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 A month after President Eisenhower was 
inaugurated,  one  of  the  most  important 
discoveries  in  the scientific field  occurred.  The 
discovery  of  DNA's  chemical  structure  —  the 
double  helix  —  by  Francis  Crick  and  James 
Watson  altered  molecular  biology  forever. 
However, that race for the double helix discovery 
was peppered with competition and sexism.  

In  this  program,  students  will  first  be  
introduced  to  people  behind  the  discovery  of 
DNA's  chemical  structure  and  the  roles  they 
played.  Next,  students  will  recreate  Watson's 
discovery  of  the  hydrogen  bonding  between 
nucleotides.  Finally,  students  are  encouraged to 
use  this  lesson about  past  scientific  discoveries 
and presidential support to connect with current 
scientific news and how governmental decisions 
can impact scientific research. 

Objectives:  The student will: 
• Analyze a  variety of  primary and secondary 

sources to gain knowledge of the past
• Recognize  the  contributions  of  Pauling, 

Rosalind  Franklin  and  Maurice  Wilkins, 
Watson and Crick that led to uncovering the 
structure of DNA

• Learn  the  base-pairing  rule,  its  underlying 
reason and its effect on the DNA structure.  

• Explain  how  Watson  and  Crick  combined 
their modeling approach with other sources 
of data to solve the structure of DNA

• Link  current  scientific  committees/research 
to past departments and agencies created by 
President Eisenhower 
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Lesson Plan
1.  Show a segment of the HHMI documentary, “The DNA Double Helix Discovery ” in 
order to give background information about the key players and the competition involved 
in the race to deduce the chemical structure of DNA.   This video can be found at: 
www.youtube.com/watch?v=1vm3od_UmFg&t=235s.  Show the first 12 minutes and 34 
seconds of the video.  

Stop the video before Jim Watson goes to the lab on a Saturday morning and analyzes cardboard cut outs 
of the base pairs.  (The last few minutes of the video are basically the answer to the D.N.A. puzzle piece 
activity later in the lesson, so this part of the video should be shown after the puzzle activity)

Teacher Note:  It may be helpful if students have a basic knowledge of D.N.A. and its 
structure prior to this lesson.  

2.  Discuss the term “primary source.” 
3.  Assign each student or a small group of students (2-3) one of the primary documents 
listed below and provide copies for them. These primary sources can be found on pages 
14-37.

• Frederick Griffith’s “Significance of Pneumococcal Types”
• Maclyn McCarthy and Oswald Avery’s “Studies on the Chemical Nature of the 

Substance Inducing Transformation of Pneumococcal Types” 
• Erwin Chargaff 's “Chemical Specificity of Nucleic Acids and Mechanism of the 

Enzymatic Degradation” 
• Linus Pauling and Robert B. Corey’s “A Proposed Structure for the Nucleic Acids” 
• A.D Hershey and Martha Chase’s “Independent Functions of Viral Protein and 

Nucleic Acid in Growth of Bacteriophage”  
• R. E. Franklin’s D.N.A. Crystallography Calculations (Lab Notebook) 
• M.H.F Wilkins and R.G. Gosling’s “Physical Studies of Nucleic Acid” 
•  J.D. Watson and F.H.C. Crick’s “Genetical Implications of the Structure of 

Deoxyribonucleic Acid”  

3 minutes

2

12 minutes

https://www.youtube.com/watch?v=1vm3od_UmFg&t=235s
https://www.youtube.com/watch?v=1vm3od_UmFg&t=235s


15 minutes

4.  This exercise will provide students with the perspective of scientists and the race to 
deduce the structure of D.N.A.  Direct students to read and examine their assigned 
primary document using the “Race for the Double Helix: Pieces of the Puzzle” worksheet.  
Emphasize to students two things: 1). They are reading dense, scientific literature, so if 
they don’t understand every word, that is fine.  They are trying to extract a small nugget of 
big picture knowledge from the document.  2). Explain to them to pay special attention to 
the “sticky notes” on each document, these guide the reader to the specific passage in the 
article that details each scientists’ contribution. 

5.  After students or groups have analyzed their assigned primary document and completed 
their portion of the “Race for the Double Helix” worksheet, have students/groups report 
their findings to the entire class.  As students are detailing their assigned scientists’ 
findings, other students should complete that section of the worksheet. It may be helpful 
for teachers to add to the discussion using the included answer key if students are 
struggling. 

6.  It is now time for students to step into James Watson and Francis Crick’s shoes.  One of 
their dilemmas was how the base pairs of D.N.A. are bonded together. Provide students 
with templates of D.N.A base pairs Adenine, Thymine, Cytosine and Guanine along with 
four deoxyribose, four phosphates (P) and five hydrogen bonds (H bond).  Share with 
students that they are going to imagine they are James Watson walking into the Cavendish 
Lab early Saturday morning February 28, 1953  at the University of Cambridge in England.  
They should attempt to solve the base pairing dilemma by rearranging the pieces of the 
puzzle to correctly create a small portion of D.N.A. with knowledge gained from scientists 
discussed earlier in the lesson.  Again, it is perfectly acceptable for students to struggle and
some may not obtain the correct answer, but this can then be an opportunity for teachers 
to explain to students they are in a scientific role, trying to figure out a problem, which is
not always easy. 

7.  After students have attempted the D.N.A. puzzle activity, show the last 4 minutes and 36 
seconds of the video showing James Watson’s explanation of how the bases (A, T, C and G) 
pair together.  This explanation, along with the provided answer key will provide students 
the correct arrangement of their D.NA. template pieces. This last portion also explains the 
impact of this discovery for the future of science. 

10 minutes

20 minutes

3

10 minutes



8.   To conclude the activity, teachers should read the “In Conclusion” information to 
students. Ask students to listen as the teacher reads the information and to pick out 
at least three to four scientific contributions that President Eisenhower and his 
administration helped to achieve. This establishes the importance of President 
Eisenhower’s creation of the Department of Health, Education and Welfare, the 
Advanced Research Project Agency, the National Defense Education Act, and NASA 
to historical scientific discoveries and their link to current scientific advancements

“Race for the Double Helix” 
Watson and Crick’s 1953  
model of D.N.A.

