pl
Mgl 1-*.;:\:;.__ .:. [Pty -L. J" L,.,Zil L HPS"T__E’_’__S -
';”L X Ke0 5
- F. ¢ » =
I" ---pn_ ;’f ‘JJI Ml’:— ,'ﬂ_. ".I., J‘- P g Ty .,_u.'h-f‘_.-fr w'ﬁ-—"—f:'-\ o~ = T f‘?

—

- 0 4.|i"'!"-'-l'
S 5 ¢ g7

A =
At o,

Y 7 L
m:'.-.—.—.-.-.-r'u-\p: Lk A -__—L.—___,,___gi.--—-——-r-:—ri{:@""_?r'— —-7- R o e d::'f"""f?"' =

/ _/‘ b A
oy e —-_gi.-—..._.z AT ,-{-:'G'\—u et .—__4__; L --1,‘ '."""""—-_a—r]-ﬁ:,:.w?"’
5 L 7
Pf?‘""""‘" oA PO Tl e .‘H.c{‘? Lf:.‘-' 4

"'""""’{'H-t [-
i . ¥ i M«:{“m{ f—m'{&; t—ﬂ:-f'

ﬁv:{,u "f /{_,,-- j r.L‘c(/r"’ *},--é

-

Tt 7 200
Y’:-{ ‘H:fvﬂf: D"{-sk E?{, -..':J,}Q‘;Il \r ﬂ{ ? E

Falalt B

- "

— i
/T i/ s / ey
L/ "‘-""""V"--ﬂ-:.‘ L Sy ' "-';-!-..?ll\ .i"-'l-q..-f.-{_n-.-c'L’-:"'.a‘-:-




1!

-|'|.;. "*-I..I'..

35 &° pavrd

¢ fA
{ *.‘f_r.’.{ !"(,;.w

il

o

At Ay, wet- wlsddecal w0 vt & wel

.1-:-‘_'. E L p

! ;,I;, L :.«'.'.'.

‘Ln;r. (V] ‘;._.:pl.'-\".?. v







Fy [,-;I!':J:'-'.'M i

-|'|:-':-H-:.










HOSALIND E, FRAWKLIN,
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Birkbeck Collega,
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The first Annmuel Renort (January 1J}§—¢::urry 1952

B

concerncd with the construction ot

F
s

waa a 1 F
o I TRER =] T Oy T 4l s F ol ey BT 1 ;
L&bddlVEe CUDY I'_.-':' O e ¥y kR £ i ram obua

o - e | A et " - 3 T q
Trom sodlum thymonucleate (UabX o) mliar attention

W
o

paid to the influence of woater content and, Trom the recsults,
W e T _ - : -
certain dedu 8 ware nade concerning the role of water in

the structure, ; wvag phovn that from well=oriented fibrasn

two distinet structures can be obtained, GStructure

lina form, ina £ @l at nbout 75, relative humicdity,

il

obtained at huwniditles ebove nbout 30,

The second yesr's work has been sulmost entirely concernesd with

a quantitative study of Btruecture A,

reacurements wers mode on photopraphs taken

-
1

men-{1lm distance of 15 ma using the Phillins micro-camera nnd

Ehrenberg-Cpeer fine-focus tube as described in the previous
Ien in order to search for further roflections on or near
the eouat ry Dhotoprapna were also taken with the

vie A=-Tay Doan at a series of angles in the ran




al micro=camera was desipned and construct:
purpoee, JYhe =peeglmen-film distance end colliuantor
ang were the esame as those of the Phillinse gcamersa,
nhe revenled only one reflection not obrerved with the
rpencieular to the X-ray besn, This reflection lies on
layer-line on, or close to, the fibre-axis direction,
Althouph 1ts inteneity is neplipibly emnrll in the quantitetive
treatment of the diapgr-m, its existence is nevertheless of

lnportance in sugpesting that they may be 11 nucleotides

one repeat period of the nuclelc acid chain in structure 4,

Far the messuresent of the l-epace co-ordinstes
intensitliens of the 65 independent reflection- obssrved, standard
rethod: coild not be sppilied owing to ths soell eize of the vhoto-
graphe and to the varlety of shapes and elzes of the vhotographic
gpote, The mlcro-photographs were therefore projected on to n

white cexdboard sereen, using a ungnification of about

12 cantres of the reficetions wers then merked on the

thelr x- and y=- co-ordinstes measured. ‘e uge of the projsc=
tion rather than a travelling wicroscope was found not only to
e much lese Tatipuing, but ol to provida no

entinate of the poeitions of wenk reflectione and a more conven-

ient method of malking neasurenents on curved layer-lines,

o
From the measured z and y values, the reciprocal-spase £

It wna then necesgary

and 5




=, M
. {(ju ¥ JT- d
and s the epparent ££'7 =volues
L. 5 S
eflection sbove and below the eouator,
L N
g -;'ﬁ

