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C HAPTER 2 

The Molecular Nature of Genes 

B efore we begin to study in detail 

the structure and activities of genes, and the 

experimental evidence underlying those 

concepts, we need a fuller outline of the 

adventure that lies before us. Thus, in this 

chapter and in Chapter 3, we will flesh out 

the brief history of molecular biology pre­

sented in Chapter 1 . In this chapter we will 

begin this task by considering the behavior 

of genes as molecules. 

Computer model of the DNA double helix. 
© Comstock lmagcs/Jupilcr RF 
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This material may be protected by Copyright law (Title 17 U.S. Code) 

2.1 The Nature of Genetic 
Material 

The studies that eventually revealed the chemistry of 
gene began in Tiibingen, Germany, in 1869. There Friedrich 
Mie cher isolated nuclei from pus cells (white blo d ceH ·) 
in waste surgical bandages. He found that these nuclei 
contained a novel phosphorus-bearing substance that he 
named nuclein. Nuclein is mostly chromatin which is a 

'' complex of deoxyribonucleic acid (DNA) and :chromoso-
mal proteins. 

By the end of the nineteenth century, both DNA and 
ribonucleic acid (RNA) had been separated from the pro­
tein that clings to them in the cell. This allowed more de­
tailed chemical analysis of these nucleic acids. (Notice that 
the term nucleic acid and its derivatives, DNA and RNA, 
come directly from Miescher's term nuclein.) By the begin­
ning of the 1930s, P. Levene, W. Jacobs, and others had 
demonstrated that RNA is composed of a sugar (ribose) 
plus four nitrogen-containing bases, and that DNA con­
t~ins a different sugar (deoxyribose) plus four bases. They 
discovered that each base is coupled with a sugar-phosphate 
to form a nucleotide. We will return to the chemical struc­
tures of DNA and RNA later in this chapter. First, let us 
examine the evidence that genes are made of DNA. 

Transformation in Bacteria 
Frederick Griffith laid the foundation for the identification 
of DNA as the genetic material in 1928 with his experi­
ments on transformation in the bacterium pneumococcus, 
now known as Streptococcus pneumoniae. The wild-type 
organism is a spherical cell surrounded by a mucous coat 
called a ~apsule. The cells form large, glistening colonies, 
characterized as smooth (S) (Figure 2.la). These cells are 
:~ule~t, t~at is, ~apable of causing lethal infections upon 
m1ect1on mto mice. A certain mutant strain of S. pneu­
moniae has lost the ability to form a capsule. As a result, it 
grows as small, rough (R) colonies (Figure 2.lb). More im­
portantly, it is avirulent; because it has no protective coat, it 
1s engulfed by the host's white blood cells before it can pro­
liferate enough to do any damage. 

The key finding of Griffith's work was that heat-killed 
virulent colonies of S. pneumoniae could transform aviru­
lent cells to virulent ones. Neither the heat-killed virulent 
bacteria nor the live avirulent ones by themselves could 
cause a lethal infection. Together, however, they were 
deadly. Somehow the virulent trait passed from the dead 
cells to the live, avirulent ones. This transformation phe­
nomenon is illustrated in Figure 2.2. Transformation was 
not transient; the ability to make a capsule and therefore to 
kill host animals, once conferred on the avirulent bacteria 
was passed to their descendants as a heritable trait. In othe; 
words, the avirulent cells somehow gained the gene for 

(a) 

(b) 

,,. .. 
• # 
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~ -. 
~ -

Figure 2.1 Variants of Streptococcus pneumoniae: (a) The large, 
glossy colonies contain smooth (S) virulent bacteria; (b} the small, 
mottled colonies are composed of rough (R) avirulent bacteria. 
(Source: (a, b) Harriet Ephrussi-Taylor.) 

virulence during transformation. This meant that the trans­
forming substance in the heat-killed bacteria was probably 
the gene for virulence itself. The missing piece of the puzzle 
was the chemical nature of the transforming substance. 

DNA: The Transforming Material Oswald Avery, Colin 
Macleod, and Maclyn McCarty supplied the missing 
piece in 1944. They used a transformation test similar to 
the one that Griffith had introduced, and they took pains 
to define the chemical nature of the transforming sub­
stance from virulent cells. First, they removed the protein 
from the extract with organic solvents and found that the 
extract still transformed. Next, they subjected it to diges­
tio~ with various enzymes. Trypsin and chymotrypsin, 
which destroy protein, had no effect on transformation. 
Neither did ribonuclease, which degrades RNA. These 
experiments ruled out protein or RNA as the transforming 
material. On the other hand, Avery and his coworkers 
found that the enzyme deoxyribonuclease (DNase), which 
breaks down DNA, destroyed the transforming ability of 
the virulent cell extract. These results suggested that the 
transforming substance was DNA. 