5 minutes

From: http://dataphys.org/list/watson-and-cricks-3d-model-
of-dna/

4

From: www.sciencemuseum.org.uk/broughttolife/objects/
display?id=92854

“Templates from Crick and 
Watson's DNA molecular 
model, England, 1953”

http://www.sciencemuseum.org.uk/broughttolife/objects/display?id=92854
http://www.sciencemuseum.org.uk/broughttolife/objects/display?id=92854
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http://dataphys.org/list/watson-and-cricks-3d-model-of-dna/
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Glossary of 
Scientific Terms

This glossary may assist teachers in facilitating the lesson.  Key vocabulary terms from each primary document are 
defined below.   Terms are in alphabetical order and are sorted according to the document in which they are located. 

Document 1:  Griffith’s Experiment:   
Inoculation - The process of introducing an antigenic substance or vaccine into the body to trigger 
immune response against a specific disease.  

(from:  http://www.biology-online.org/dictionary/Inoculation)
Pneumococcus - Bacteria that can cause pneumonia, sinusitis, middle ear infections, meningitis. formal 
name for this bacteria today is Streptococcus pneumoniae.. 

(from:  http://www.medicinenet.com/script/main/art.asp?articlekey=4957 )
Septicemia - Systemic disease associated with the presence and persistence of pathogenic 
microorganisms or their toxins in the blood.

(from: http://www.biology-online.org/dictionary/Septicaemia)
Strain - A genetic variant or subtype of a micro-organism  (e.g., virus or bacterium or fungus)

(from: https://en.wikipedia.org/wiki/Strain_(biology))
Virulent - Of a pathogen, especially a virus; highly infectious  

(from: https://en.oxforddictionaries.com/definition/virulent).

Document 2:  Avery’s Experiment:   
Deoxyribonucleic acid - A double-stranded nucleic acid that contains the genetic information for 
cell growth, division, and function (D.N.A.)

(from: http://www.biology-online.org/dictionary/DNA)
Enzymatic - Referring to enzymes (a biological catalyst) ability to degrade the molecule. 
Pneumococcus (appears as pneumococcal in article) - Bacteria that can cause pneumonia, sinusitis, 
middle ear infections, meningitis. formal name for this bacteria today is Streptococcus pneumoniae.. 

(from:  http://www.medicinenet.com/script/main/art.asp?articlekey=4957 )
Transforming substance/Transformation - Refers to the ability of the biological molecule (D.N.A. 
or protein) to transform the bacteria (in this case) into a different version (transform the R strain into the 
S strain). 
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Document 3:  Chargaff ’s Experiment:   
Adenine - One of the bases that form part of a nucleotide, the structures that are present in D.N.A. 
chains; pairs with thymine.  

(from: http://www.biology-online.org/dictionary/Adenine)
Cytosine - A nitrogen base found in D.N.A. and R.N.A. that pairs with guanine.

(from: http://www.biology-online.org/dictionary/Cytosine)
Deoxyribonucleic acid - A double-stranded nucleic acid that contains the genetic information for cell 
growth, division, and function (D.N.A.).

from: http://www.biology-online.org/dictionary/DNA
Guanine - A nitrogen base found in D.N.A. and RNA; pairs with cytosine. 

(from: http://www.biology-online.org/dictionary/Guanine)
Thymine - A nitrogen base found in DNA; pairs with adenine

(from: http://www.biology-online.org/dictionary/Thymine)

Document 4:  Pauling’s Experiment:   
Axis - Central portion of the D.N.A. molecule
Helical - Referring to helix (a spiral staircase or coil structure)
Tetrahedra - (plural form of tetrahedron) Triangular pyramid, is a polyhedron composed of four 
triangular faces.

(from: https://en.wikipedia.org/wiki/Tetrahedron)
Trigonal - Referring to a group of three. 

Document 5:  Hershey and Chase’s Experiment:   
Bacteriophage - (or phage) A virus capable of infecting a bacterial cell, and may cause lysis to its host 
cell. 

(from: http://www.biology-online.org/dictionary/Bacteriophage)
Progeny - Referring to the offspring or descendants of the bacteriophage.

Document 6:  Franklin’s Experiment:   
Nucleotide - The basic building block of nucleic acids, such as DNA and RNA. It is an organic 
compound made up of nitrogenous base, a sugar, and a phosphate group. 

(from: http://www.biology-online.org/dictionary/Nucleotide)
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Document 7:  Wilkin’s Experiment:   
Phosphate backbone - Referring to the alternating sugar and phosphate backbone or “side pieces” of a 
DNA molecule. 
Purine - Referring to the nitrogen bases adenine and guanine. 
Pyrimidine - Referring to the nitrogen bases thymine and cytosine. 

Document 8:  Watson and Crick’s Experiment:   
Deoxyribonucleic acid - A double-stranded nucleic acid that contains the genetic information for cell 
growth, division, and function (D.N.A.)

(from: http://www.biology-online.org/dictionary/DNA)
Nitrogenous base - Nitrogenous bases are one of the fundamental components of nucleic acids, such 
as DNA. (adenine/thymine and cytosine/guanine are nitrogenous bases)

(from: http://www.biology-online.org/dictionary/Nitrogenous_base)

All that and a sense of humor: Rosalind Franklin’s “obituary” for Watson and Crick’s first 
model of D.N.A. 

(from:  http://blogs.discovermagazine.com/fire-in-the-mind/2013/04/25/on-dnas-anniversary-how-
rosalind-franklin-missed-the-helix/#.WXE3_dPyuRs)
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               Science in the 1950s ushered in some significant events.  In 1952, Jonas Salk 
produced the polio vaccine, effectively saving millions of lives, Russia pioneered space 
travel with its’ launch of Sputnik in 1957 and a year later, in 1958, the United States joined 
the space race by launching its first satellite, Explorer 1. The “Race for the Double Helix” 
was a race peppered  with competition and sexism among scientists to deduce the structure 
of D.N.A..

