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MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Nucleic Acid

E wish to suggest a structure for the salt

of deoxyribose nucleic aeid (D.N.A.). This
siructure has novel features which are of considerable
biological interest.

A structure for nucleic acid has already been
proposed by Pauling and Corey'. They kindly made
their manuscript available to us in advance of
publication. Their model consists of three inter-
twined chains, with the phosphates near the fibre
axis, and the bases on the outside. In our oplmon,
this structure is unsatisfactory for two reasons:
(1) We believe that the material which gives the
X-ray diagrams is the salt, not the free acid. Without
the acidic hydrogen atoms it is not clear what forees
would hold the structure together, especially as the
negatively charged phosphates near the axis will
repel each other. (2) Some of the van der Waals
distances appear to be too small.

Another three-chain structure has also been sug-
gested by Fraser (in the press). In his model the
phosphates are on the outside and the bases on the
inside, linked together by hydrogen bonds. This
gtructure 88 described is rather ill-defined, and for

this reason we shall not comment

on it.

We wish to put forward a
radically different structure for
the salt of deoxyribose nucleic
acid. This structure has two
helical chains each eoiled round
the same axis (see diagram). We
have made the usual chemical
assumptions, namely, that each
chain consists of phosphate di-
ester groups joining B-D-deoxy-
ribofuranose residues with 3’,5°
linkages. The two chains (but
not their bases) are related by &
dyad perpendicular to the fibre
axis. Both chains follow right-
handed helices, but owing to
the dyad the.sequences of the
atoms in the two echains run
in opposite directions. Each
chain loosely resembles Fur-
berg’s? model No. 1; that is,
the bases are on the inside of
the helix and the phosphates on
the outside. The configuration
of the sugar and the atoms

" near it is close to Furberg's

‘standard configuration’, the

sugar being roughly perpendi-

cular to the attached base. There

liu%emnt'lﬁ the fibre axis
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is a residue on each chain every 3-4 A. in the z-direc-
tion. We have assumed an angle of 38° between
adjacent residues in the same chain, so that the
structure repeats after 10 residues on each chain, that
is, after 3¢ A. The distance of a phosphorus atom
from the fibre axis is 10 A. As the phosphates are on
the outsids, cations have easy access to them.

The structure is an open one, and its water content
is rather high. At lower water contents we would
expect the bases to tilt so that the structure could
become more com;

The novel feature of the structure is the manner
in which the two chains are held together by the
purine and pyrimidine bases. The planes of the bases
are perpendicular to the fibre axis. They are joined
together in pairs, a single bage from one chain being
hydrogen-honded to & single base from the other
chain, so that the two lie side by side with identical
z-¢o-ordinates. One of the pair must be & purine and
the other a pyrimidine for bonding to oceur. The
hydrogen bonds are made as follows : purine position
1 to pyrimidine position 1; purine position 6 to
pyrimidine position 6.

If it is assumed that the bases only occur in the
structure in the most plausible tautomeric forms
(that is, with the keto rather than the enol con-
figurations} it is found that only specific pairs of
bages can bond together. These pairs are : adenine
(purine) with thymine (pyrimidine), and guanine
(purine) with oytosine (pyrimidine).

In other words, if an adenine forms one member of
a pair, on either chain, then on these assumptions
the other member must be thymine; similarly for
guanine and cytosine. The sequence of bases on a
single chain does not appear to be restricted in any
way. However, if only specific pairs of bases ¢can be
formed, it follows that if the sequence of bases on
one chain is given, then the sequence on the other
chain is automatically determined.

It has been found experimentally®# that the ratio
of the amounts of adenine to thymine, and the ratio
of guanine to ¢ytosine, are always very close to unity
for deoxyribose nucleic aoid.

It is probably impossible to build this structure
with & ribose sugar in place of the deoxyribose, as
the extra oxygen atom would make too close & van
der Waals contact.

The previously published X-ray data®* on deoxy-
ribose nucleic acid are insufficient for & rigorous test
of our structure. So far as we can tell, it is roughly
compatible with the experimental data, but it must
be regarded as unproved until it has been checked
against more exact results. Some of these are given
in, the following. communications. We were not aware
of the details of the results presented there when we
devised our structure, which rests mainly though not
entirely on published experimental data and stereo-
chemical arguments.

It has not escaped our notice that the specific
pairing we have postulated immediately suggests a
possible copying mechanism for the genetic material.

Full details of the structure, including the con-
ditions assumed in building it, together with a set
of co-ordinates for the atoms, will be published
elsewhere.