Direct physical-chemical analysi; supported the hypo­
thesis that the purified transforming substance was DNA. 
The analytical tools Avery and his colleagues used were 
the following: 

1. Ultracentrifugation They spun the transforming 
substance in an ultracentrifuge (a very high-speed 
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Strain of Strain of 
Colony Colony 

Cell type Effect Cell type Elfect 

No capsule 

• J 
"'~ .. 

• II :, 

Smooth (S) Live S Rough {A) Live R 
strain strain 

(a) (b) 

.. ti~ 

Effoct + • I> ~ Effect I Live R stram • 

,.~1- 1/ I,. 

.// • ,, 
l 

• 

~ Hti,-Sn-, 1 
Heat-killed 

S strain 

S strain r & / h·' Live S and R strains 

(c) (d) 
isolated from dead 
mo1Jse , 

• . , 
Figure 2.2 Griffith's transformation experiments. (a) Virulent strain S S. pneumoniae bacteria kill their host; 
{b) avirulent strain R bacteria cannot infect successfully, so the mouse survives; (c} strain S bacteria that are 
heat-killed can no longer infect; (d) a mixture of strain R and heat-killed strain S bacteria kills the mouse. The 
killed virulent (S) bacteria have transformed the avirulent (R) bacteria to virulent (S). 

centrifuge) to estimate its size. The material with 
transforming activity sedimentec.l rapidly (moved 
rapidly toward the bottom of the centrifuge rube), 
suggesting a very high molecular weight, characteris­
tic of DNA. 

2. 1:,/ectrofJhoresis They placed the transforming 
substance in an electric field to see how rapidly it 
moved. The transforming activity had a relatively high 
mobility, also characteristic of DNA because of its 
high charge-to-mass ratio. 

3. Ultraviolet Absorption Spectrophotometry They 
placed a solution of the transforming substance in a 
spectrophotometer to see what kind of ultraviolet 
(UV) light it absorbed most strongly. Its absorption 
spectrum matched that of DNA. That is, the light it 

absorbed most strongly had a wavelength of about 
260 nanometers (nm), in contrast to protein, which 
absorbs maximally at 280 nm. 

4. Elementary Chemical Analysis This yielded an 
average nitrogen-to-phosphorus ratio of 1.67, 
about what one would expect. for ONA, which is 
rich in both elements, but vastly lower than the 
value expected for protein, which is rich in nitrogen 
but poor in phosphorus. Even a slight protein 
contamination would have raised the nitrogen-to­
phosphorus ratio. 

Further Confirmation These findings should have settled 
the issue of the nature of the gene, but they ha<l litrle imme­
diate effect. The mistaken notion, from early chemical 
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analyses, that DNA was a monotonous repeat of a four­
nucleotide sequence, such as ACTG-ACTG-ACTG, and so 

011 , persuaded many geneticists that it could not be the 
genetic materia l. Furthermore, controversy persisted about 
possible protein conta minatkm in the transforming mate­
rial, whether transformation could be accomplished with 
other genes besides those governing R and S, and even 
•whether bacterial genes were like the genes of higher 
organisms. 

Yet, by 1953, when James Watson and Fra,ncis Crick 
published the double-helical model of DNA structure, 
most geneticists agreed that genes were made of DNA. 
What had changed? For one thing, Erwin Chargaff had 
shown in 1950 that the bases were not really found in 
equal proportions in DNA, as previous evidence had sug­
gested, and that the base composition of DNA varied 
from one species to another. In fact, this is exactly what 
one would expect for genes, which also vary from one 
species to another. Furthermore, Rollin Hotchkiss had 
refined and extended Avery's findings. He purified the 
transforming substance to the point where it contained 
only 0.02 % protein and showed that it could still change 
the genetic characteristics of bacterial cells. He went on 
to show that such highly purified DNA could transfer 
genetic traits other than R and S. 

Finally, in 1952, A.D. Hershey and Martha Chase per­
formed another experiment that added to the weight of 
evidence that genes were made of DNA. This experiment 
involved a bacteriophage (bacterial virus) called T2 
that infects the bacterium Escherichia coli (Figure 2.3). 