Rosalind Franklin, a notable scientist in this quest, was a female facing 1950s’ gender 
inequalities. Instead of being viewed as leading her own research, she was often thought of 
as an assistant by a male colleague, Maurice Wilkins. Rosalind was not even allowed to eat 
lunch with males in the cafeteria at King’s College in London. The strained relationship 
between Franklin and Wilkins might have contributed to Wilkins giving Watson and Crick 
Franklin’s x-ray crystallography picture of D.N.A. without her permission.  

In early 1953, Watson and Crick discovered the structure of D.N.A., which would 
pave the way for molecular biologists to eventually conduct gene cloning experiments, 
personal genomics and gene editing (C.R.I.S.P.R.).  This discovery would not have been 
possible without the work of several scientists before them trying to solve their piece of 
the D.N.A. puzzle.

In this program, students will first be introduced to people behind the discovery of 
DNA's chemical structure and the roles they played. Next, they will recreate Watson's 
discovery of the hydrogen bonding between nucleotides. Finally, students will use this 
lesson about past scientific discoveries and connect them with President Eisenhower’s 
support of scientific research and education, as well as how these governmental decisions 
can impact the future of scientific research. 
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Background Information
Teachers may choose to read this to students if there is sufficient time available. 
It is not necessary to read this to students in order to complete the lesson. 

“Race for the Double Helix”
Rosalind Franklin’s Photo 51

Image from:  http://scarc.library.oregonstate.edu/
coll/pauling/dna/pictures/sci9.001.5-large.html

Race for the Double Helix
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Race for the Double Helix
Examine the primary documents that helped provided Watson and Crick with all the pieces of the 
puzzle to solve the chemical structure of DNA.  Fill out the following table for the document(s) 
provided. Be prepared to share your findings with the whole class so that all of the scientists' 
contributions will be known.

9

Scientist Document # What was his/her contribution? Year indicated 
by Document

_____________________

_____________________

_____________________

_____________________

Pieces of the Puzzle



Scientist Document # What was his/her contribution? Year indicated 
by Document

_____________________

_____________________

_____________________

_____________________
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Race for the Double Helix

Examine the primary documents that helped provide Watson and Crick with all the pieces of the 
puzzle to solve the chemical structure of DNA.  Fill out the following table for the available 
documents provided for you.  You will then discuss as a large group so that all scientists' 
contributions will be completed.

Scientist Document # What was his/her contribution? Year indicated by 
Document

Fredrick Griffith

1

Virulence of a bacteria deprived of its’ 
characteristics can be restored. There is 
an “intermediate stage” that helps this 
transformation. 
Heat killed S strain is still capable of 
transforming R strain into infective, 
virulent bacteria that kills mice. 

1928

Oswald Avery

2

Wanted to establish what the 
“transforming principle” was.  
He concludes that it is not protein or 
R.N.A. that transforms the R bacteria but 
D.N.A. from the heat killed S strain. 

1945

Erwin Chargaff

3

Tables indicate that there are similar 
amounts of Adenine and Thymine; 
Cytosine and Guanine. 
(Example data from Table III: 
Adenine=0.29 and Thymine=0.31 and 
Cytosine=0.18 and Guanine=0.18)

1950

Linus Pauling

4
Concluded there were three helixes and 
the phosphates are located toward the 
axis (middle) of the molecule.

1953

11

Pieces of the Puzzle, Answer KEY



Scientist Document # What was his/her contribution? Year indicated by 
Document

Alfred Hershey and 
Martha Chase

5 D.N.A. was found inside the bacteria but 
protein was not.  So, they concluded that 
D.N.A. was the infective part of the 
bacteriophage, not the protein. 

1952

Rosalind Franklin

6 Lab notebook indicates it is a chain of 
nucleotides. 
Students may or may not be able to 
deduce that D.N.A’s structure is a helix 
from her “Photo 51.”

1953

Maurice Wilkins

7 The components of D.N.A. are oriented 
with a 45 degree rotation about the 
“fiber” or D.N.A. axis. 

1951

James Watson and 
Francis Crick

8 D.N.A. is a double helix with two chains 
and the phosphates are along the 
backbone of the molecule. 

          May 30, 1953

812



Primary Documents
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I. 6BSERVATIONS ON CLINICAL MATERIAL.
SINCE communicating my report' on the distribution of pneumococcal types
in a series of 150 cases of lobar pneumonia occurring in the period from April,
1920 to January, 1922, I have not made any special investigation of this
subject. In the course, however, of other inquiries and of the routine examina-
tion of sputum during the period from the end of January, 1922, to March,
1927, some further data have been accumulated2.

Table I gives the results in two series and, for comparison,those previously
published.

1 Reports on Public Health and Medical Subjects (1922), No. 13.
2 I owe many thanks to Dr J. Bell Ferguson, formerly Medical Officer of Health for Smethwick,

for sendirg me many specimens from cases of lobar pneumonia.
Jouri.. of Hyg. xxvii 8
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Pneumococcal Types
which serves indifferently as a foundation for the building up of either Type II
or a Group IV strain.

The R form derived from a Group IV strain, viz. Type II A, can be trans-
formed into the S forms of Type I or Type II or changed back to its original
S form according to the particular S substance which is injected along with it.
On the other hand, another Group IV strain which was incompletely attenuated
invariably reverted to its original S form no matter what type of S culture
w.1s iinjected with it. It seems that, if a pneumococcus has a moderately well-
developed S structure. there is no tendency to develop into an S variety of
any other type.

The method by which transformation of type has been secured consists
in heating to 600 C. for 15 minutes up to 3 hours a virulent culture of one
type and inoculating a large amount of the heated culture under the skin of
a mouse together with a small dose of the R strain derived from another
type.

Experiments with culture heated at temperatures higher than 600 C. have
rarely been successful in causing transformation of type. In one instance
the S form of Type I was obtained from a mouse which had been inoculated
with the R form derived from Type II together with a suspension of Type I
heated to 70° C. for 15 minutes, in a second the S form of Type II was
obtained from a mouse inocuilated with the R form of Type I together with
a virulent Type II culture heated to 65° C. for 15 minutes.

