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AIMS

• Introduce the experiments that are related to 
the discovery of DNA structure.  

• Introduce the molecular structure of DNA (the 
double helix). 

• Highlight the biological significance of the 
DNA structure and its details.



Structure?

Now the chemical composition is understood 

What about the structure? 

Experiments and findings



Structure?

What are the nucleotides within a given cell/
tissue/organism? 

Do organisms vary in the combination of 
nucleic acids within their cells? 

What does knowing the proportions of 
nucleotides have to do with structure?



Erwin Chargaff
ON THE NUCLEOPROTEINS OF AVIAN TUBERCLE BACILLI* 

BY ERWIN CHARGAFF AND HELEN F. SAIDEL 
(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 

University, New York) 

(Received for publication, July 28, 1948) 

The nucleic acids of tubercle bacilli have formed the subject of several 
studies, among which may be mentioned those by Ruppel (l), Levene (2), 
and Johnson and his associates (3-5). The work of Mensel and Heidel- 
berger (6) on the fractionation of the proteins of the tubercle bacillus re- 
vealed the presence of several protein fractions, rich in phosphorus and in 
purines, which appeared to be nucleoproteins. The studies of Seibert et 
al. on tuberculin (7,8) have included experiments on the separation of nu- 
cleic acid, present in the crude preparations, from the bioIogicaIly active 
protein. The main portion of the nucleic acid preparations studied ap- 
pears to have belonged to the desoxypentose type; the presence of pen- 
tose nucleic acid does not seem to have been recorded. 

In connection with work carried out in this laboratory on bacterial gly- 
cogen (9) it was observed that borate buffer extracts of ground avian tu- 
bercle bacilli contained, in addition to glycogen, a nucleoprotein fraction 
giving strong color reactions for desoxypentose. This observation pro- 
vided an opportunity to study a nucleoprotein obtained from the bacterial 
cells by a mild extraction process at a low temperature that probably 
suppressed autolytic reactions. Several other disintegration and extrac- 
tion methods either were unsuccessful or gave inferior results. 

The crude nucleoprotein preparations were slightly yellow; they con- 
tained a yellow pigment with a blue-green fluorescence and exhibited an 
absorption peak at 410 rnp, in addition to the typical ultraviolet spectrum 
of nucleic acids (Fig. 1). Further fractionation made use of the fact that 
the principal nucleoprotein fraction was insoluble around pH 4 and could 
not be precipitated by half saturation with ammonium sulfate. By this 
procedure a desoxypentose nucleoprotein which contained 3.2 per cent P, 
and was only slightly contaminated with pentose nucleic acid, could be 
prepared. The crude preparations, however, contained a much larger 
proportion of pentose nucleic acid which was removed in the course of 
the fractionation. The spectra of a crude and of a purified specimen are 
compared in Fig. 2. 

Not much can be said as yet about the nature of the proteins combined 

* This work has been supported in part by a research grant from the United States 
Public Health Service. 
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• Chargaff studied the 
nucleotide proportions 
within different living 
systems. 

• The question was how 
much As, Ts, Cs, Gs in 
X, Y, Z species? 

• Are they the same 
across taxa?

Erwin Chargaff



Chargaff’s findings
THE COMPOSITION OF THE DESOXYRIBONUCLEIC ACID OF 

SALMON SPERM* 

BY ERWIN CHARGAFF, RAKOMA LIPSHITZ, CHARLOTTE GREEN, AND 
M. E. HODES 

(From the Department of Biochemistry, College of Physicians and Xurgeons, Columbia 
University, New York, New York) 

(Received for publication, April 25, 1951) 

Several studies from this laboratory have in the past few years dealt 
with the chemistry of nucleic acids. (For recent summaries, see Chargaff 
(1, 2).) The development of precise micromethods for the separation and 
quantitat,ive estimation of the purines and pyrimidines has made possible 
the investigation of a large number of different nucleic acid preparations. 
These studies led to the conclusion that the desoxypentose nucleic acids 
(DNA) exhibited a composition that in many cases differed very consider- 
ably (3, 4) from that of calf thymus DNA (5). The present paper pro- 
vides information on the composition of,the highly polymerized DNA from 
the spermatozoa of the salmon (Xalmo s&r) and compares the results ob- 
tained with two different hydrolysis methods employed in this laboratory. 