Figure 2.3 A false color transmission electron micrograph of T2 
phages infecting an E.coli cell. Phage particles at left and top 
appear ready to inject their DNA into the host cell. Another T2 phage 
has already infected the cell, however, and progeny phage particles 
are being assembled. The progeny phage heads are readily discernible 
as dark polygons inside the host cell. (Source: © Lee Simon/Photo 
Resear~hers, Inc.) 
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(The term bacteriophage is usually shortened to phage.) 
During infection, the phage genes enter the host cell and 
direct the synthesis of new phage particles. The phage is 
composed of protein and DNA only. The question is 
this: Do the genes reside in the protein or in the DNA? 
The Hershey-Chase experiment answered this question 
by showing that, on infection, most of the DNA entered 
the bacterium, along with only a little protein. The bulk 
of the protein stayed on the outside (Figure 2.4). Be­
cause DNA was the major component that got into the 
host cells, it likely contained the genes. Of course, this 
conclusion was not unequivocal; the small amount of 
protein that entered along with the DNA could conceiv­
ably have carried the genes. But taken together with the 
work that had gone before, this study helped convince 
geneticists that DNA, and not protein, is the genetic 
material. 

The Hershey-Chase experiment depended on radioac­
tive labels on the DNA and protein-a di.fferenr label fo r 
each. The labels used were phosph o,rus-32 (32P) for DNA 
and suliur-35 (35S) for protein. These choices 1t1ake sense, 
considering that DNA is rich in phosphorus but phage 
protein has none, and that protein contains sulfur but 
DNA docs not. 

Hershey and Chase allowed the labeled phages to 
attach by their tails to bacteria and inject their genes 
into their hosts. Then they removed the empty phage 
mats by mixing vigorously in a blender. Because they 
knew that the genes must go into the cell, their ques­
tion was: Wbat went in, the 32P-labeled DNA or the 
35S-labeled protein? As we have seen, it was the 
DNA. In general, then, genes are made of DNA. On 
the other hand, as we will see later in this chapter, 
other experiments showed that some viral genes consist 
of RNA. 

SUMMARY Physical-chemical experiments involv­
ing bacteria and a bacteriophage showed that their 
genes are made of DNA. 

The Chemical Nature of Polynucleotides 
By the mid-1940s, biochemists knew the fundamental 
chemical structures of DNA and RNA. When they broke 
DNA into its component parts, they found these con­
stituents to be nitrogenous bases, phosphoric acid, and 
the sugar deoxyribosc (hence the name deoxyribonucleic 
acid). Similarly, RNA yielded bases and phosphoric acid, 
plus a different sugar, ribose. The four bases found in 
DNA are adenine (A), cytosine (C), guanine (G), and 
thymine (T). RNA contains the same bases, except that 
uracil (U) replaces thymine. The structures of these bases, 
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(a) 

Protein coat is 
labeled specifically 
with 35S 

Allachment of phage 
to host cells 

Removal of phage 
coats by blending 

Cell containing little 
35S-labeled protein, 
plus unlabeled DNA 

Flgure 2.4 The Hershey-Chase experiment. Phage T2 contains 
genes that allow it to replicate in E. coll. Because the phage is 
composed of DNA and protein only, its genes must be made of 
one of these substances. To discover which, Hershey and Chase 
per1ormed a two-part experiment. In the first part (a), they labeled 
the phage pro tein with 35s (red), leaving the DNA unlabeled (black). 
In the second part (bl, they labeled the phage ONA with 32P (red), 

shown in Figure 2.5, reveal that adenine and guanine are 
related to the parent molecule, purine. Therefore, we 
rder to these co mpounds as purines. The other bases 
resemble pyrimidine, so they are called pyr imidines. 
These s tructures constitute the alphabet of genet ics. 

Figure 2.6 depicts the structures of the s ugars fo und in 
nucleic acids. Notice rhat they differ in only one place. 
Where riboi;e contains a hydroxyl (OH} group in the 
2 -position, deoxyribose lacb the oxygen and simply has 
a hydrogen (H ), reprcsenred by tht: vertical line. Hence 
the name deoxyribose. The bases and sugars in RNA and 
DNA are joined together into units called nuclcosides 
(Figure 2. 7). T he names of the nucleosides derive from the 
corresponding bases: 

(b) 

DNA is labeled 
specifically with 32P 

Attachmenl of phage 
to host cells 

Removal of phage 
coats by blending 

Cell containing 
32P-labeled DNA 

leaving the protein unlabeled (black). Since the phage genes must 
enter the cell, the experimenters reasoned that the type of label 
found in the infected cells would indicate the nature of the genes. 
Most of the labeled protein remained on the outside and was 
stripped off the cells by use of a blender (a), whereas most of the 
labeled DNA entered the infected cells (b). The conclusion was that 
the genes of this phage are made of DNA. 