The question arises whether heating at the above temperatures had in
fact killed all the individual pneumococci in the mass of virulent culture or
whether the apparent change of type was due to the occurrence of a survivor.
I have given this question careful consideration and I have never been able
by the ordinary methods of culture and animal inoculation to demonstrate
the presence of viable organisms in the heated cultures. Since there is no
reason to suppose, and I have had no evidence to show, that the R strains
used were mixed, there seems to be no alternative to the hypothesis of trans-
formation of type.

A few years ago the statement that a Type I strain could be changed into
a Type II or a Type III would have been received with greater scepticism
than at the present day. Since, however, it has been shown that a pneumo-
coccus can readily be deprived of its type characters and virulence, and that
under favourable conditions these can be restored, the possibility appears less
unlikely.

The apparent transformation is not an abrupt change of one type into
another, but a process of evolution through an intermediate stage, the R
form, from which the type characters have been obliterated. Mutation of
type among disease-producing bacteria is a subject of obvious importance in
the study of epidemiological problems. If it can be proved to occur in the
pneumococcus group with its sharply defined immunological races, the possi-
bility can hardly be denied to other bacterial groups where the serological
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10. The inoculation into the subcutaneous tissues of mice of an attenuated
R strain derived from one type, together with a large dose of virulent culture
of another type killed by heating to 60° C., has resulted in the formation of
a virulent S pneumococcus of the same type as that of the heated culture.

The newly formed S strain may remain localised at the seat of inocu-
lation, or it may disseminate and cause fatal septicaemia.

The S form of Type I has been produced from the R form of Type II,
and the R form of Type I has been transformed into the S form of Type II.

The clear mucinous colonies of Type III have been derived both from
the R form of Type I and from the R form of Type II, though they appear
to be produced more readily from the latter. The newly formed strains of
Type III have been of relatively low virulence, and have frequently remained
localised at the subcutaneous seat of inoculation.

Virulent strains of Types I and II have been obtained from an R strain
of Group IV.

11. Heated R cultures injected in large doses, together with small doses
of living R culture have never caused transformation of type, and only rarely
produced a reversion of the R form of Type II to its virulent S form.

12. The results of the experiments on enhancement of virulence and on
transformation of type are discussed and their significance in regard to
questions of epidemiology is indicated.

(MS. receivedfor publication 26. viii. 1927.-Ed.)

F. GtIIFFITII 1-159
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ne subst.ame inducing transformation of pneumococcal types has been 
blated from pneumococcus ‘l&e .JII in the form of a desoxyribonucleic acid 
fraction (1). The data obtained by chemical, enzymatic, and serological 
,a+$ as well as by electrophoresis and ultracentrifugation of the purified 
mted strongly suggest that the nucleic acid is itself responsible for the 
bi&giad aCthhy. 

ne e-tic analysis was begun early in the course of the attempts to 
determine the nature of the transforming substance. Relatively unpurified 
peumocorxal extracts were subjected to enzymatic study in the hope that 
by this approach some clue might be obtained as to the identity of the biologi- 
cally active constituent. Crystalline trypsm, chymotrypsin, and ribonuclease 
bad no effect on the transforming substance, but it was found that certain 
crude enzyme preparations were able to bring about complete loss of trans- 
forming activity. When the possible importance of desoqribonucleic acid 
wu suggested by chemical fractionation, the experiments with crude enzyme 
preparations were extended to determine whether their ability to destroy the 
activity of the transforming principle could be correlated with any enzymatic 
sction on authentic samples of desoxyribonudeic acid. of non-bacterial origin. 
A Variety of crude enzymes were tested both for their abiity to inactivate the 
trpDsforming substance, and for theii &ect on desoqribonucleic acid from 
mimal tissues (1). Of the enzyme preparations tested only. those capable of 
dcpolYme~g authentic desoxyribonucleic acid were eflective in destroying 
thC transforming activity of’ pneumococcal extracts. Other parallelisms be- 
hpm the two actions were observed: for exam&, sodium fluoride inhibited 
both *e depolymetimg action and the inactivation of the transforming sub- 

‘The Btmu of Medicfue and Surgery of the U. S. Navy does not nd~ u.u&ru& 
ta tadorse the views or opinions which are expreaxd in t+3 paper. 
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as sub&ate. ._ Howwer, the ,&al$kive tiect was readily mognk&le, snd 
in those-tubes .in which ‘complete enzymatic destruction of the transforming 
activity had occurred, there was a corresponding loss in viscosity when com- 
pared with the control tube containing no enzyme. , 

..’ :. :; 
DISCUSSION 

: 
The fact that a purified &par&ion if desoxyribonucle&e .m exceedingly low 

concentration is capable of destroying irreversibly the Type III trat&orr+ 
sub&ante provides strong confumatory evidence for the view that hiolo$~ 
activity is a property of the desoxyribonucleic acid. In this connection it h 
of interest that irreversible inactivation of the transforming agent by enzymatic 
digestion differs from that form of inactivation brought about by ascorbic add 
and certain related compounds, since in the latter instance, the reaction b 
reversible and full activity can be restored by the use of sulfhydryl ccm. 
‘pounds (3). ‘I 

The possibility has heen recognized that the activity of the transfom@ 
agent might be referable to minute amounts of some other substance such BS 
protein in the purified preparations. The results of the present investigation 
show that in order to detect proteolytic activity, it is necessary to use an 
amount of puSed desoxyribonuclease 100,000 times greater than that required 
to cause rapid and complete destruction of activity of the transforming sub 
stance. This evidence, in conjunction with the data previously reported on 
the chemical and physical properties of the active principle, leaves little doubt 
that the abiity of a pneumococcal extract to induce transformation depends 
upon the presence of a highly polymerized and specific form of desoxyribosu- 
cleic acid, and that this constituent is the fundamental unit of the transformiog 
principle. 