Sinoe s most accurately measurable. parameter for each

reflection, the preocdure sdopted vas to uee a series of

measuremnentas of and to deternine for th
i C :cf, j:_ d f ) d riine ‘r for the

photograph, and hence the true T =value for esch layer-line

f' =volucs weres Lthen obtalned W measurenents :;i"/l-"

the use of eguastion (2).

measurement of inteneitles it wne necessa:

gach epot photometrically, or to estlante its maxlioun

o i |
conglder separately the acuestion of spot Ehape

ydopted. The maximunm inten=i

¢f each saot w eptinated viounlly by comparison

dard scale, The scale waes prepered with the aid

BEYSoug o1
ranhi gbrenis =105l pmoarable with thet of

the rpota on the NaDNA micro-photopraphs, The liaDHA photographsa

1
-

were projectea, ng for the measurement of the positions of re-

1 e 1N 5 - 1 .- r I e o | Y oy r P ¥ ¥ | 1 e " - Lo -
1 tio nd the cale di: piaced b Nand across n _,,'!-l'_n.\.l_,;
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10 obte true integrated Trom cbserved mazimun inten—
ition to the usunl

reometry, a number of

datarni;

id correcticn factors

derliined to teake mccount of L and eglze of the nhoto=
gravhile epotsz,
thae resaltin teprated intensitiee are Inevitably lesas
accurate than those which can be mesoured fron photographs of
crystals, but were considered to be pufs ently accurate

ieir use in the ealeulaticon ovf Fabterrcon functioms

intensities shoved 1ittle, i any,
tendency Yo decrease with incereveing 6 an "artificlal tempera- :
- - - @ _'II2
ture Iactor" was apolied. Intensities were wultiplied by &

where 2 = 4.56, a value chosen to reduce to 0.3 of its vnlue

the intenesity of the furthest eountorisl reflection obdzerved,

JED_PATERASON FUTCTIO

agron of etructure A shows 66 reflections
B uri the course

etsenpte to index the reflections it became falrly clear that

thelinlt cell was monoclinic c-race=-centred, with the c-axis

=

el to the fibre axie, Ilywever, owing to the inevitable
acurenent, and to the aubipuities of indexing reflec-
tions &% larpe ungles of diffraction, it was not Tound poscible
£

“R

by direet inonection, to estoblich »1l tha esll
’ cail




-5 -
ded to caleoulute the oyline
‘atierson function deseribed by Mecliillavry
1ation
stting
reflectione any indices other than the! lnver=line nun-
ie therefore pericdioc in the iire~tdon It
functlon whlch would result from tsking + thr
dlamensional Patterson funstion,
by rotating it about an axis thro:gh the cripin and
axls, anc then teking s section throurh the oxie

rotation,

+he principal perlodicities, or lattice trensiations, other

then that corresponding to the layer-plane epacing, will
roevealed as important peake in thls enericdie Pettercon function,
They will, in general, be distinpulshed from ot Patterson
¥ will bes observed,
ig Tound to be 28.1 A, The
cylindireal Patterson function was calculated nt interv-is of
28.1/20 A in z and of 1A in x in the range x - O to 50 A.

o

Patverson function showe a numnber of strong, well-
ionr there e izt look for the lattipa
translations,
the firet important region of high density coocurs st
Zmld=14Aand zw5 =9 a4, Howaver, it can
that 1%t 1e impo=qsibls to indax the e-ustorianl reflections on