Base Nucleoside (R NA) Deoxynucleoside (DNA) 

Adenint: Adenosine Deoxyadenosine 

Guanine G uanoi;ine Deoxyguanosine 

Cyrosine Cytidine Deoxycytidine 

Uracil Uridine Not usually found 

Thymine Not usually found (Deoxy)thymidine 

Beca use th ymine is not us ua lly fo und in RNA, th e 
" deox y" designati on fo r its nuclcosidc is frequently 
assu med a nd rhe deoxynucleo side is s imply called 
thymidine. T he number ing of t he carbon atoms Lo the 
s ugars of rhe nucleosides {see Figure 2. 7 ) is impo rtant. 
N ore tha t the ordinary numbers :ire used in the bases, so 
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Figure 2.5 The bases of DNA and RNA. The parent bases, purine 
and pyrimidine, on the left, are not found in DNA and RNA. They are 
shown for comparison with the other five bases. 

:~6:J~ 
'H, 

OH OH 

Ribose 

~ H 

OH 

2-deoxyribose 

Figure 2.6 The sugars of nucleic acids. Note the OH in the 
2-position of ribose and its absence in deoxyribose. 

I' 

OH OH 

Adenosine 2' -deoxythyrnidine 

Figure 2.7 Two examples of nucleosides. 

the carbons in the sugars are called by primed numbers. 
Thus, for example, the base is linked to the 1 '-position 
of the sugar, the 2'-position is deoxy in deoxynucleosides, 
and the sugars arc linked together in DNA and RNA 
through their 3'- and 5'-positions. 

The structures in Figure 2.5 were drawn using an 
organic chemistry shorthand that leaves out certain 
atoms for simplicity's sake. Figures 2.6 and 2.7 use a 
slightly different convention, in which a straight line 
with a free end denotes a C-H bond with a hydrogen 
atom at the end. Figure 2.8 shows the structures of 
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(a) 

~H 

(b) 
OH 

Figure 2.8 The structures of (a) adenine and (b) deoxyribose. 
Note that the structures on the left do not designate most or all of 
the carbons and some of the hydrogens. These designations are 
included in the structures on the right, in red and blue, respectively. 

adenine and deoxyribose, first in shorthand, then with 
every atom included. 

The subunits of DNA and RNA are nucleotides, which 
are nudeosides with a phosphate group attached through 
a phosphoester bond (Figure 2.9). An ester is an organic 
compound formed from an alcohol (bearing a hydroxyl 
group) and an acid. In the case of a nucleotide, the alcohol 
group is the 5' -hydroxyl group of the sugar, and the acid 
is phosphoric acid, which is why we call the ester a phos­
phoester. Figure 2.9 also shows the structure of one of the 
four DNA precursors, deoxyadenosinc-5 '-triphosphate 
(dATP). When synthesis of DNA takes place, two phos­
phate groups are removed from dATP, leaving deoxy­
adenosine-5'-monophosphate (dAMP). The other three 
nucleotides in DNA (dCMP, dGMP, and dTMP) have 
analogous structures and names. 

We will discuss the synthesis of DNA in detail in 
Chapters 20 and 21. For now, notice the structure of the 
bonds that join nucleotides together in DNA and RNA 
(Figure 2.10). These are called phosphodiester bonds 
because they involve phosphoric acid linked to two 
sugars: one through a sugar 5 '-group, the other through 
a sugar 3' -group. You will notice that the bases have 
been rotated in this picture, relative to their positions in 
previous figures. This more closely resembles their geo­
metry in DNA or RNA. Note also that this trinudeotide, 
or string of three nucleotides, has polarity: The top of 
the molecule bears a free 5' -phosphate group, so it is 
called the 5'-end. The bottom, with a free 3'-hydroxyl 
group, is called the 3' -end. 

Figure 2.11 introduces a shorthand way of represent­
ing a nucleotide or a DNA chain. This notation presents 
the deoxyribose sugar as a vertical line, with the base 
joined to the 1 '-position at the top and the phospho­
diester links to neighboring nucleotides through the 
3 '-(middle) and 5 '-(bottom) positions. 

