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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.
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