LEBls 01 & unit A4 1 Whlch one parameter hag an X-oooponent

of about 13 A,
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Apreanent
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wag penernlly hetter than lp, f#nd in

t =ng famd thet for tha lar

eauator irnt and accongd Lew

be indexed vnsmbijucucly;
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nificnnoa: single reflection

where the cecometry of the reciprocal

or more reflections reinforce one another c:

effect be obeoerved, On this aoccount

tartificinl temnerature factor"

e important,
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no reflection conld
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ia clenrly
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obeervahle reflections in thie repgion ia not of great sig-

gnd i fo be dig-=

3 - 1
PR § .x‘-.th.-..,

:lce 1s
n a photoprephlo
introduection of" an

is more than

I reflectiong =
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reflactions is increrpe

aflections
gtione Bt
intio absencee cnnnot be detected with certelinty,

arymuetric curbon ntoms of the sugar rings

gymogtry, C2 is the only

DOUSLE DEIENTATION

A fortunate nccident provided s rather satiefactory cone

tion of the correctness of the indexing schens. Ona fibre,

of dismeter aboub r-';J)_yL sag Tound to glve a phntopraph showing

a .

gtronrs double grientetion, hat 1a, the crystallitos were not
k '

s T g

rendom orientetion about the fibre axia, shd s
¥ »

result, nomething intermediste between n rotutlon and

lztion photopgreph.

A list wes drewn up in which those reflectlons which wers

gt

gtron ‘eet in the ton left-hand guadrant of TOis holopgranh were

i Lrht=hend oundreant

were lebelled i, It wae then found thet sll reflecvicng Taobhéle

e

5 : it i : it
led L hod beesi sllct ted indices Bk L whereas all R refiar

F]

had indiceg hk { . The diztribution of the obeerved reflections

.

emonz the different cuesdrantsa in H-epuce 08 deternined independ-

T " Py B . = o A . & i . 5 G e L I, T, ™ o T
ENELAY DY Lug Prooend 0L dailubdil lices ia ShOuds UiTa ¥y con

cTly

fivmed by comparison with the distributicn revealed in this




was thoupht that the double orient-tion howm in
graph might be due eilther to a mechanicnl
Tibre or %o preferentliszl orientation of the

.

ar the surfroe, lowever, attenpts t

LD Ienrocicea

t falled, and neither of these sugrestions has boen

confiroed,

T e

The dencity of lHaDNA at worious humicities was neasurad
following method,
Homopeneous lumns of dry la

Pleces of ewollen gel to dry elowly,

R - & e -
ol o Wi . 1V

dricd over Pplz at room temper-ture for

meacure the denesity of the dry eubstance, each

in CC1l, in a test-tube, and the temperature sllowed to rise

glewly from below = 109C until the lump just sank, In this way
a denolty renge of about 1,65 to 1,58 g/ec, corresp
temperatures for =10 € to 2590, ean ba eatinfrctorily covered,

The denzity of dry HaDNA wes found to be 1.625 £ 0.002 g/fece at

e - e s e T ST ! R L P e L o s ] EF I T
4k 1°C, in pood apr EnG with Astbury's wvalue of 1,53 (Ast)

1947).
By using, in the same temperature range, CLCL3 in place
of CCl, densities between zbout 1,54 and 1.48 g/ce oan b

Lumpe of HalMA were mailntained at the reoulred relative

until equilibrium vma re ched, then immersed in the ANPIo]




() —

temperature of which was rapidly
neasurement., In this way the den-
H.H, waa found to be 1.521 + 0,002 r/co

tenperature of 2C to 4°C in CH

=

44 e F - 5
o the lunpe at { o e = A2S

T
-
2
|

number of nueclectides per unit pell cannot be deduced

directly from the measured denszity owing to uncertainty as to
the quantity of water in the crystalllites, The total water
content of a micro-crystelline mese of IaDHA at 5# R, wos
found to be about 40,5, but it has not been poeeible to deter-
nine directly how much of this 1s in the erystallites. However,
calculation shows that if the water content of the eryetallite
agsumed to be between 22. and 505 of the dry weipht, then
numbsr ol nucleotides per face-centred unit cell lies be=
nnd ."::‘1-
waa mentioned above that the occurrence of a near—
reflectlion on the 1lth leyer line supirasts that there
nre ucleotlidee per chain in the unit cell, The density
densureucnts therefore suggest that there are 4 chains pasaing

through the face-centred unit eell {or two chaing associated

with eanoh lattioe nair),

THE THATE=DINENSIONAL PAT

e T T

Having indexed the reflections in the manner descrlibed

nbove, the complete three-dimensional Fatterson function was

galoulated,

The three-~dimensionsl Pettercon function contrine o rather

o L

emall mumnber of penke, 2nd theese nre very aobr ongr An




hiz anparent
8ll number of rog experimentally obtaineble
nafform rether reacl simplicity of