LCY Biotechnology Holding, Inc. 
Ex. 1056 

Page 18 of 30



18 Chapter ?. I The Molecular Nature of Genes 
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- o - P- O - P- O- CH2 
I I 
o- 0 O 

0 0 0 
II i II 

- o · P - 0 - P- O-P-0-CH 
I I 2 

o- o- o- O 

y (X 

OH 

Deoxyadenosine-5 · -
monophosphate (dAMP) 

OH 

Deoxyadenosine-5 · -
diphosphate (dADP) 

OH 

Deoxyadenosine-5' -
triphosphate (dATP) 

Figure 2.9 Three nucleotides. The 5' -nucleotides of deoxyadenosine are formed by phosphorylating the 
5'-hydroxyl group. The addition of one phosphate results in deoxyadenosine-5'-monophosphate (dAMP). 
One more phosphate yields deoxyadenosine-5'-diphosphate (dADP). Three phosphates (designated 
°'· ,~. -y) give deoxyadenosine-5' -triphosphate (dATP). 

:i. · :)l'o:::,1--;~ Ir, 

"' I 
-o- P- O- CH2 

I 
o- 0 

I (C) C
NH2N 

0 NA O 
I 

'.)-P--O -CH2 I . 

P ·1osp ·1ocl 1e.s le 1 
l1onds 

o- 0 

(A) 

Figure 2.10 A trinucleolide. This little piece of DNA contains only 
three nucleotides linked together by phosphodiester bonds (red) 
between the 5 • - and 3' -hydroxyl groups of the sugars, The 5' -end 
of this DNA is at the top, where a free 5' -phosphate group (blue) is 
localed; the 3'-end is at the bottom, where a free 3'-hydroxyl group 
(also blue) appears. The sequence of this DNA could be read as 
5'pdTpdCpdA3', This would usually be simplified to TCA 

5' 5' 5' 5' 
(a) dATP (b) DNA strand 

Figure 2, 11 Shorthand DNA notation. (al The nucleotide dATP. 
This illustration highlights four features of this DNA building block: 
(1) The deoxyribose sugar is represented by the vertical black line, 
(2) Al the top, attached to the 1 ·-position of the sugar is the base, 
adenine (green), (3) In the middle, al the 3' -position of the sugar is 
a hydroxyl group (OH, orange). (4) Al the bottom, attached to the 
5'-position of the sugar is a triphosphate group (purple). (b) A short DNA 
strand. The same trinucleotide (TCA) illustrated in Figure 2, 1 O is shown 
here in shorthand. Note the 5' -phosphate and the phosphodiester bonds 
(purple), and the 3' -hydroxyl group (orange), According to convention, 
this little piece of DNA is written 5' to 3' left to right 

SUMMARY DNA and RNA are d1ain-likc mole­
cules composed of subunits called nucleotides. 
The nucleotides contain a hasc linked to the 
!'-position of a sugar (ribosc in RNA or deoxyri­
bose in DNA) and a phosphate group. The phos­
phate joins the sugars in a DNA or RNA chain 
through their 5 ' - and 3'-hydroxyl groups by phos­
phodicstcr bonds. 

2.2 DNA Structure 

All the facts about DNA and RNA just mentioned wen: 
known by the end of the 1940s, By that time it was also 
becoming clear that DNA was the genetic material and 
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r.har it therefore stood at the very center of the study of 
Li£e. Yer the three-dimensional stractme of DNA was un­
known. For rb.ese reasons, several researchers dedicated 
thernselves to finding this structure. 

Experimental Background 
One of the scientists interested in DNA structure was Linus 
Pauling, a theoretical chemist at the California Institute of 
Technology. He was already famous for his studies on 
chemical bonding and for his elucidation of the 'a-helix; an 
important feature of protein structure. Indeed, the o-.-helix, 
held together by hydrogen bonds, laid the intellectual 
groundwork for the double-helix model of DNA proposed 
bv Watson and Crick. Another group trying to find the 
s~ructure of DNA included Maurice Wilkins, Rosalind 
Franklin, and their colleagues at King's College in London. 
They were using x-ray diffraction to analyze the three­
dimensional structure of DNA. Finally, James Watson and 
Francis Crick entered the race. Watson, still in his early 
twenties, but already holding a Ph.D. degree from Indiana 
University, had come to the Cavendish Laboratories in 
Cambridge, England, to learn about DNA. There he met 
Crick, a physicist who at age 3S was retraining as a mo­
lecular biologist. Watson and Crick performed no experi­
ments themselves. Their tactic was to use other groups' 
data to build a DNA model. 

Erwin Chargaff was another very important contribu­
tor. We have already seen how his 1950 paper helped 
identify DNA as the genetic material, but the paper con­
tained another piece of information that was even more 
significant. Charga ff's studies of the base compositions of 
DNAs from various sources revealed that the content of 
purines was always roughly equal to the content of py­
rimidines. Furthermore, the amounts of adenine and thy­
mine were always roughly equal, as were the amounts of 
guanine and cytosine. These findings, known as Char­
gaff's rules, provided a valuable foundation for Watson 
and Crick's model. Table 2.1 presents Chargaff's data. 