EXPERIMENTAL 

Preparation 
The spermatozoa serving as the starting material had been collected in 

Sweden; they formed, when freshly dried in the frozen state in a vacuum, 
a fine salmon-colored p0wder.l A portion (12.7 gm.) was suspended in 100 
cc. of a salt solution representing a modification of the one employed by 
Pollister and Mirsky (6).2 After centrifugation of the suspension at 2800 
X g, the sediment was distributed in 800 cc. of 10 per cent aqueous sodium 
chloride by being blended in a high speed mixer for 2 minutes. The mix- 
ture was kept for 24 hours and then diluted to a total volume of 5 liters 

* This work has been supported by a research grant from the National Institutes 
of Health, United States Public Health Service. Part of the work was carried out 
by the senior author, while holding a John Simon Guggenheim Memorial Foundation 
Fellowship, at the Wenner-Gren Institute of Experimental Biology, University of 
Stockholm. Thanks are due to Professor J. Runnstriim, Director of the Institute, 
for his very kind hospitality and interest. 

1 We are greatly indebted for this material to Professor J. Runnstrom and Mr. S. 
Lindvall . 

2 The components of the solution had the following molarities: sodium chloride 
0.123, potassium chloride 0.009, potassium sulfate 0.004, sodium citrate 0.01. All 
operations were carried out in the cold. 
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Why did Chargaff use salmon sperm as a 
DNA source?
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ments performed by the two procedures outlined above, are recorded in 
Table II. In order not to make Table II unwieldy, the values were 
reduced to two places and only one set of figures given; viz., the molar 
proportions of purines and pyrimidines to phosphorus present in the hy- 
drolysate. In the analyses reported here, the values would have remained 
practically unchanged had they also been recorded in terms of the N and P 
content of the individual nucleic acid specimen subjected to hydrolysis, 

TABLE II 
Purine and Pyrimidine Contents of Salmon Sperm DNA 

The results are expressed in moles per mole of P in the hydrolysate. 

Experi- 
ment No.’ 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

I 

_- 

Prepara- 
tion No. 

H 
I: 

_- 

- 

‘ydrolys 
lrocedur 

1 
1 
1 
1 
2 
2 
2 
2 
1 
1 
2 
2 
2 

T Nitrogenous constituent 

Adenine ( Cytosine ?hymine Purines 
-- 

0.27 0.18 0.45 
0.26 0.19 0.45 

0.28 0.20 
0.30 0.22 
0.27 0.18 
0.28 0.21 
0.25 0.18 
0.29 0.20 
0.29 0.18 
0.28 0.21 
0.30 0.21 

0.17 0.28 
0.18 0.28 
0.21 0.27 
0.20 0.29 
0.19 0.25 
0.20 0.27 

0.20 0.27 
0.19 0.26 
0.20 0.30 

0.48 
0.52 
0.45 
0.49 
0.43 
0.49 
0.47 
0.49 
0.51 

- _- 
Recovery of nitrogenous 

constituents 

-- 

0.45 
0.46 
0.48 
0.49 
0.44 
0.47 

0.47 
0.45 
0.50 

- 

-- 
Total 

0.96 
1.01 
0.89 
0.96 

0.94 
0.94 
1.01 

* In each experiment between twelve and twenty-four determinations of indi- 
vidual purines and pyrimidines were performed. 

as was done previously (5, 8). Care was taken to ascertain the com- 
pleteness of hydrolysis in all cases reported. 

In Table III, the results yielded by both hydrolysis procedures are 
compared and examined statistically and average figures for the composi- 
tion are derived. The molar relationships between the constituents are 
summarized in Table IV. The significance of the comparison between the 
value calculated for the average number of gm. atoms of nitrogen per 
mole of constituent in the hydrolysate and the atomic N :P ratio found 
in the intact nucleic acid has been discussed previously (5, 8). 

It appeared of interest to study the effects of briefer periods of hy- 
drolysis with concentrated formic acid than 2 hours at 175”, as generally 
used here. When Preparation 2 was heated with formic acid at 175” for 
30 minutes, the results (in moles of liberated constituent per mole of P 

• Notice the ratios of the bases in each experiment 
and procedure. 