o
e

The Tewer the terms the pgreater will be

T

of the strongest nerk

vertheleess, it seemed probable that the prinoipal

r

features of the Patterson would be due to phosphate=phosrhate
veotors, the phoesphate group roting to eome extent as n "heavy
atom®, Lxtenslve efforte vere therefore nonde to nchieve n
direct partial interpretation o the futtcrr:u function hy
meene ol superpositlon methods, Although it was posrible to
obtain in this wayliireot evidence for the exlstence of a eyn=
ISy BXls and thus to confirm the spree group (i::‘-:l, ne sipg-
nificant 7 Tess was usde townrds the solution of the struce
ture ond the nethod has been provisionally abandoned,

fhere nre two striking festures of the three~dinenczional

Fatterson function which pive some direct information concerning

the structure. Pesks occcurring at about 5,3 A from the oripin
end with c-coordinates of about 2,5 4 sre very strons cnd welle
resolved, These can only be phoephate-phosphute penks repreren-
ingle aten In the baek-Ybione chain rsnd nrs conszistent
with the esupgestion (made above) that there sre 11 mucleotides
in a repent period of 25.1 A, Pyrther, a very strong pesk cccurs

roxinatiely a = b =20, 0 m 14 A. "Thile this pesk on the

geotion st hnlf the cell=helyht 1s the atronrest festure af ti

..'u:;-.'lli.:n;;ilg pesting & pseuao=hnlving of the cell, ihe

other features of this section are sl iost exnctly the inverse




RUCGTURE B

The general Torm of the X=ray Fibre-=diapgrasn of structurs

B 1s typical of that showm by Cochran, Crick and Vand to be

given by helionl structureas. Using the theory developed by

thape suthors it has been shown that there are strong indica-

tiong that etructure B contaline a two=clinin helix., The phos=
fFrouns lie on the outsid the helicrl gtructure

the phosphite groups of the two cheina of the hellx are

from one another by about 3/8 of the fibree-axis repeat period,

HITIRY T AMT A0
R A% i 3

Iwo pepers entlitled:

e

"Pibre Dingrans of Sodiun Thyaonucleate!

I 7The Influence of !Tater Content

II The Cylindirenlly Symmetricsnl Patterson Functi on"

written in collaboration with R.G. Goeling have been accepted

[ | T L e o ,oa P R 1 nl1 1 rrranhi s
4 Ll b |0 - B e e R AOTa LEVSLALLOFSTADILL ‘Lg

A note on "Holeculer Configuratlon in Sodium Thymonucele:

was published in Nature, 171, 740 (1953) in collaboration with
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Sodium thymonucleate fibres give twoe distinet types of

loeq wet Clioun o 1

frect awey g8 j;";; i limined i"'-'h' .’:'jl '];. 1

%, N

b 2 CAguS

L-ray dlagrem. The first, corresponding to a

form obtained at about 75% relative bumidlty, has

)

e
cribed in detall nlsawhﬂrnt- . At hig;&humidi

new structure, shﬂwing & lowar dagrbu of order arpaars
persiats over a wide renge of ambient humldity and

content . The water content of the fibres, which

talline et lower humidities, mey very from about 509 to
several hundred per cent. of the dry welght in thiz structura.
Other [lbres which do not glve cryatalline strusture

show this less ordered structure st much lower humi

The diasgram of this structure, which we have callad

B, shows in striking menner tha features chara

)

helleal structures t . Although tkiz cann

a3 prool that the structure is helical, other considarat

make the exiatence of &g helieal structure highily probablae.
Structure B is derived from the eryatalline structurs

when the sodium thymonueleste (XNsDNA) £ib

of weter in excess of about 40% of thair wedght .

is accompanied by &n increase of sbout 30% in ths lenzth orf

the Iibre, and by s substantial re=arrengement of the molecule.

It Sherefore soems reasonable to assume that in structwe =

the structural units of NeDNA (molecules or groups of moleculas

are reletively free from the influcnce of neighbouring
each unit belng shislded by a sheath of water.

therefore free to take up its lesst-energy configuration
independently of its neighbours and, in visw of

the long-chain molecules involwved, it 1izhl;




general form will be helical (

pothosls of & helical stracture, it is

from the X-ray diagram of structure B, to make certain

deductions 83 to the nature and dimensions of tha helix.
From the engle between the stralight lines which can be

drawn through the erigin snd the Iinnermost mexima of tha 1st,

{'End. Jrd and 5th layer-lines, the dismeter of the helix can

be caleculnted. 4t 13 found to be about 204,
lineer array of mexima 13 one of the strongest features of
the dlagrem, we must conclude that a {erystallograpnically)

very lmportsnt part of the molecule lias on & hellx of this

dismetor. This can only be the phosphate groups (o@,

EF& phosphorua atoms). Thws, il the structure is he
O

we find that the phosphate groups lie on a helix of diameter
about 20A, and the sugar and base groupa must accordingly ba
turned inwards towards the helical axis.