The objection can be raised that the nucleic acid may merely serve BS s 
“carrier” for some hypothetical substance, presumably protein, which possesseS 
the spec& transforming activity. Depolymerisation of the nucleic acid would 
according to this hypothesis, destroy the effectiveness of the essential ~amfl 
and thus result in loss of biological activity. There is no evidence in favor of 
such a hypothesis, and it is supported chietly by the traditional view t-hat 
nucleic acids are devoid of biological specificity. On the contrary, there fl 
indications that even minor disruptions in the long-chain nucleic acid molecule 
have a profound effect on biological activity. Thus, treatment of the tranS- 
forming substance with concentrations of desoxyribonuclease. so small that odY 
a slight fall in viscosity occurs causes a marked loss of biological activity- It 
is suggested that the initial stages of enzymatic depolymerisation which are 
reflected only by minimal changes in the physical properties of the nucleate 
are sufficient to bring about destruction of specific activity. 

Although the results of enzymatic studies provide additional evidence for 

Read the three 
paragraphs  under 

“Discussion”. 

Note: The suffix -ase 
refers to enzymes 
that in this case 

destroy the molecule. 
(e.g. 

deoxyribonuclease 
destroys D.N.A.) 

What did Avery’s 
experimental data 
conclude about the 

“transforming 
principle”? 

Is it protein or 
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Chemical Specificity of Nucleic Acids and Mechanism 
of their Enzymatic Degradation 1 

By ERWIN CHARGAFF 2, New York, N.Y. 

I. Introduction 
The last few years have witnessed an enormous re- 

vival in interest for the chemical and biological proper- 
ties of nucleic acids, which are components essential for 
the life of all cells. This is not particularly surprising, 
as the chemistry of nucleic acids represents one of the 
remaining major  unsolved problems in biochemistry. 
I t  is not  easy to say what  provided the impulse for this 
rather sudden rebirth. Was  it the fundamental  work of 
E. HAMMARSTEN 3 on the highly polymerized desoxy- 
ribonucleic acid of calf thymus  ? Or did it come from 
the biological side, for instance the experiments of 
BRACHE'r a and CASPERSSON 5 ? Or was it the very im- 
portant  research of AVERY ~ and his collaborators on 
the transformation of pneumococcal types that  s tar ted 
the avalanche ? 

I t  is, of course, completely senseless to formulate 
a hierarchy of cellular constituents and to single out 
certain compounds as more important  than others. 
The economy of the living cell probably knows no 
conspicuous waste; proteins and nucleic acids, lipids 
and polysaccharides, all have the same importance. 
But one observation may  be offered. I t  is impossible to 
write the history of the cell without considering its 
geography; and we cannot do this without at tention to 
what may  be called the chronology of the cell, i. e. the 
sequence in which the cellular constituents are laid 
down and in which they develop from each other. I f  
this is done, nucleic acids will be found pre t ty  much at  
the beginning. An a t t empt  to say more leads directly 
into empty  speculations in which almost no field 

1 This article is based on a series of lectures given before the 
Chemical Societies of Ziirich and Basle (June ~29th and 30th, 1949), 
the Soci~tfi de chimie biologique at Paris, and the Universities of 
Uppsala, Stockholm, and Milan. 

Department of Biochemistry, College of Physicians and Sur- 
geons, Columbia University, New York. The author wishes to thank 
the John Simo~ Guggenheim 3Iemorial Fo~ndatio~ for making pos- 
sible his ½tay in Europe. The experimental work has been supported 
by a research grant from the United States Public Health Service. 

3 E.HAMMARSTEN, Biochem. Z. 144, :183 (1924). 
4 J. BRACHET in Nucleic Acid, Symposia See. Exp. Biol. No. i 

(Cambridge University Press, 1947), p. 207. Cp. J. BRACltET, in 
Nucleic Acids and Nucleoproteins, Cold Spring Harbor Syrup. Quant. 
Biol. 12, 18. (Cold Spring Harbor, N.Y., 1947). 

s T.CAsPERSSON, in Nucleic Acid, Syrup. Soc. Exp. Biol., No, 1 
(Cambridge University Press, 1947), p. 127. 

* O. T. AVERY, C. M. MAcLEoD, and M. MeCARTY, J. Exp. Med. 
79, 137 (1944). 

abounds more than the chemistry of the cell. Since an 
ounze of proof still weighs more than a pound of 
prediction, the important  genetical functions, ascribed • 
- -p robably  quite r igh t ly- - to  the nucleic acids by 
many  workers, will not be discussed here. Terms such 
as " t empla te"  or "ma t r ix"  or "reduplicat ion" will not 
be found in this lecture. 

I I .  Identity and Diversity iu High Molecular 
Cell Constituents 

The determination of the constitution of a compli- 
cated compound, composed of many  molecules of a 
number  of organic substances,• evidently requires the 
exact knowledge of the nature and proportion of all 
constituents. This is true for nucleic acids as much as 
for proteins or polysaccharides. I t  is, furthermore, 
clear that  the value of such constitutional determin- 
ations will depend upon the development of suitable 
methods of hydrolysis. Otherwise, substances repre- 
senting an association of m a n y  chemical individuals 
can be described in a quali tat ive fashion only; precise 
decisions as to structure remain impossible. When our 
laboratory,  more than four years ago, embarked upon 
the s tudy of nucleic acids, we became aware of this 
difficulty immediately. 

The s tate  of the nucleic acid problem at  that  t ime 
found its classical expression in LEVENE'S monograph 1. 
(A number  of shorter reviews, indicative of the develop- 
ment  of our conceptions concerning the chemistry of 
nucleic acids, should also be mentioned2.) The old 
tetranucleotide h y p o t h e s i s - i t  should never have been 
called a theory- -was  still dominant ;  and this was 
characteristic of the enormous sway tha t  the organic 
chemistry of small molecules held over biochemistry. 
I should like to illustrate what t mean by  one example. 
If  in the investigation of a disaccharide consisting of 
two different hexoses we isolate 0.8 mole of one sugar 
and 0.7 mole of the other, this will be sufficient for the 

1 P.A. LEVENE and L.W.BAss, Nucleic Acids (Chemical Catalog 
Co., New York, 1931). 

H. BRED~RECK, Fortschritte der Chemic organischer Naturstoffe 
1, 1~21 (1938). - F.G. FISCHER, Naturwissenseh. 30, 377 (19.12). - 
R. S.TIPsON, Adv. Carbohydrate Chenl. 1, 193 (1945). - J. M. GUL- 
LAND, G. R. BARKER, and D. O. JoRDAn, Ann. Rev. Bioehem. 14, 
175 (1945). - E.CHARGAFF and E.VlscltER, Ann. Rev. Biocbem. 17, 
~01 (1948). - F. SCHLENK, Adv. Enzymol. 9, ,155 (1949). 
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Table I 
Resistance of pyrimidines to treatment with strong acid. A mixture 
of pyrimidines of known concentration was dissolved in the acids 
indicated below and heated at 175 ° in a bomb tube. The concen- 
tration shifts of the individual pyrhnidines were determined through 
a comparison of the recoveries of separated pyrimidincs bcforc and 

after the heating of the mixture. 