• A = G or A = T?
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in solution) were as follows: adenine 0.28, guanine 0.19, cytosine 0.20, 
thymine 0.07; purines recovered 0.47, pyrimidines 0.27. After heating 
for 1 hour under the same conditions, the corresponding figures, listed in 

TABLE III 
Salmon Sperm DNA; Proportions (in Moles of Nitrogenous Constituent per Mole of 

P in Hydrolysate) 

I Procedure 1 
I 

Procedure 2 All analyses 

Constituent No. of 

tg3 

Adenine. .............. 4 
Guanine. .............. 4 
Cytosine. ............. 2 
Thymine. ............. 2 

Total. . . . . . 

0.267 0.007 7 0.287 0.005 0.280 
0.186 0.004 7 0.200 0.006 0.196 
0.175 0.001 7 0.197 0.003 0.192 
0.279 0.002 7 0.273 0.006 0.274 

--- -- 
0.907 0.957 0.942 

0.005 
0.004 
0.006 
0.005 

* In each hydrolysis between twelve and twenty-four determinations of indi- 
vidual nitrogenous constituent were performed. 

TABLE IV 
Salmon Sperm DNA; Molar Relationships 

Molar ratio* 
Adenineto guanine................................... 1.43 
Thymine “ cytosine................................... 1.43 
Adenine “ thymine.. . . . . . . . . 1.02 
Guanine “ cytosine................................... 1.02 
Purines “ pyrimidines. . . . . . . . 1.02 

P accounted for, y. P in hydrolysatet. . . . . . . . 95.8 (1.6) 
Average gm. atoms N per mole constituent.. . . . . . 3.7 
Atomic N:P ratio in nucleic acid preparations.. . 3.6, 3.7 

* The computations of the molar ratio are based on the mean proportions of each 
nitrogenous constituent found in all analyses (Table III). 

t The recovery figure (standard error in parentheses) is based on the average of 
the total recoveries recorded in all hydrolysis experiments carried out by Procedure 
2 (last column, Table II). 

the same order, were 0.27, 0.17, 0.19, 0.25; 0.44, 0.44. A comparison of 
these figures with those listed in Tables II and III will show that the lib- 
eration of adenine, guanine, and cytosine was almost complete, even after 
a heating period as short as 30 minutes, but that thymine lagged far 
behind. This refractoriness of thymidylic acid is reminiscent of the simi- 
lar behavior of the ribose nucleotide uridylic acid (16). 
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• Pyrimidines and 
purines have equal 
ratios. 

• 50% of nucleotides 
were purines and 
50% were 
pyrimidines.



Chargaff’s findings
• Chargaff’s findings were consistent across species. 

• The number of As,Cs,Gs,Ts vary between species 
but the ratios are always the same.



Chargaff’s rule

• The amount of Adenine = the amount of Thymine. 

• The amount of Guanine = the amount of Cytosine. 

• Indicated that DNA is symmetrical.



Chargaff’s rule

He failed to make a connection to the structure 
of DNA



Chargaff’s rule

What would have been the ratios if Chargaff 
analyzed the ribonucleotides instead of 

deoxyribonucleotides?



The Race to DNA structure

The story of the discovery of the double helix 
involves these key actors



Molecular structure

How can we learn about the structure of 
molecules?



X-ray diffraction

X-ray diffraction was the method to study the fine 
structure of molecules.  DNA was no different!



X-ray diffraction

Look at the pattern resulting!



X-ray diffraction



Pauling protein modeling

Linus Pauling discovered the 
alpha helix protein structure 
through modeling and x-ray 
diffraction.



Pauling protein modeling

• Entering the race to 
find the structure of DNA 
was a blessing. 
• His alpha helix is 
similar to that of DNA. 
• His son Peter was a 
friend of James Watson 
and Francis Crick. 
• They knew Pauling was 
after the structure so 
they wanted to win.



Pauling DNA modeling

• Worked on the DNA 
structure but not very 
smart findings. 

• Proposed three helices 
with bases pointing 
outside and phosphate-
sugar backbone pointing 
inside.



Pauling DNA modeling

Why did Pauling and also Watson and 
Crick, independently, propose a triple helix 
with bases facing outside?



Franklin/Wilkin

• At King’s College London, Rosalind Franklin and 
Maurice Wilkin were working on X-ray diffraction of 
DNA.



Rosalind Franklin



• R. Franklin produced the best diffraction photo 
(called photo 51). 
• Her findings were shared (with or without her 
approval) Watson and Crick by Wilkin.

Franklin/Wilkin



DNA X-ray diffraction
• The X-ray diffraction pattern is indicative a helical 
structure. 
• What about the structure? 
• How was it all put together?