This 1s In agreement ¥ith the conclusion whi
previously by quite other reasoning t ]. namely
whatever the astructural unit, the phosphste groups must be on
the outaide, There were two principal reassons for boligving
this. The first derives from the work d and
collaborators who showed that even in agqueous solution tha =00
énd -Niz groups of the bases are inaccessible snd cannot be
titrated, whereans the phosphate greups are fully accaessible.
The second 13 our own observatlons on tha way in which tha
structurel units in the crystalline structure A are floated
apart by en excess of water, the process baing a centinu
one which leeda to the formation firat of a gel and ultimetely
to a solutlion. The hygroscopic part of the moleculs may ba

presumed to lle in the phosphate groups; | (CgH50)2P0sNa  and

(CzH70)5P0sNa are highly hygroscople) and the gimplest ex-

plenation of the sabove proceas is that thess groups lie on the
outside of the structursl units. Furthermore ths reasdy availa-
bility of the phosphate groups for intersction with nrotains

can also be explained this way.
i




The above estimete of 20A diameter was
esgumption of a single strend helix. Tha t
meximmon the nth leyer-line corresponds to the
in Jp(2@rR). Where Jp(u) is the nth grder Bassel
u, r 13 the radius of the helix and R the distence from the
fibre-axis direction in reciprocal spacs.

The strong meridional maximum at 3.4 A 1ias accurataly
on the 10th layar-line. From this new lines of mexima -
eminate, a3 fram'thu origin, crossing the origin seriss on tha
5th layer-line, corresponding to a Jg{u) for sach series, con-
firmlng that the second origin does 1lle on the 10th layer-line
This then, indicates that there are 10 structural units in one
turn of the single~atrend helix. For a helix of diameter 20
this glves & distence of 6A between neighbouring units in one
molecule, which is s reasonable distance for the P-P_v;luﬁ
NeDNA, (this distance in a fully extended chain is
If, instead of m single-astrend helix we proposel 2

B
ﬂpaced leo- -axial helical molecules, the f

; rf‘\. |
W . | &ince our value of R is fixed and

L i

occurs at very mearly twice the valus in x of tha
in J1(x) (which gave us 2r ==204°) the value of Zpr I

) 2-atrand helix muat be == 40 A%, The cress-sect

helix would then be considerably greater than tha

primlitive cal& in ths erystalline atructure A, snd this would
ssem highly improbable. The sams Ergumunt with aven mors
force, oliminates the possibility uf’ﬁ bqually speced co-axi

\ h;l;::; Im lar-um:.l‘;ﬂ vockl curme. HEak Waﬁ-ﬁ&«a &Mp{;’iﬂ""
2y On the theory of s sifgle-strand helix, the sorics of

oquetorial maxima should/correspond to ths moxins

The maxima on our photograph do not, however, fit

This is rather to be expsctad. For wa lnow
far consldered is only the most Important member

c¢o-axial helleles of different radil, tho non~phoapha




a [ 4% = - 0 == i
Structure lactor on the n®l layer-line fer s

gxinl heliciaa
k- Tn (2
[ S~ . “h}
(here give definiticns)

S51mplifying this, for the ¢ase of a whole number of resldues

per turn of the helix, we readily obtain

g ' L Lol Lntly
s o P P e e i

where i(,-,.;b = 53/“_ — AT 1"&/{:

Xy = ArRE,

It follows that

T == 4[7;()]’+

peata ﬁ“’

From this 1t is evident that the innermoat :a;lma on the leyer=-
ines will always be given by the helix of thn lafirest dlamet

contalning

the torms =uiying Jn[xj} Jnlxy) for values of xj and x)

thon the moximum being, in ths rogion of the First maxina, wery

small, Later maxima, however, may be obliterated or shifted

owing to t he sopearance of important negative terms in the

exovraaslon for I,

Thus, while wo do not attempt to offer a complets internro




flbre-dlagram of structurs 3

following conclusionas.
The phosphate groups 1lie on the outside of th
unit, on a helix of diametor about 20 A. Theres
phosphate groups per chaln in one turn of the helix.
struct ilvalent co-axial
chain, but the possibility of non-equivalent co-axial chain
13 not elliminated.