Exper- 
iment 

No. 

1 
2 3} 4} 

Acid 
Heat- 

ing 
time 
rain. 

HC1 (10%) 90 
10 N  cooa + j 6o 

N ttC1 (1:1) [ /120 

HCOOH (98 to 100%) / 60 t 120 

Concentration shift, 
per cent of starting 

concentration 

Uracil ICytosinelThymin( 
! 

+ 6 2  - 6 3  1 + 3  
+ 3  - 5  I 0 
+ 2 4  - 19 0 

0 - 1 - 2  
0 + 2  + 1  

the hydrolysis of the pyrimidine nucleotides by means 
of concentrated formic acid. For the liberation of the 
purines N sulfuric acid (100 °, 1 hour) is employed; for 
the liberation of the pyrimidines, the purines are first 
precipitated as the hydrochlorides by t reatment  with 
dry HE1 gas in methanol and the remaining pyri- 
midine nucteotides cleaved under pressure with 
concentrated formic acid (175 °, 2 hours). This pro- 
cedure proved particularIy suitable for the investi- 
gation of the desoxypentose nucleic acids. For the 
study of the composition of pentose nucleic acids a 
different procedure, making use of the separation of 
the ribonucleotides, was developed more recently, 
which will be mentioned later. 

v i i .  Composition o! Desoxypentose Nucleic Acids 
I t  should be stated at the beginning of this discussion 

that the studies conducted thus far have yielded no 
indication of the occurrence in the nucleic acids ex- 
amined in our laboratory of unusual nitrogenous 
constituents. In all desoxypentose nucleic acids in- 
vestigated by us the purines were adenine and guanine, 
the pyrimidines cytosine and thymine. The occurrence 
in minute amounts of other bases, e.g, 5-methyl- 
cytosine, can, however, not yet be excluded. In the pen- 
tose nucleic acids uracil occurred instead of thymine. 

A survey of the composition of desoxyribose nucleic 
acid extracted from several organs of the ox is provided 

Table I I  x 
Composition ol desoxyribonucleic acid of ox (in moles of nitrogenous 

constituent per mole of P). 

Constituent 

Adenine . . 
Guanine 
Cytosine 
Thymine  . . 
Recovery . . 

1 
Prep. 

0.26 
0.21 
0.16 
0.25 
0.88 

Thymus 

Prep.2 Prep.3 

0-28 0.30 
0"24 0'22 
0"18 0.17 
0"24 0.25 
0.94 0.94 

Spleen 

Prep, 1 Prep. 2 

0.25 0.26 
0.20 0,21 
0.15 0.17 
0-24 0.24 
0.84 0.88 

Liver 

0"26 
0"20 

1 From E.CHARGAFF, ]~.VISCHER, R.DONIGER, C. GREES, and 
F.I~IISANI, J. Biol. Chem. 177, 405 (1949); and unpublished results. 

in Table II. The molar proportions reported in each 
case represent averages of several hydrolysis experi- 
ments. The composition of desoxypentose nucleic 
acids from human tissues is similarly illustrated in 
TaMe III.  The preparations from human liver were 
obtained from a pathological specimen in which it 
was possible, thanks to the kind cooperation of 
M. FABER,  to separate portions of unaffected hepatic 
tissue from carcinomatous tissue consisting of meta- 
stases from the sigmoid colon, previous to the isolation 
of the nucleic acidsL 

Table l i 1  o. 
Composition of desoxypentose nucleic acid of man (in moles of 

nitrogenous constituent ,er mole of P). 

Constituent 
Sperm 

Prep. 1 Prep, 

0.29 0.27 
0-18 0.17 
0.18 0.18 
0.31 0.30 
0.96 0.92 

Adenine . . . 
Guanine  . . . 
Cytosine . . . 
Thymine  . . . 
Recovery . . . 

Thymus 

0,28 
0.19 
0,16 
0.28 
0.91 

Liver 

Normal Carcinoma 

0"27 0'27 
0-19 0-18 

0"15 
0'27 
0'87 

In order to show examples far removed from mam- 
malian organs, the composition of two desoxyribo- 
nucleic acids of microbial origin, namely from yeast a 
and from avian tubercle bacilli 4, is summarized in 
Table IV. 

Table i V 5 
Composition of two microbial desoxyribonueleic acids. 

Constituent 

Adenine 
Guanine  
Cytosine 
Thymine  
Recovery  

Yeast 

Prep. 1 

0.24 
0,14 
0,13 
0,25 
0,76 

I Avian 
tubercle 

Prep. 2 bacilli 

0-30 0'12 
0-18 0.28 
0.15 0.26 
0-29 0.11 
0'92 0.77 

The very far-reaching differences in the composition 
of desoxypentose nucleic acids of different species are 
best illustrated by a comparison of the ratios of 
adenine to guanine and of thymine to cytosine as 
given in Table V. I t  will be seen that  in all cases where 
enough material for statistical analysis was available 
highly significant differences were found. The ana- 
lytical figures on which Table V is based were derived 
by comparing the ratios found for individual nucleic 
acid hydrolysates of one species regardless of the organ 
from which the preparation was isolated. This pro- 
cedure assumes that  there is no organ specificity with 

x Unpublished experiments. 
2 From ]~.CnARGAFF, S. ZAMENtfOF, and C. GREEN, Naturc (ill 

press); and unpublished results. 
a E.CHARGA~F and S.ZA~ENHOF, J. Biol. Chem. 173, 327 (194S). 
4 E. CHARGAF~ and H, F. S*IDEL, J. Biol. Chem. 177, 417 (1949). 
s From E. VISCHER, S. ZAMENHOF~ and E.C~t*RGAI~F, J. Biol. 