2.2 DNA Structure 19 

You will notice some deviation from the rules due to in­
complete recovery of some of the bases, but the overall 
pattern is dear. 

Perhaps the most crucial piece of the puzzle came 
from an x-ray diffraction picture of DNA taken by 
Franklin in 1952-a picture that Wilkins shared with 
James Watson in London on January 30, 1953. The x-ray 
technique worked as follows: The experimenter made a 
very concentrated, viscous solution of DNA, then reached 
in with a needle and pulled out a fiber. This was not a 
single molecule, but a whole batch of DNA molecules, 
forced into side-by-side alignment by the pulling action. 
Given the right relative humidity in the surrounding air, 
this fiber was enough like a crystal that it diffracted 
x-rays in an interpretable way. In fact, the x-ray diffrac­
tion pattern in Franklin's picture (Figure 2.12) was so 
simple-a series of spots arranged in an X shape-that it 
indicated that the DNA structure itself must be very sim­
ple. By contrast, a complex, irregular molecule like a pro­
tein gives a complex x-ray diffraction pattern with many 
spots, rather like a surface peppered by a shotgun blast. 
Because DNA is very large, it can be simple only if it has 
a regular, repeating structure. And the simplest repeating 
shape that a long, thin molecule can assume is a 
corkscrew, or helix. 

The Double Helix 
Franklin's x-ray work strongly suggested that DNA was 
a helix. Not only that, it gave some important informa­
tion about the size and shape of the helix. In particular, 
the spacing between adjacent bands in an arm of the X 
is inversely related to the overall repeat distance in the 
helix, 33.2 angstroms (33.2 A), and the spacing from the 
top of the X to the bottom is inversely related to the spac­
ing (3.32 A) between the repeated elements (base pairs) 
in the helix. (See Chapter 9 for information on how 
Bragg's law explains these inverse relationships.) How­
ever, even though the Franklin picture told much about 

Table 2.1 Composition of DNA in Moles of Base per Mole of Phosphate 

Human Bovine 
Avian 

Liver Tubercle 
Sperm Thymus Carcinoma Yeast Bacilli Thymus Spleen 

#1 #2 #1 #2 #1 #2 #3 #1 #2 

A: 0.29 0.27 0.28 0.27 0.24 0.30 0.12 0.26 0.28 0,30 0.25 0.26 
T: 0.31 0.30 0.28 0.27 0.25 0.29 0.11 0.25 0.24 0.25 0.24 0.24 
G: 0.18 0.17 0.19 0.18 0.14 0.18 0.28 0.21 0.24 0.22 0.20 0.21 
C: 0.18 0.18 0.16 0.15 0.13 0.15 0.26 0.16 0.18 0.17 0.15 0.17 

Recovery: 0.96 0.92 0.91 0.87 0.76 0.92 0.77 0.88 0.94 0.94 0.84 0.88 

Sou.,ce. t=. Chargaff "Chemical Spe<.:iflcily or Nucleic Acids and Mecllanism of Their Enzymatic Degradation," Experientia 5:205, 1950. 
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Figure 2, 12 Franklin's x-ray picture of DNA. The regularity of this 
pattern indicated that DNA is a helix. The spacing betweim thP. 
bands at the top and bottom of the X gave lhe spacing between 
elements of the helix (base pairs) as 3,32 A. The spacing between 
neighboring bands in the pattern gave the overall repeat of the helix 
(lhe length of one helical turn) as 33.2 A. (S011rce: Courtesy Professor 

M.H.F. WIikins, Biophysics Dept .. Kinr:i's CollAyA. Lonrlon,J 

DNA, it presented a paradox: DNA was a helix with a 
regular, repeating structure, but for DNA to serve its 
generic function, it must have an irregulai- sequence of 
bases, 

Watson and Crick saw a way to resolve this contrn­
diction and satisfy Chargaff's rules at the same time: 
DNA must be a double helix with its sugar-phosphate 
backbones on the outside and its bases on the inside. 
Moreover, the bases must be paired, with a purine in 
one strand always across from a pyrimidine in the 
other. This way the helix would be uniform; it would 
not have bulges where two large purines were paired or 
constrictions where two small pyrimidines were paired. 
Watson has joked about the reason he seized on a dou­
ble helix: "I had decided to build two-chain models. 
Francis would have to agree, Even though he was a 
physicist, he knew that important biological objects 
come in pairs." 