The totol absence of an inner maximum on the f-}u:'tl.’l
dayer-1ine suggests ‘that if there are 2 non-equivalent coe
8xlal chains those are separated by % of theffibre—ax;;

peried, that is by -‘..:‘.:.:'1 in the fibre-sxis gi’i:*qc:iun.
S F34.
A _
! 1 L L v
Thal- V&= '
/ Ao blecal fed stk
pd sik .h-‘-,".f_gm-
5 HETe AT
Tie .?.-{5, Qg tun ot b b
- [
L sk poky i oo Uael T
Eppdie o thiy - Dec £

1. e 4 Mﬂ*.“*]f' ltrd W (

£, whi 2{pu "‘*‘\._WJI.__.'{FL'E\I:-'-% hisacllles
M Seqgegf Wm,:,{.fr,w_ﬁ&m#

3 - qpuls o bt i Sukly Shoker

Faier

R Aews o 1954




fotes by A.K. oo Franklin and Gossling's draft of March 17, 1953

This is a precursor of the paper published in Wature in April 1953.

It wWas written before R.E.Fiv had heard of the Watson-Criek model and

the text is based very closely on her notebook entries for the period

sfma ~Y Ll

January = Mareh 1953. (Lig. -

o

Pape 3, paragraph 3

What is being done here ig ruling out the possibilicy of a two=fold
axis parallel to the axis of the molecule contained in a structure of
twice the diameter. HNote the terminology is rather different to

(1]

that which would be used nowadays. Franklin used "strand” where we

would now say "helix" in an abstract geometrical sense and the word

"chain" is used in the current sense, i.e. as a phyeically connected

SCructure.

Page 5

Since R.E.F. had not spotted the possibilicy of a perpendicular diad
and she had already ruled out an axial diad, the formal conclusion was
that if there were two chains, as was likely, they would not be

exactly equivalent.
Gl G2 MHEW.  Sec joculian irfumcon on (i 0-ptinds nasses
T LT Kby Bese ! (e Rk Ston Fimcr)
Ak all b ppat Fas W&j**’“ v
L W*C Buf st sean. ~ wi wing 17
& clrull, lebiye
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either material is & precursor of native collagen. These e
P ollag e

materials are being compared with native collegen in vaerious
ways: electron microscopy, infra-red epectra, biochemical
analysis, molecular weight, and light acattering techniques
are being employed. Procollagens have a much lower molecular
weight {~70,000) than native collagen appears 1o have when
dissolved in organie acid. And yet the procollagens when
precipitated give rige to fibrils similar in structure to
native collegen. The high-angle Z-T&Y diffraction pettern
appesrs to be jdenticsel with thet of native collegen.

(7) Banded and Unbanded Collagen

Long-Spacing Fibrils: nThen acid polysaccharide,
guch as chondroitin sulphaie or gum arabic, is added to &n
apetic meid solution of collagen under appropriate conditions
of pH, fibrilas with spacings much greater t+hen normal are
observed when the precipitates are sxamined in_ the electron
microscope. The spacings Irange from 1200-24004 instead of
the usual 640A, The interest of such fibrils lies not in
their similarity to those found in viveo, but in the ability
of paljsaecharidﬁ tp modify the structure. A small asmount
of polysaccharide has 1long nean observed in collegen analyses
but it hes never been proved thet such materiel 18 &
structural component.

It is legitimate to regard this phenomenon &8 part
of the wider problem of the chemical and gtructural
characteristics of banded and unbanded collagens.

It seems fairly certein from work in this laboratory
and elsewhere that almost all collagens give gimilar, if not
jdentical, high-asngle X-T&ay iiffraetion petterns. In fsact,
at the present time there seem tog be few other common links
between the collagenous materisls of different origin. Such
an identification relates, of ecourse, to distances of no more
than & few Angsfroms. A4t a coarser level of structure, how-
ever, (~100-70Ca) collegens may chow either the familiar
bendings of mammalian meterial or the gtructureless features
of, for example, earthworm cuticle. More detailed amino
aoid and suger ‘analyses are required in conjunction with
structural investigations before this puzzle can be golved.

It is a feature of collagen structure in which the laboratory
ia greatly interested.