Chem. 177, 429 (1949); and unpublished results, 

Observe Table III 
and Table IV.  
What do you 

notice about the 
relationship 
between the 
amount of 

adenine/ thymine  
and guanine/

cytosine in 
Chargaff’s 

prepared samples?
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Read the first four sentences 
in the second paragraph. 

According to Pauling, how 
many chains compose the 

“helical molecule”?
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Use Figure 4 to 
confirm your 
answer to the 

number of chains 
in the “helical 

molecule”.   

Read the caption to 
Fig. 4.  Where does 

Pauling 
hypothesize the 
phosphates are 
located in the 

molecule (in the 
outer rings or 

toward the axis/ 
middle)?

Hard to read? The above paragraph is retyped below for visual clarity. 

mÉêëéÉÅíáîÉ=Çê~ïáåÖ=çÑ=~=éçêíáçå=çÑ=íÜÉ=åìÅäÉáÅ=~ÅáÇ=ëíêìÅíìêÉI=ëÜçïáåÖ=íÜÉ=éÜçëéÜ~íÉ=
íÉíê~ÜÉÇê~=åÉ~ê=íÜÉ=~ñáë=çÑ=íÜÉ=ãçäÉÅìäÉI=íÜÉ=ßJaJêáÄçÑìê~åçëÉ=êáåÖë=ÅçååÉÅíáåÖ=íÜÉ=íÉíê~J
ÜÉÇê~=áåíç=ÅÜ~áåëI=~åÇ=íÜÉ=~íí~ÅÜÉÇ=éìêáåÉ=~åÇ=éóêáãáÇáåÉ=êáåÖë=EêÉéêÉëÉåíÉÇ=~ë=éìêáåÉ=
êáåÖë=áå=íÜáë=Çê~ïáåÖFK=qÜÉ=ãçäÉÅìäÉ=áë=áåîÉêíÉÇ=ïáíÜ=êÉëéÉÅí=íç=íÜÉ=ÅççêÇáå~íÉë=ÖáîÉå=áå=
í~ÄäÉ=NK
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Use Figure 6 to 
confirm your 
answer to the 

number of chains 
in the “helical 

molecule.”
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Read the first 2 
paragraphs  under 

“Discussion”. 

What did Hershey-
Chase’s experimental 
data conclude about 
what was “infecting” 

the progeny cell?

28

Having 

trouble?  

You may 

want to refer 

to the graphic 

about 

Hershey/

Chase’s 

experiment 

on page 29.
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From
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ent.w
eebly.com

/uploads/4/6/3/8/46380507/118481362.jpg?1423424620
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Rosalind Elsie Franklin’s hand-written lab notebook

Note the Author 

and Date from  

this page

6

30



This is a reproduction of this document because the original is barely legible. The original, however, can 
be viewed on the next page or at https://wellcomelibrary.org/item/b19832059#?
c=0&m=0&s=0&cv=44&z=0.6035%2C-0.0841%2C0.4995%2C0.3351

Peak at longit O.  lies on axis.  

2 P atoms attached to similar nucleotides 

apart from this, symmetry does not control nucleotide sequence 

except that is a “back to back” pair of chains top half of 

one is similar to bottom half of other 

each chain only peaks in unit cell 

can’t reconcile nucleotide sequence with Chargaff’s analysis 

if all chains are the same, sequence must be ABCDDCB 

N.B. Symmetry run does not effect sequence within one chain.  

Distance between neighboring peaks 5.7 Å   (in 3 dimensions) 

Nearer to agreement with Chargaff’s analysis would be 

    4 purines, 3 pyrimidines, with 2 purines < 2 pyrimidines 

or applying equal positions 

   -c.f. Broomehad, v similar x total structures of adenine and guanine.  

Look at the figure on this page 
and read the text.  

What sort of shape/structure did 
Rosalind  Franklin attribute to 

D.N.A.?

c•o  c•½
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This is the original page in Rosalind Elsie Franklin’s notebook.
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“R
ace for the D

ouble H
elix” 

R
osalind Franklin’s P

hoto 51

From:  http://scarc.library.oregonstate.edu/coll/pauling/dna/pictures/sci9.001.5-large.html

L
ook

 at this x-ray
 

cry
stallog

raphy
 photo of 

D
.N

.A
. tak

en
 by

 R
osalin

d
 

F
ran

k
lin

.   
W

hat sort of shape for 
D

.N
.A

. can
 y

ou
 d

ed
u

ce 
from

 this photo?
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34

You do not need to read 

the article, only note the 

Author and Date from 

the bottom of the front 

cover (above) and the 

first page of the article.  

Turn to the next page 

for more directions. 



Read the last two 

sentences, starting 

with “If the. . . “ 

From these three 

sentences, what does 

Wilkins’ observe 

about the shape/

orientation of 

components of 

D.N.A.? 

Read the last 

sentence, starting 

with “The optical . . .”

35



8
Note the Author and 

Date from  the article 

that starts at the 

bottom right of this 

page.  Then turn to the 

next page for more 

directions. 
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First, examine Fig. 1 and Fig. 2 

(top left). 

Then, read the two paragraphs that 

begin “The chemical . . .” and “The 

first . . ..”   

1). How many chains are in D.N.A. 

according to Watson and Crick? 

2). Where do Watson and Crick 

hypothesize the phosphates are 

located in the molecule (in the outer 

rings or in the “backbone”?