But Clrnrgaff's rules went further than this. They 
decreed that the amounts of adenine and thymine were 
equal and so were the amounts of guanine and cytosine. 
This fit very neatly with Watson and Crick's observa­
tion that an adenine-thymine base pair held together hy 
hydrogen bonds has almost exactly the same shape as a 
guanine-cytosine base pair (Figure 2.13). So Watson 
and Crick postulated that adenine must always pair 
with thymine, and guanine with cytosine. This way, the 
double-stranded DNA will he uniform, composed of 
very similarly shaped base pairs, reg,irdless of the 
unpredictable sequence of either DNA strand by itself. 

H ( 0----H-N/ 
G /~ -H----• C 

Sugar N=< \. 
N-H- - - - 0 Sugar 

H/ 

H 

" ( N N-H- - - -0 CH 

A ;~N----H-h ' T 

Sugar Nd ~ N\ 

O Sugar 

Figure 2.13 The base pairs of DNA. A guanine-cytosine pair (G-C), 
held together by three hydro9en bonds (dashed lines), has almost 
exactly the same shape as an adenine-thymine pair (A-1), held 
together by two hydrogen bonds, 

This was their crucial insight, and the key to the struc­
ture of DNA. 

The double helix, often likened to a twisted ladder, is 
presented in three ways in Figure 2.14, The curving sides 
of the ladder represent the sugar-phosphate hack hones of 
the two DNA strands; the rungs are the base pairs, The 
spacing between base pairs is 3.32 A, and the overall helix 
repear dista nce is about 33.2 A, meaning that there are 
about IO base pairs (bp) per turn of the helix, (One 
angstrom I Al is one ten-billionth of a meter or one-tenth 
of a nanometer rnm],) The arrows indicate that the two 
strands are antiparallcl. If one has 5' • 3' polarity from 
top to bottom, the other must have 3' • 5' polarity from 
top to borrom. In solution, DNA has a structure very sim­
ilar to the one just described, but the helix contains about 
10.4 bp per turn. 

Watson and Crick published the outline of their 
model in the journal Nature, back-to-hack with papers 
by Wilkins and Franklin and their coworkers showing 
the x-ray data. The Watson-Crick paper is a classic of 
simplicity-only 900 words, barely over a page long. It 
was published very rapidly, less than a month after it 
was submitted. Actually, Crick wanred to spell out the 
biological implications ot the model, but Watson was 
uncomfortable doing that. They compromised on a sen­
tence that is one of the greatest understatements in 
scientific literature: "It has not escaped our nor.ice that 
the specific base pairing we have proposed immediately 
suggests a possible copying mechanism for the genetic 
material.'' 

As this provocative sentence indicates, Watson and 
Crick's model does indeed suggest a copying mechanism 
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3' 5' 
(a) 

Figure 2_ 14 Three models of DNA structure. (a) The helix is 
straightened out to show the base pairing in the middle. Each type of 
base is represented by a different color, with the sugar-phosphate 
backbones in black. Note the three hydrogen bonds in the G-C pairs 
and the two in the A-T pairs. The vertical arrows beside each strand 
point in the 5 '---;3' direction and indicate the antiparallel nature of the 
two DNA strands. The left strand runs 5' ---)3', top to bottom; the right 
strand runs 5' • 3', bottom to top. The deoxyribose rings (white 
Pentagons with O representing oxygen) also show that the two 
strands have opposite orientations: The rings in the right strand are 

5 ' 

- - T - 0.332 nm 
- -'-- {3.32 A) 

3.32 nm 
(33.2 A) 

Minor groove - -

(b) 

Q H 

Q o 

2nm 
(20A) 

Q C in sugar-phosphate chain 

0 C & N in bases 

inverted relative to those in the left strand. (b) The DNA double 
helix is presented as a twisted ladder whose sides represent the 
sugar-phosphate backbones of the two strands and whose rungs 
represent base pairs. The curved arrows beside the two strands 
indicate the 5'• 3' orientation of each strand, further illustrating that 
the two strands are anti parallel. (c) A space-filling model. The 
sugar-phosphate backbones appear as strings of dark gray, red, light 
gray, and yellow spheres, whereas the base pairs are rendered as 
horizontal flat plates composed of blue spheres. Note the major and 
minor grooves in the helices depicted in parts (b) and (c). 
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(a) 
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~~ ~ 
~ 