Watson and Crick

• Watson and Crick used the empirical data of 
Franklin, Wilkin, and Chargaff to come up with a 
model of the DNA structure. 

• It was an important finding to the field of 
molecular biology and genetics.



Watson and Crick

• They published a 900 words paper and Franklin 
and Wilkin also published on the same issue of 
Nature.



Watson and Crick

original papers

NATURE | VOL 421 | 23 JANUARY 2003 | www.nature.com/nature 397© 2003        Nature  Publishing Group

The structure of DNA (the 
genetic material) open the 
door for us to understand 

ourselves and life!

Not only another structure of a molecule



DNA structure
 1) DNA is a double helix. 
2) Two polynucleotides chains.



DNA structure

 3) The two chains wind around right handedly - 
right handed double helix.



DNA structure

4) The two chains are in an anti-parallel 
orientation. One strand 5’ – 3’  orientation and the 
other 3’ – 5’).



DNA structure

5) Sugar-phosphate backbone is located on the 
outside of the helix.



DNA structure

6) The nitrogenous bases located on the inside of 
the helix.



DNA structure

7) The bases are stacked flat and perpendicular 
to the axis of the helix. The bases are on top of 
each other following the twist of the helix.



 8) The bases of the two polynucleotides are 
bonded together via hydrogen bonds on the 
inside of the helix.

DNA structure



9) Bases of the two polynucleotide chains are 
base-pairing in a combination that maintains 
similar diameter of the double helix.

DNA structure

What happens if we have 
more combinations?



10) A Pyrimidine always basepair with Purine 
forming complementary base pairs.

DNA structure



11) Thymine (T) basepair with Adenine (A), and 
Cytosine basepair with Guanine (G). Chargaff 
rule !!!!

DNA structure



12) Two hydrogen bonds involve the base-pairing 
of (A and T) and three hydrogen bonds between 
(G and C).

DNA structure



What are hydrogen bonds? 
What are their functions? 

Real chemical bond? 
Permanent or temporary?

Weak bonds



Weak bonds
Hydrogen bonds form between a hydrogen 

attached to electronegative atom and another 
electronegative atom.



Weak bonds
Allows the formation of complex structures 

Allows the specific interactions between molecules



13) The sequence of one chain (strand) is 
enough to predict the complementary one in the 
other orientation.

DNA structure



Quiz

What is the complementary sequence of the 
following? 

5’ A-T-G-C-G-G-G-A-A-A-T-T-T-C-C-C ‘3 

  a) 5’ A-T-G-C-G-G-G-A-A-A-T-T-T-C-C-C ‘3 

  b) 3’ T-A-C-G-C-C-C-T-T-T-A-A-A-G-G-G ‘5 

  c) 5’ G-G-G-A-A-A-T-T-T-C-C-C-G-C-A-T ‘3 

  d) a and b 

  e) b and c 



 14) The bases are 0.34 
nm apart (nm = 10-9). 

15) One turn of the helix is 
achieved (360°) every 10 
basepairs or 3.4 nm. 

16) The double helix 
external diameter is 2nm.

DNA structure



Why is the distance between the basepairs 
the same despite the identity of the 

basepairs? 

What makes the external diameter of the 
DNA double helix uniform (2nm)?

DNA structure



17) A major and minor groove result from the 
unequal spacing of the phosphate-sugar 
backbone.

DNA structure



Why the major and minor groove matter?

Major and minor grooves



Major and minor grooves



DNA structural forms

 A-DNA: 
• 11bp/turn. 
• Diameter 2.2 nm. 
• Right handed double helix. 
• Short and wide. 
• Found in low humidity.



DNA structural forms

 Z-DNA: 
• 12bp/turn. 
• Diameter 1.8nm. 
• Left handed double helix. 
• Thin and elongated.



DNA structural forms

 B-DNA: 
• 10bp/turn. 
• Diameter 2nm. 
• Right handed double helix. 
• High humidity conditions 
• The one found in the most 

cells!



DNA structural forms



I think this much is enough for one day ☺

DNA structure



Summary



Expectations

•  You know the story behind the discovery of 
the structure. 

•  You the experiments that collectively led to 
proposing the double helix. 

•  You know the details of the structure and the 
biological significance. 

•  You share your knowledge with people 
around you.  Try to make it simple for them.


