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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 acid (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 opmxon,
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 forces
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
structure as 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 coiled round
the same axis (see diagram). We
have made the usual chemical
assumptions, namely, that each
chain consists of phosphate di-
ester groups joining P-D-deoxy-
ribofuranose residues with 3’,5°
linkages. The two chains (but
not their bases) are related by a
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 chains 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
e “near it is close to Furberg's
zontal Tods the pn.in of ‘standard configuration’, the
bases holding the chains  gugar being roughly perpendi-

hmg:':::kz c'{;he vm:i‘i.& cular to the attached base. There

This figure is

diagrammatic. T etwo
ribbons symbolize the
two hosphnte——snsar
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is & residue on each chain every 3-4 A. in the z-direc-
tion. We have assumed an angle of 36° 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 outside, 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 compact.

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, & single base from one chain being
hydrogen-bonded to & single base from the other
chain, so that the two lie side by side with identical
z-co-ordinates. One of the pair must be & purine and
the other a pyrimidine for bonding to occur. 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
bases can bond together. These pairs are : adenine
(purine) with thymine (pyrimidine), and guanine
(purine) with cytosine (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 &
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, t.hen the sequence on the other
chain is at

It has been found experimentally®* that the ratio
of the amounts of adenine to thymine, and the ratio
of guanine to cytosine, are always very close to unity
for deoxyribose nucleic acid.

It is probably impossible to build this structure
with a 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 a 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 date and stereo-
chemical arguments.

It has not escaped our notice that the specific
pairing we have postulated immediately suggests a
possible copying ism 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
8 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. WarsoN
F. H. C. Cricx
Medical Research Council Unit for the
Study of the Molecular Structure of
Biological Systems,
Cavendish Laboratory, Cambridge.
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Molecular Structure of Deoxypentose
Nucleic Acids

WHILE the biological properties of deoxypentose
nucleic acid suggest & 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 account 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 oonsxdembly) in nucleoprotein, extracted or in
cells, and in purified nucleate. The same linear group
of polynucleotide chains may pack together pa.rallel
in different ways to give crystalline!-3, i
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Fig. 1. Fibre diagram of deoxypentose nucleic acid from B. coli.
Fibre axis vertical

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
(Jo?) 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 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 configuration. The sequence 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 con-

tion repeat, which causes strong diffraction as
the nucleotide chains have higher density than the
interstitial water. The absence of reflexions on or
neer the meridian immediately suggests a helical
structure with axis parallel to fibre length,

Diffraction by Helices
It may be shown? (also Stokes, unpublished) that

or nucleotide on the diffraction pattern. First, if the
nucleotide consists of & unit having circular 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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the intensity distribution in the diffraction p
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 Jn, the nth order Bessel function.
A straight line may be drawn approximately through

TFig. 2. Diffraction pattern of system of helices corresponding to

strucl,ure of deoxypentose nucleic acid. The squares of Bessel

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

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

nb 20 A. and along a radius, the
at a plven r: ad us being proportional to the radlus. About

C on the tenlh layer line similar functions are plotted for an outer

diameter of 12 A.




Single strand A-RNA B-DNA duplex



Total length of DNA in a human cell
DNA In typical human chromozome
DNA from bacterial chromozome
Diameter of typical human cell
Diameter of folded DNA

Diameter of DNA fiber

Diameter of atom

1m
1cm

1 mm
0.01 mm
0.1 um

1 nm

1A

= 1 chromozome would be 10km long with fiber diameter of 1 mm
and it would fold into 10 cm diameter = extraordinary DNA
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Grooves
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MINOR GROOVE




deoxythymidine uridine



Nukleotide/nukleoside




Bases

DNA RNA




Base numbering




enol & keto

Cc=C-0- 2

enamin < imin

s C —-C=N-H



Base tautomerism




Sugar - pentoses

DNA



Nukleosides




Ribonukleosides

uridine =U
cytidine =C
adenosine =A
guanosine =G

Deoxyribonukleosides

deoxythymidine =dT
deoxycytidine =dC
deoxyadenosine  =dA

deoxyguanosine  =dG

HO

HO

(OH)



Phosphate group
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OH

O=P-0
O
OH
. . HO (OH)

Ribonucleotides
uridyl acid = uridine — 5’'monophosphate = UMP, pU
cytidyl acid = cytidin = CMP, pC
adenyl acid = adenosin  -*- = AMP, pA
guanyl acid = guanosin  -“- = GMP, pG
Deoxyribonucleotides
deoxytymidyl acid = 2°deoxythymidine-5"-monophosphate =dTMP, pdT
deoxycytidyl acid = -“- cytidin = dCMP, pdC
deoxyadenyl acid = -“- adenosin -“- = dAMP, pdA
deoxyguanyl acid = -“- guanosin -“- = dGMP, pdG
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Torsion angle




Torsion angle
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Torsion angles in NA
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O2 above the sugar ring
6-member purine ring above the sugar ring




Torsion angle y

300° &0°




Torion y — border Intervals
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-40.7 -74.8

-135.6 -179.1
-37.4 58.9
139.5 78.2

-133.2 -155.0

-156.9 -67.1

-101.9 -158.9



Sugar conformation




,Puckering” of the sugar ring




Definition of the puckering
modes




Pseudorotation cycle

Vo V) (% )
2.¥,.(sin 36"+ sin 727

tan P =

Q° .

