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DNA 1s the carrier of genetic information

Frederick Griffith

(1877-1941)

)2z ~ X Griffith's Streptococcus experiment
1928 I R IR F
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Conclusion:
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DNA 1s the carrier of genetic information
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Alfred Hershey R
( 1 90 8 — 1 997 > Bacteriophage with | Phage infects bacterium Radioactivity inside

phosphorus-32 in DNA bacterium
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Bacteriophage with Phage infects bacterium No radioactivity
sulfur-35 in protein coat inside bacterium

The Hershey-Chase Experiment Alfred Hershey and Martha Chase used different radioactive
markers to label the DNA and proteins of bacteriophages. The bacteriophages injected only DNA

into the bacteria, not proteins. & From these results, Hershey and Chase concluded that the

i e S genetic material of the bacteriophage was DNA.
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. Martha Chase
(1927-2003)
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Milestone 1n structural biology
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Key features of DNA structure

5" end

Hydrogen bond 3 end

\\ _0
H2C
| |
\\ 0 < . . .
5 . Purine + purine: too wide
\\ 0 &

| |
| |
| |
>T 4 0 : O O : Pyrimidine + pyrimidine: too narrow
- T ‘ | |
| |
\\ 0 CH | | . e
o Purine + pyrimidine: width
| consistent with X-ray data
| |

3.4 nm

HZC
| !
CH2

3’ end \\O o) ~10A

5" end

Double helix Antiparallel Base pairing in DNA
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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
structure 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 opinion,
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 B-D-deoxy-
ribofuranose residues with 37,5’
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
A the helix and the phosphates on
E;;isra?fﬁg‘;icfsi,ﬁ:’;f‘}g the outside. The configuration
ribbons symbolize the 0f the sugar and the atoms
two phosphate—sugar  near it is close to Furberg’s
chains, and the hori- B . ,
zontal Tods the pairs of standard configuration’, the
bases holding the chains  gyugar being roughly perpendi-

together. The vertical
1§1ge marks the fibre axis  cular to the attached base. There

NATURE 737

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 34 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, a single base from one chain being
hydrogen-bonded to a 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 a 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
bases can bond together. These pairs are : adenine
(purine) with thymine (pyrimidine), and guanine
(purine) with cytosine (pyrimidine).

In a&ther 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 chiain 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 cytosine, are always very close to unity
for deoxyribose nucleic acid.

Tt 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 a 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 data and stereo-
i ments

“It has not escaped our notice that the
specific pairing we have postulated
immediately suggests a possible copying

mechanism for the genetic material.”

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

. T ) cture, 1nocluding vhe coil-
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




The Basic Principle: Base Pairing to a Template Strand

(a) The parental molecule has two complemen- | (b) First, the two DNA strands are separated. (c) Nucleotides complementary to the parental
tary strands of DNA. Each base is paired by Each parental strand can now serve as a (dark blue) strand are connected to form the
hydrogen bonding with its specific partner, template for a new, complementary sugar-phosphate backbones of the new
A with T and G with C. strand. "daughter” (light blue) strands.
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- X 57\ ﬁ%ﬁ" T'r’&ﬁ’ % ...decided to use an isotope

of nitrogen to distinguish ~ NH>
between parent and new DNA.

-E Al beARIE 15N 14N -
~

N

J
- S A B B {
/

N =z

| N
- . @ Bacteria @) Bacteria
° ‘ﬁﬂ’faj_'ﬁ&f%i%'l Ziﬁi cultured in transferred
medium > to medium
with >N e <S> with 14N
(heavy (- (lighter
R - isotope) Isotope)
Results
- g%l] i{»}}k €) DNA sample @) DNA sample | Less
centrifuged centrifuged dense
after first = after second &
replication replication More

" dense



ONAPN (light) DNA
ON/BN (intermediate) DNA -

BON/BN (heavy) DNA —

7

TR



\

/i

% —#® 2w

TP &

_—

YN/,

After first
replication
cycle

= TR

YO
- \‘./.:" O

N-15/N-14

Parental

N

-
\

"IN/

After first
replication

o —

- ‘r"
. 1l
’d

cycle

N-14 only

)/9/0/ 0/ 8

) 7 'Q‘i/\;{i"’\}// -

N-15 only

After first

D
{ replication
N
N

—

¢
cycle "<
y ¢

B 1

| “
X

I N-15/ N-14



ARG HH

Parental

IN'/)

N % =3 ] 5 WL F)

”

-
\

After first
replication
cycle

¥/

\

.

"IN/

\ ~ N-14only

N-15/N-14

DNAF4% G 3 FIPR4E T B A R 2m e dé

Q After second
3

. replication

Q cycle

v
o 4

1%\

b&bw\
)\

\ After first x

{ » replication v o’

Q cycle Q

x After second ; x

(” | replication s o § o

§ Q cycle | §

'?ﬁv]:ﬂ B éﬁ %{%{n TGN
F TR FAEZ AR T HAEZRL T —K



(a) Origin of replication in an E. coli cell

B h AL & Parental (template)
strand
Daughter
—by (new) strand
0 = % @'TZ]& Replication
- fork
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(b) Origins of replication in a eukaryotic cell
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Replication
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Primase 7| 4 Bg 2% 2 B

Topoisomerase

» Helicases (% 72 Bg) are enzymes that untwist the double helix

Helicase

3[
RNA
primer
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* Topoisomerase (& F| 57

Single-strand binding proteins

%) corrects “overwinding” ahead of replication forks

 Single-strand binding proteins bind to and stabilize single-stranded DNA



* Synthesizing a New DNA Strand

New strand Template strand
5’ 3’

Pyro-
o /. phosphate
Nucleotide . ¢

2P,

A new DNA strand can elongate only in the 5" — 3’ direction.



How does the antiparallel arrangement of the double helix affect replication?

A new DNA strand can elongate only in the 5" — 3’ direction.

R i 4 HLH
DNA replication fork
leading strand 3
/-—-— <+— A new DNA strand Il & & & 49 77 )
DNA unzips
3 3 continuous
- ->
/ 7 4 0 B

discontinuous
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m—p w—)’ «—— A new DNA strand % A5 7 1)

lagging strand
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The first stage of gene expression—Transcription %% 3K
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Promoter Transcription unit
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Completed RNA transcript
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Alanine

» Each type of tRNA molecule can be attached to only one type
of amino acid, so each organism has many types of tRNA.
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The red dog ate the bug
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