37



δ+

δ+

δ+

δ-

Cytosine

δ-

δ-

Guanine

δ-

δ+

Adenine

δ+

δ-

Thymine

Directions: Recreate James Watson and Francis Crick’s struggle to deduce the bonding between 
base pairs.  Rotate each base and pair it with its correct corresponding base. Use the hydrogen 
bonds (H bonds) on page 36 and lay them over the correct locations where hydrogen bonds would 
be created between the bases. You must also use the deoxyribose sugar pieces and phosphate (P) 
pieces on page 36 and correctly connect them to the base pairs to make an alternating sugar-
phosphate backbone. 
Note: The pieces are shaped with ‘connectors’ to show the bonds they can form. Sites marked with 
symbols (δ+ or δ-) can ONLY form weak hydrogen bonds, others only covalent bonds. Pieces can 
be rotated but must stay writing side up.

“Race for the Double Helix”

38
Modified from: https://biologicalburblings.files.wordpress.com/2015/01/dna-model-instructions.doc

DNA model pieces

https://biologicalburblings.files.wordpress.com/2015/01/dna-model-instructions.doc
https://biologicalburblings.files.wordpress.com/2015/01/dna-model-instructions.doc


Deoxyri
boseDeoxyribose

Deoxyri
boseDeoxyribose

H Bond

H Bond
H Bond

H Bond
H Bond

PP PP

PP PP
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Deoxyri
boseDeoxyribose

Deoxyri
boseDeoxyribose
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D
N

A m
odel pieces K

EY
Students should have A

denine paired w
ith Thym

ine using tw
o H

ydrogen bonds and Cytosine paired w
ith 

G
uanine using three H

ydrogen bonds.  The backbone (or side pieces) should be com
posed of deoxyribose 

connected directly to the nitrogen base (A
denine, Thym

ine, Cytosine or G
uanine) alternating w

ith a 
Phosphate (P).  N

ote:  Students should have one of each pair of bases turned upside dow
n as D

.N
.A

. runs 
antiparallel (one side runs in the opposite direction com

pared to the other). 



After completing the D.N.A. model piece activity where students are in the role of James Watson, the teacher 
should wrap up the lesson by completing the following.

1. Show the last 4 minutes and 36 seconds of the video showing James Watson’s explanation of how the 
bases (A, T, C and G) pair together.  This explanation, along with the provided answer key will 
provide students the correct arrangement of their D.NA. template pieces.  This last portion also 
explains the impact of this discovery for the future of science.

2. Read the following paragraphs to students and ask them to listen for 3-4 scientific 
advancements President Eisenhower and his administration assisted in developing. 
President Eisenhower helped develop America’s leadership role in scientific research and education. 
In March 1953, President Eisenhower established the Department of Health, Education and Welfare 
(which later became the Department of Health and Human Services).  He appointed Oveta Culp 
Hobby as the secretary of this new department, the only women in the cabinet.  It was under her 
direction that millions of children were administered the life saving polio vaccine.  

In a memorandum of a conference with President Eisenhower in October, 1957, Eisenhower 
expressed the need to further scientific research so that we would not be out distanced by Russian 
scientific advancements.  To assist him he appointed James Rhyne Killian as his Presidential Science 
Advisor, the first position of its’ kind.  To further address the Russian missile crisis, The Advanced 
Research Project Agency (ARPA, renamed DARPA in 1972) was established under President 
Eisenhower in February 1958.  Its’ primary goal was to advance United States missile supremacy, but 
research  broadened and eventually helped develop our current Global Positioning System (GPS) 
technology and the internet.  And, on September 2, 1958, he signed into law the National Defense 
Education Act which authorized funding for scientific research and development of scientific 
curricula.  President Eisenhower also signed the National Aeronautics and Space Act in July of 1958 
establishing the National Aeronautics and Space Administration (NASA). 
These departments and agencies developed during President Eisenhower’s administration helped 
pave the way for further scientific advancements. 

3. Ask students to share (for 1 minute) with a partner the 3-4 scientific advancements 
President Eisenhower and his administration assisted in developing.  Teachers can then 
ask a few students to share their responses. 

Answer:  Polio vaccine, Global Positioning System (GPS), 
internet (lead to the development) and NASA. 

In Conclusion

Executive Order 10510—Establishing a Seal for the Department of Health, 
Education, and Welfare
December 17, 1953
http://www.presidency.ucsb.edu/ws/?pid=106560
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        WANT TO LEARN MORE? 
There is more drama to this story.  To read more about the discovery 

and people involved, visit: PBS:  www.pbs.org/wgbh/aso/databank/
entries/do53dn.html  or D.N.A. from the beginning: www.dnaftb.org/19/
index.html where teachers can find animations, concept elaborations, 
videos, photo galleries and other links.  

There is no way without her data that Watson and Crick could have figured out 
the structure before [her March 17th draft] got published. Now, if that had 
gotten published first and then they figured it out—remember, she talked about 
the double helix in that paper—then even though they had figured out the 
actual structure, they would have had to incorporate her information and credit 
her properly, and she would not have been written out of history. 

After Watson saw Photo 51, he went out to dinner with Wilkins and pressed him 
for the interpretation of it—the 34-angstrom measurements and so on. At that 
early date Watson didn't know how to interpret a diffraction photo, other than 
that an "X" meant helix. In terms of getting measurements out of it, he hadn't 
the foggiest—at that point. It was Wilkins who told him how to interpret it. 

So the big question is, if Franklin had lived, would she or should she, 
instead of Wilkins, have received the Nobel Prize with Watson and Crick? 

There's a big difference between "would" and "should." Should she have? 
Absolutely. One of the things I proposed last year at AAAS [the American 
Association for the Advancement of Science annual meeting] is that I think it 
should be called the Watson-Crick-Franklin structure. As far as I'm concerned, 
she was a de facto collaborator. Maybe she didn't give them her information 
directly. But every time they hit a stumbling point, it was her information that 
they got from Wilkins that straightened it out. So do I think should she have? 
Absolutely. 
Would she have? I'm not so sure. The Nobel Prize could be very political, and 
often the Nobel Committee would put great emphasis on those who started the 
research, which in this case was Wilkins. But even Watson begrudgingly says 
that she should have gotten it.

Excerpt from an interview with Lynne Osman Elkin, a professor 
of biological sciences at California State University, Hayward.

From:  http://www.pbs.org/wgbh/nova/tech/rosalind-franklin-legacy.html
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