We are much indebted to Dr. Jerry Donohue for

constant advice and criticism, especially on inter-
atomic distances. We have also been stimulated by
a knowledge of the general nature of the unpublished
experimental results and ideas of Dr. M. H. F.
Wilkins, Dr, R. E, Franklin and their co-workers at
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King's College, London. One of us (J.D. W.) has been
aided by a fellowship from the National Foundation
for Infantile Paralysis.
J. D. Warsox
F. H. C. Crick
Medical Research Council Unit for the
Study of the Molecular Structure of
Biological Systems,
Cavendish Leboratory, Cambridge.
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Molecular Structure of Deoxypentose
Nucleic Acids

‘WHILE the biological properties of deoxypentose
nucleic acid suggest a molecular structure con-
taining great complexity, X-ray diffraction studies
described here (cf. Astbury!) show the basic molecular
configuration has great simplicity. The purpose of
this communication is to describe, in a preliminary
way, some of the experimental evidence for the poly-
nucleotide chain configuration being helical, and
existing in this form when in the natural state. A
fuller aceount of the work will be published shortly.

The structure of deoxypentose nucleic acid is the
same in all species (although the nitrogen base ratios
alter considerably) in nucleoprotein, extracted or in
cells, and in purified nucleate. The same linear group
of polynucleotide chains may pack together parallel
in different ways to give crystalline!'-%, semi-crystalline
or paracrystalline material. In all cases the X-ray
diffraction photograph consists of two regions, one
determined largely by the regular spacing of nucleo-
tides along the chain, and the other by the longer
spacings of the chain confi ti The se of
different nitrogen bases along the chain is not made
visible.

Oriented paracrystalline deoxypentose nucleic acid
{‘structure B' in the following communication by
Franklin and Gosling) gives a fibre diagram as shown
in Fig. 1 (cf. ref. 4). Astbury suggested that the
strong 3-4-A, reflexion corresponded to the inter-
nucleotide repeat along the fibre axis. The ~ 34 A.
layer lines, however, are not due to a repeat of a
polynucleotide composition, but to the chain eon-
figuration repeat, which causes strong diffraction as
the nucleotide chains have higher density than the
interstitial water. The absence of reflexions on or
near the meridian immediately suggests a helical
structure with axis parallel to fibre length,

Diffraction by Helices

It may be shown?® (also Stokes, unpublished) that
the intensity distribution in the diffraction pattern
of a series of points equally spaced along a helix is
given by the squares of Bessel functions. A uniform
continuous helix gives a series of layer lines of spacing
corresponding to the helix pitch, the intensity dis-
tribution along the nth layer line being proportional
to the square of Jp, the nth order Bessel function.
A straight line may be drawn approximately through
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Fig. 1. Fibre diagram ur deoxypentose nucleic acid from B. coli.
Fibre axis vertleal

the innermost maxima of each Bessel function and
the origin. The angle this line makes with the equator
is roughly equal to the angle between an element of
the helix and the helix axis. If a unit repeats n times
along the helix there will be a meridional reflexion
(J ;%) on the nth layer line. The helical configuration
produces side-bands on this fundamental frequency,
the effect’ being to reproduce the intensity distribution
about the origin around the new origin, on the nth
layer line, corresponding to C in Fig. 2.

‘We will now briefly analyse in physical terms some
of the effects of the shape and size of the repeat unit
or nuclectide on the diffraction pattern. First, if the
nueleotide eonsists of & unit having ciroular symmetry
about an axis parallel to the helix axis, the whole
diffraction pattern is modified by the form factor of
the nucleotide. Second, if the nucleotide consists of
a series of points on a radius at right-angles to the
helix axis, the phases of radiation scattered by the
helices of different diameter passing through each
point are the same. Summation of the corresponding
Bessel functions gives reinforcement for the inner-
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Fig. 2. Diffraction pattern of system of helices corresponding to

structure of deoxypentcse nucleic acld, The squares of Bessel

functions are plotted about 0 on the equator and on the first,

second, third and fifth ]nyer lines for half of the nucleotide mass

ul. 20 A nnd along & radius, the
plven radlus belng propartional to the radlus. About

C nn ihe tmth layer line similar functions are plotted for an cuter

diameter 6f 12 A




Nuclear properties of selected
Isotopes

==

Isotope Y x 10_7 V at 11.74T Natural Sensitivity
(I=y2) (rad T-ls-l) (MHZ) Abundance (%)

Rel.2 ﬁbs.E

96.75 500.0 99.98 1.00 1.00

2 1.8x10'4

6

6.73 125.7 Lad 1.6%10

3

-2.71 50.7 0.37 1.0x307 " 3.8x10

2 2

10.83 202 .4 100 6.6x10 - 6.6x10

Relative sensitivity at constant field for equal number of nuclei.
Product of relative sensitivity and natural abundance.