NUCLEIC ACID RESEARCH

The research on nucleic acids, like that on collagen,
has both & structural ani & biological interest. Some time
ago Wilkins found that fibres from sod:ium desoxyribonucleate
gave remerkably good X-ray fibre disgrams. He also examined
the optical propertlies of the fibres in relation to their
mnolecular structure. The fetailed examination of the
atructure has been continued by Miss Franklin and R.G. Gosling,
and Wilkine has concentrated on & study of the oriented
nucleoprotein of sperm heade. The bioclogicel implications of
this work &re indicated later in this section.

The study of nucleic acilds ip living eells has been
continued by Walker (tissue sultures) and by Chayen (plant
root meristem celle); @and lately Wilkins and Davies have been
meaguring the 4dry weight of meterial in pradescentia pollen
grains during the course of cell division by means of




interfercnce microscopy. while the work of Falker on
nueleic aeid content of nuelsi r es only to part of the
eoll contenta, the interference mi cope enebles tht total
content of the aell, other than w . to be measured.

Desoxyribose Nuecleic Acid end Nucleoprotein Structure

(%.0.F. Wilkins)

A molecular structure epproech has been made
the question of the function of nucleic acid in cells.

First, Y-ray evidence shows that D.N. 4. from all
rinds of source has the same basic moleculsar configuration
which is little (if at all) dependent on the nucleotide ratio.
Some grouping of polynucleotide chains takes place ©o give
~204 diemeter rod-sghaped units, and the internal chemical
binding which holds each unit together is not affected much
by the normal extraction procedure. The basic point is to
find the general nature of this structure and the hydrogen
bonding ete. in it. Using two dimensional data, the mostl
reasonable interpretation was in terms of & helieal structure
and the experimental evidence for such helices was much clear-
er than that obtained for any protein. The crystalline
materisl gives an X-ray picture with considereble clements of
simplicity which could be accounted for by the helical ideas,
bus three dimensional data shows apparcntly thet the basic
physicel explanation of the simplicity of the picture lies
in some quite different and, a priori, much less likely
structural cheracteristic. The 20A units, while roughly
round in eross-section, appear to have highly asymmetric
internal structure.

The same gensral configuration eppears to exist in
intact sperm heads and synthetic or extracted nucleoprotein,
and in bacteriophage (and not in inseect virus where the
protein is different). It appears that the protein is
probably bound electrostatieslly on the outside of the nuecleie
aeid units and does not alter thelr structure. In some Sperm
the whole head has & crystalline (but somewhat imperfect)
structure. In these sperm, the protein has very low moleculer
weight snd it will be especially interesting to find 1if any
high molecular weight protein exists in such sperm heeds. If
not, all the genetical characteristics may be supposed to lie
in the D.N.4A. (&s in becteriophage). Biochemical study of
the composition of the protein is planned. In other kinds of
cell nucleus with different biological funetion the proteins
are quite different. The main idea is to find the siructure
of the D.N.A. first, then how it is linked to protein in the
erystalline sperm heads, and then attempt to elueidate the
morée complex structure of the other kinds of eell nucleus.

It may be that the charsctéristic X-ray picture of D.N.A. is
especially relatcd to & particular funetion of the nuelear
nucleoprotain, In this way molecular structure and cyto-
chocmical studies begin to overlap.

X-ray Studice of Calf Thymus D.N.4&. (R.Z. Franklin and

R.G. Gosling)

(a) The Role of ¥ater: The erystalline form of
calf thymus D.N.A. 1s obtained at ebout 75 RH and contalns
sbout 20% by weight of water.

Increasing the water content leads to the formation
of & different etructural modificetion which is less highly




form is ill-defined.

tn the second structure
~—pxis repeat period of
length-chenge of
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the weter-contant below 20% lesds

the erystalline X-ray ngt:arn and
the diffusc background ¢

diffuse scattering is :bs:rv:d.
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411 these changes &re readlily reversibla.
following explanation is sugzesated:

Thc his pups, being tht most polar part of

gtructure, w i ,“cf d to sssociate with one enother
also with thc W 1oceules. Fhosphatc-phosphatc bonds
considered cn51w;u for intermolecular linking
in the nrys:vl‘ 3t ire. The watcr molecules &ATEe
around - bonds (epproximately four watcr molacules
phosphorus Lucm Inercased wator content woekone these
5 and leads, T .;t, +o a less highly ordered structure and,
imately, to gel formation and } Drying leaves the
osphate-phosphate links intact b eads the formation
in the structure with re lting strain and deforma tion.