180¢° :
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max
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P, Y relation

- WP

Angle (degrees)

0

0

0

o

0
-10
-20
-30
-40

c3 c4d o ¢ c2 c3 c4d o ¢t G2
endo exo endo exo endo exo endo exo endo exo

Ring Torsion

60 200 240 280 320 360



P In nucleic acids




Helical parameters

¥ Major
Groove
5
Minor .

X displacement Y displacement Groove

Inclination

b
%

Stretch Stagger
Propeller Opening,

Twst




Helical...

Helix axis (vertical)

fll\‘ Tilt

Pseudodyad




Helical parameters

Global




Base pairing

w




Base pairing
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RNA with
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A-DNA




Nuclear properties of selected
Isotopes

Isotope Y x 19-71 vV at 11.74T Natural Sensitivity
(I=y2) (rad T s ~) (MHz) Abundance (%) %1 @ pbe.D

26.75 500.0 99.98 1.00 1.00

2

6.73 125.7 D s 4 1.6x10°“ 1.8x10

3

~2.71 50.7 0.37 1.0x10"° 3.8x10

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

50
O-CH, Base
e
/ \
t.'?

Cr
i

B-D-Ribose 2' -Deoxy-B-D-Ribose
XWTPMA XAMWTNP




Spin systems in nucleic acid
bases

Adenine, A -
A+ A

Il
: 5 \ : :
...r.i_..\,r/ c-ct -.._H._\,T/ \ﬁ/u

| |
Thymine, T

Uracil ,U

Guanine, G
A



'H chemical shift ranges in
DNA and RNA




'H chemical shift ranges in
DNA and RNA

Comments

2'H, 2"H in 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
SH 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

13.5 13.0 12.5




'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)
CH4-H6 (Thy)

g

T T T T T T T T T T T T T
80 75 7.0 65 6.0 55 50 45 40 35 3.0 25 20 15




'H TOCSY spectrum of DNA

d(CGCGAATTCGCG),

1
i
4

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




'H NOESY spectrum of DNA in D,O

PuH2,8, Py H6  H1,C5 H3’" H45,5" H2',2"”"  TCH; ppm

TCH, A . : ' '
e 4 . : ~15

I."!r' o) g 9 a0

. pd-

L fe : % .
!ﬂ'“ll' L T -2 AN o258

~3.0

H2’,2"”

3.5

IR~ 1..- ¢ f i'a Vo -4.0
H4;5 ;5 .-.‘ d ?:! :

H3’

" 4.5

"+ E50

~5.5
H1', C5 o
- k6.0

6.5

O
O
O
O
|_
:
0
O
0
=
©

7.0
" L7s

8.0

T T T T T T T T T T T 8.5
65 60 55 50 45 4.0 35 3.0 25 20 15 ppm




'H NOESY spectrum of DNA in H,O

d(CGCGAATTCGCG),

H imino - H imino

_ o .. H imino - H amino

b At Y T H imino - AdeH2,CytH5
CytH5 'y e e . H amino — H amino

iR ol H amino - AdeH2,CytH5,H6
H imino — TCH;

CytH4
AdeH2
CytH4(HB)




Water Suppression

The presence of an intense solvent resonance necessitates an impractical high
dynamic range. 110 M vs <1mM
To overcome this problem several methods are currently applied:

1) Presaturation.

2) Observing the FID when the water passes a null condition after a 180
degree pulse.

3) Suppression of broad lined based on their T> behavior.

4) Selectively excitation, with and without gradients

5a) Use of GRASP to select specific coherences thereby excluding the intense
solvent signal. In this case the solvent signal never reaches the ADC. This
allows the observation of resonances that are buried under the solvent peak.

5b) Use of GRASP to selectively dephase the solvent resonance
(WATERGATE)




PRESAT

P18

Presaturation field strength:

Pros:

Cons:

20-40 Hz corresponds to a
6-12ms 90deg pulse.

Easy to set up
Excellent water suppression

Resonances under water signal!
(T variation)

Labile protons not visible
(some GC pairs may be)

WEFT
180 920

dl |‘ td e

Z Z
Solvent
y y

! v

Method relies on different T1 values for
water and solute.