Spin systems in ribose and
deoxyribose
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Spin systems in nucleic acid
bases
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'H chemical shift ranges in
DNA and RNA




'H chemical shift ranges in
DNA and RNA

Comments

2'H; 2"H iz DNA

4'H, 5'H, 5"H in DNA
3'H in DNA
2'H, 3'H, 4'H, 5'H, 5"H in RNA

1'H

CH3 Of T
5SH of C and U
6H of C, T and U

8H of A and G, 2H of A

NH2 of A, C and G

Ring NH of G, T and U




'H NMR spectrum of d(CGCGAATTCGCG)

Pur H8, Ade H2
Pyr H6

|

H1’, Cyt H5




'H NMR spectra in H,O

Watson-Crick

d(CGCGAATTCGCG),
B-helix

LY S

140 135 13.0 125 120 115 11.0 105

Hoogsteen

d(AAT GGG T GGG TTT GGG T GGG TAA)
G-quadruplex




'H COSY spectrum of DNA

d(CGCGAATTCGCG),

H2-H2”
H4'-H5' 5"
H5"-H5"
H3-H4’
H2',2"-H3'
H1-H2',2"
H5-H6 (Cyt)
CH,-H6 (Thy)
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'H TOCSY spectrum of DNA

d(CGCGAATTCGCG),

T T I T T T a T T Ll 1 T T I
80 75 70 65 60 55 50 45 40 35 30 25 20 15




'H NOESY spectrum of DNA in D,O

PuH2,8,PyH6 H1,C5 H3' H4'5,5” H2',2"”  TCH;3; ppm
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'H NOESY spectrum of DNA in H,O

d(CGCGAATTCGCG),

H imino - H imino

_ .2 .. H imino - H amino

b * R A T ! H imino - AdeH2,CytH5
CytH5 'y - e . H amino — H amino
R ol H amino - AdeH2,CytH5,H6
H imino — TCH;

CytH4
AdeH2
CytH4(HB)




Structure Determination

Procedure

Structure Determination:

1) Assignment NOESY, COSY, HSQC
TOCS Y i
D) Local Analysis
«glycosidic torsion angle (NOE, COSY)
«sugar puckering (COSY, NOE)
sbackbone conformation (COSY)
*base pairing (NOE, COSY)
[II) Global Analysis
esequential (NOE, COSY)
sinter strand/cross strand (NOE, COSY)

«dipolar coupling (HSQC, HSQC)



Resonance Assignment

A) Exchangeable protons:
B) Non-exchangeable protons

« Aromatic Spin Systems:

« Sugar Spin Systems:

« Sequential Assignment:

C) Correlation of exchangeable

and non-exchangeable protons:

1D 'H, 2D NOESY

2D DQF-COSY (H5-H86),
2D NOESY

2D DQF-COSY
2D TOCSY

2D NOESY
2D (3'P, 'H) HETCOR

2D NOESY




Sequential connectivities
with exchangeable protons

Dickerson’s dodecamer
d (CGCGAATTCGCG) ,

|

C5H 4= C4NH, #— GINH ===p G2NH;
C6H l N

Y
ABNH,; dpmm= TINH — éZH

N

C5H M= C4NH, e GINH == G2NH;

CéH l
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imino-imino imino-amino



Sequential resonance assignments
H6/8-H2’,2°/Me H6/8-H1’

d(CGCGAATTCGCG),




Assignment based on H6/8-H1’ connectivities
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d(CGCGAATTCGCG),

Assignment based on H6/8-H1’ connectivities
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d(CGCGAATTCGCG),

Assignment based on H6/8-H1’ connectivities




d(CGCGAATTCGCG),

Assignment based on H6/8-H1’ connectivities




d(CGCGAATTCGCG),

Assignment based on H6/8-H1’ connectivities




d(CGCGAATTCGCG),

Assignment based on H6/8-H1’ connectivities
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Assignment based on H6/8-H1’ connectivities
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Assignment based on H6/8-H2°2” connectivities
d(CGCGAATTCGCG),

(8] [l
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31P spectrum of DNA

d(CGCGAATTCGCG),

Phosphate buffer




Assignment of Sugar-Phosphate

Backbone

SIp NMR
HP-COSY HP-TOCSY

Base Base




'H - 3P correlation spectrum
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Sugar puckering

The five membered furanose ring is not planar. It can be puckered
in an envelope form (E) with 4 atoms in a plane or it can be in a
twist form. The geometry 1s defined by two parameters: the
pseudorotation phase angle (P) and the pucker amplitude (®).