4
2
=
L a)
I:I. "

= ool

-3 O M

LhrFE— imensional skeleton 18 P d in distorted form

i D

o telline order is restored when ine | midity is agein

R

in:reased.

et the cryastalline ¥form was nased on & face-
noclinie unit cell wi*h the C-axis uar;llel to the
But it wese not found possitle, by direct
to allot L+l the lattice perameters &acuratel“ and
'sl;. To cbtein the unit ecell with certainty the
rlrics._.'" symnetrical Fatterson function was CHlLuiﬁtEd-
funetion is periedic in the fibre-axis direction only.

The Cylindrically Symmetrical Fatterson Funetion:

Specisl techniques were developed for the measurement
of the positions and intensities of the reflections This was
necessary, rirstly because a1l measurements hed to he mede on
micro= Dhﬁuﬂarﬁﬁnﬂ gnd secondly beceuse the observed reflections
were of & veriety cof shapes end sizes so thet integrated

intensities could not be directly metsured.

On the Fatterson function obteined, the lottice

translations could be resdily identified “. the tasis of &
e
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ryaed could 1 be indexed
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L= ':l[." l.ad-...n..':f"f-.\..-"ll.- r'l.-fl'\-.-\--
with an error of lesa uhbﬁ 1 5

4 wery satisfactory confirmation of the correctness
of the unit cell and the indexing was provided by B fortunate
accident whiech it has so far not been uase1b le to reproduce.
Jne fibre waa obl &lnﬂd which gave a DhOtngLﬁu showing strong
dcuble crientation. It was found that in this uhctogr&nh
those spots which hed baen jndeved Bkl were strongest in one
pair of quadrsnis while those indexed hiil were strongest in
+he other pair.




Patterson Function:
h certainty, it is I
fons in the normel

(¢) The Three-Dimensional
Having established the unit cell wit
possible to caleulats Fatterson scoet
Work on these is in Drogress.

Ultraviolet Absorption Miessursments of the Contents of Living
end Fixed Cell Nuclei (F.L.B., Walker)

The eerlier measurements of ultraviolet =bsorption
in chick fibroblasts =nd Feulgen stalning in the same
material ere being extended to ineclude the uptake of PJ2 into
the D.N.A. molecule, Uessurementis c&n thus be made of the
quantity of material and of its rate of increase. This work
is being done in collaboration with the M.R.C. Hadiothere-
peutic Unit at Hemmersmith.

The original field of work on avian fibroblasts 1is
also being extended to include mammalien cells; it is
intended also to investigete eny possible differences between
normal and neoplastic tissues.

In. the course of his work on ultraviolet absorption
of cells Mr. Walker has developed & high-speed recording
nicrodensitometer which is en improvement on his earlicr
instrumcnt. Photographic density is recorded dircetly on to
papar and thc instrument should havc considerable use in the
analysis of electron mierogrephe and X-ray diffrection photo-
grephse.

'

Zlectronic Techniguca es sids to Biologiesl Rosearch (E.M.

Deceley )

®lectronic methods for the rapid meesurement of the
totel amount of absorbing material in given biological
specimens are being developed. The eircuitry for a slow-
speed microdensitometer which will employ & mechanicel scenning
device has been completed. This unit will cover the area of
the specimen in & time of the order of 4 seconds. The
possibility of using high-speed seanning methods is elso belng
examined.

Circuits sre also being developed for &u ultraviolet
spectrometer in which it is necessary o arrange for constant
sensitivity to changes in density over & wide range of lignt
intensity.

Localization of Nucleic Acids in Cells (J. Chayen )

Ribose nucleic acid (RNA) is sssociated with
protein synthesis; desoxyribose nucleic acid (DFA) has been
cleimed to be 'gene material', being found invarisbly on the
chromosomes. Dr. Chayen has shown that in embryonic plant
cells DNA is present in the cytoplesm, its appaerent locells-
etion on the interphase chromosomes being & diffusion ertefact
produced by such treatment &s the hydrolysis in the Feulgen
reaction or parafiin embedding. In mitotic cells which arc
not actively synthesising, however, ¥MA is found in the inter-
phase nucleus. The localisation of RNA in microsomes has elso
been studied by ultraviolet and electiron mieroscopy-

The Lffects of Fixatives on the Ultreviolet Absorbing Constitu-
ents of Chick Fibroblests (H.G. Davies)

The experiments cerried out by Mr. Davies on this
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