It fails 1f the relaxation times are simular.
Intensity of the solute resonances may vary.
For a selective 180 degree pulse on the
solvent these problems are largely avoided.



Jump and return

90 AU
dl <« 1d .\
| Pros:  Easytosetup
Excellent water suppression
z z : _
(with proper setup as good as presat)
Good for broad signals!
y y y
X Cons:  Non uniform excitation
Baseline not flat
solvent
Other sequences: 1331 etc
r 1 1 |




WATERGATE

(

n/2).

Ry

y (rc/2).y
Selective@lSelective

Receiver

(n/2)x

(n/2)-x

Selective

| 4

Ty

(n/2).y

(1/2).y

Selective

Selective|

Receiver

N




Structure Determination

Procedure

Structure Determination:

I) Assignment NOESY, COSY, HSQC
TOCSY s
IT) Local Analysis
«glycosidic torsion angle (NOE, COSY)
esugar puckering (COSY, NOE)
sbackbone conformation (COSY)
base pairing (NOE, COSY)
II1) Global Analysis
esequential (NOE, COSY)
«inter strand/cross strand (NOE, COSY)

«dipolar coupling (HSQC, HSQO)




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-H6),
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 tm= C4NH, 4= GINH ===p G2NH;
C6H l o

Y
ABNH; == T3NH — éZH

o

C5H M= C4NH, tmm GINH == G2NH;
CeH l

1C2G 3CAGSASATTET?COGICL g
12GLlci0GeC ST7TSASAS4G 3C 2G IC

@
T
E
©
5
Q

IMINO-IMINO IMino-amino



Sequential resonance assignments

H6/8-H2’,2”/Me H6/8-H1’

d(CGCGAATTCGCG),




Assignment based on H6/8-H1' connectivities

O
O
0
O
-
<
<
0
O
O
=
©




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




d(CGCGAATTCGCG),

Assignment based on H6/8-H1' connectivities




Assignment based on H6/8-H1' connectivities

T <
Q

Ade, Gua H8

N

O
O
0
O
-
<
<
0
O
O
=
©




Assignment based on H6/8-H2'2" connectivities
d(CGCGAATTCGCG),

o N
o [

ppm

1.2

’~—T7,Me




31Pp spectrum of DNA

d(CGCGAATTCGCG),

Phosphate buffer




Assignment of Sugar-Phosphate

Backbone

P NMR
HP-COSY HP-TOCSY

Base Base




1H - 31P correlation spectrum

3’ ;5 4)' 51’ 5’
' > < >
g L]

d(CGCGAATTCGCG), |

E-&T
E-&6
E-&S
5-34
2-33
2-12
E-&1
— -3.0

L .2.9

WWMWWWWWWW-

51 50 49 48 47 46 45 44 43 42 41 40 3.9
H

- -2.8
Ppm




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 (D).

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

v; = &, cos (P + 144 (j-2))

2’endo

6 — f\«’g =+ 1250




N (Northern)

.

(Southern)

&

>
[-%
=]

P=0%18&®2

Ribose: *Jygy g = 1 Hz

Deoxyribose: *Jyppe = 1.8 Hz

P=1442 1622

Ribose: *Jiy g = 7.9 Hz
Deoxyribose: *Jyyp = 10 Hz



J-couplings from COSY spectra




P determination from J-couplings

| 1

0O 38 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)




nucleotide unit

(O5Y

3
Jps HS H5"

3
Jpsieg

a and T pose problems

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

i £ Y
Temsmsy  esHz  JHrce UET)
Jepmsmsy  Jpzcz JHicz (UET)
ca s (A,0)
W1 (4,0



Structure Determination:

I) Assignment

1) Local Analysis

«glycosidic torsion angle, sugar puckering,backbone conformation
base pairing

I1I) Global Analysis
esequential, inter strand/cross strand, dipolar coupling

Nucleic Acids have few protons.....
*NOE accuracy
> account for spin diffusion
«Backbone may be difficult to fully characterize
> especially o and C.
«Dipolar couplings |



What do we know?
eDistance, Torsion, H-Bond constraints

What do we want?
e[ ow energy structures

Methods

eDistance Geometry
eSimulated annealing, rMD
eTorsion angle dynamics (DYANA)
eMardigras/IRMA/Morass

optimize conditions
pH, I, T.

v

Assignments
spin system
sequential
long range

v

Distance constraints
Torsion constraints

v

Distance Geometry/
simulated annealing

v

Initial structure(s)

v

Reffine structure(s)

v

Structures

1D NMR

NOESY, TOCSY, COSY

NOESY, COSY

Use contraints to calculate structure

Identify additional constraints
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