In general: o
RNA (A type double helix) C3" endo. endo
DNA (B type double helix) C2' endo.

v; = ®, cos (P + 144 (5-2))

2'endo

6='V3+ 1250




N (Northern)

(Southern)

P=0%13¢®

Ribose: *Jyy 30 = 1 Hz

Deoxyribose: *Jgqp = 1.8 Hz

P=14421622

Ribose: *Jgy gp0 = 7.9 Hz
Deoxyribose: *Jyy o = 10 Hz



J-couplings from COSY spectra




P determination from J-couplings

-
..
o —— gt o g W T,

0O 36 72 108 144 180 216 252 288 324 360
P




Equilibrium of N and S
conformations

J(H1'-H2")




Distance information determines the glycosidic torsion angle

» How do we get distance information?
o Nuclear Overhauser effect (< 6A)




o and T pose problems

Determinants of 31P chem shift.
e and C correlate. T =-317-1.23 ¢

nucleotide unit

H

: X
os 3 3 3
Tesus sy “JHaH 5'(H5") Jpzigz “dgies (UET)
3 3 3 3
Jpscg Jo 3 HSHS" Jpzicz iz (UET)

3 3

Jpaicq  TdHi1cg (A,6)
3
JH1Cc4 (4,6)




In most cases, requires samples 1sotopicaly enriched
by 3C and N (except for HSQC, HMQC)

Assignment uses NOE or through-bond experiments
Traditional constraints (NOESs, J-couplings)

Novel constraints (RDCs, residual CSA)

Studies of intramolecular dynamics




Correlation of exchangeable protons with °N

Gl0e G100
Ado . Ad
U C . (:.14 g?‘cs oC8
U ......... G C'gs ™3
SC - GIO
A—U
C—a@G
G—C
lG - C G9
Gig Gl
%.,° ‘G2
Uil o
[ ]
14 13 12 ¥ 10 9 7 6
<« §['H]/ppm

Gradient sensitivity-enhanced HSQC
Kay, Keifer, Saarinen, JACS 1992.

} NH, Guanine
80
} NHp Ad
90
110
120 S ['N]/ppm
=130
140
-150 > Imino NH




Identification of hgldro%%ns%ré% rcsarbon

atoms in bases a

MWM MMU M,

c6/C8 "’-—.‘ - s, ; - o g
IR s c3 {:,; - My
< crfe=gers |8
¥ o g
o @ =
c2 o ca{ T %
a o &=
s 5 o
R - ; C"{'A. 5: i
- 3 s -
R 6.0 5.0 4.0

'H Chemical Shift (ppm)

(Constant-time) 'H-13C HSQC experiment



DNA RNA
HT' 5-6 H1' 5-6
H2' 2.3-2.9(A,G) 1.7-2.3(T,C) H2' 4.4-5,0
2.4-3.1(A,G) 2.1-2.7(T.,C) H3' 4.4-5.2
H’ 3.8-4.3
H’ 3.8-4.3
Ho’ 3.8-4.3
Cl’ 87-94
2’ 70-78
3’ 70-78
4’ 82—-86
(B 63-68

Base

H oo

2"-Deoxy-p-D-Ribose

B-D-Ribose




Adenine Guanine

H2 7.5-8 2 152-156 - - 2 156
H8 7.7-8.5 C8 137-142 H8 75-83 (8 131-138
N6 5-6/7-8 N6 82-84 NTH 12-13.6 N1 146-149
- - - N2H 5-6/8-9 N2 12-76
4 149-151 4 152-154
5 119-121 5 117-119
(b 157-158 (b 161
N1 220-226 N1 146-149
N3 214-216 N3 167
N7 294-239 N7 298-238
N9 166-172 N9 166—-172
Thymidine Uridine Cytidine
H6 69-79 C6 137-142 H6 6.9-7.9 C6 137-142 H6 6.9-7.9 C6 136-144
Me5 1.0-1.9 M5 15-20 H5 5.0-6.0 C5 102-107 H5 5.0-6.0 C5 94-99
N3H 13-14 N3 156 N3H 13-14 N3 156-162 - - N3 210
- - - - - - - N4H 6. 7-7.0 N4 94-98
2 154 (2 1564 /8.1-8.8 2 159
4 169 4 169 (4 166-168
5 95-112 5 102-107 5 94-99

NI 144 NI 142-146 NI 150-156