2. 
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2 , 
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Figure 2.15 Replication of DNA. (a) For simplicity, the two 
parental DNA strands (blue) are represented as parallel lines. 
Step 1: During replication these parental strands separate, or unwind. 
Step 2: New strands (pink) are built with bases complementary to 
those of the separated parental strands. Step 3: Replication is 
finished, with the parental strands totally separated and the new 
strands completed. The end result Is two double-stranded DNA 
duplexes identical to the original. Therefore, each daughter duplex 

for DNA. Because one strand is the complement of the 
other, the two stra nds can be separated, and each can then 
serve as the template for build ing a new partner. figure 
2.15 shows schematically how chi~ is acco mpli~hed. Notice 
how rhis meclrnnisrn, known as semiconservative replica­
tion, ensures that the two daughter DNA duplexes will be 
exactly rhe same as rhc parent, preserving the integrity o f 
the genes as cells divide. In 1958, Matthew Mesclson and 
Franklin Stahl demonstrated chat chis really is how DNA 
replicates (Chapter 20). 

SUMMARY The DN,i\ mokcule is a do uble helix, 
with sugar-phosphate backbones on the o utside 
an d base pa irs on the in si<le. The basc:s pa ir in a 
specific way: adenine (A) with thymi ne (T), and 
guanine (G} wi th cytosine (C). The replication of 

C G C G 
T A T A 
A T A T 
T A T A 

3. G C 8 C 
Finish C G C G 

Replication A T + A T 
A T A T 
G C G C 
T A T A 
C G C G 
A T A T 
T A T A 
T A T A 

~ >8 

I 3. € Finish € Replication 

€ 
+ 

~ € { . ) 

~ ~ ,· l 
•' 

gets one parental strand (blue) and one new strand (pink) . Because 
only one parental strand is conserved in each of the daughter 
duplexes, th is mechanism of replication is called semiconservative. 
(b) A more realistic portrayal of the same process. Here the strands 
are shown in a double helix instead of as parallel lines. Notice again 
that two daughter duplexes are generated, each with one parental 
strand {blue) and one new strand (pink). 

DNA is semiconservat ive, with each strand serv­
ing as the temp late for building a complementary 
partner. 

2.3 Genes Made of RNA 

The genetic system explored by Hershey and Chase was a 
phage, a bacterial virus. A virus particle by itself is essen ­
tially just a package of gtnes. It has no life of its own, no 
mccabol ic activity; it is inert. But when the virus infects a 
host cell, it sc:ems to come to life. Suddenly the host cell 
begins making viral proteins. Then the viral genes are rep­
licated and the newly made genes, cogcther with viral coat 
proteins, assemble into progeny virus particles. fkcause of 
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rheir behavior as inert particles outside, but life-like agents 
inside their hosts, viruses resist classification. Some scien.­
risrs refer to chem as "living things" or even "organisms." 
Ocl:iers prefer a label that, al though more cumbersome, is 
also more descriptive of a virus's less-than-living status: 
infectious agent. 

All crue organisms and some viruses contain genes 
made of DNA. But other viruses, including several phages, 
plant and animal viruses (e.g., HIV, the AIDS virus), have 
RNA genes. Sometimes viral RNA genes arc douhle­
stranded, but usually they are single-stranded. '. 

We have already encountered one famous example of 
the use of viruses in molecular biology research. We will 
see many more in subsequent chapters. In fact, without 
viruses, the field of molecular biology would be immeasur­
ably poorer. 

SUMMARY Certain viruses contain genes made of 
RNA instead of DNA. 

(a) (b) 

Figure 2.16 Computer graphic models of A-, B-, and Z-DNA. 
(a) A-DNA. Note the base pairs (blue), whose tilt up from right 
to left is especially apparent in the major grooves at the top and 
near the bottom. Note also the right-handed helix traced by the 
sugar-phosphate backbone (red). (b) 8-DNA. Note the familiar right· 

2.4 
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Physical Chemistry 
of Nucleic Acids 

DNA and RNA molecules can assume several different 
structures. Let us examine these and the behavior of DNA 
under conditions that encourage the two strands to sepa­
rate and then come together again. 

A Variety of DNA Structures 
The structure for DNA proposed by Watson and Crick 
(sec Figure 2.14) represents the sodium salt of DNA in a 
fiber produced at very high relative humidity (92'¾,). This 
is called the B form of DNA. Although it is probably dose 
to the conformation of most DNA in the cell, it is not the 
only conformation available to double-stranded nucleic 
acids. If we reduce the relative humidity surrounding the 
DNA fiber to 75%, the sodium salt of DNA assumes the 
A form (figure 2.16a). This differs from the B form 
(Figure 2.166) in several respects. Most obviously, the 
plane of a base pair is no longer roughly perpendicular to 
the helical axis, but tilts 20 degrees away from horizontal. 

(c) 

handed helix, with roughly horizontal base pairs. (c) Z-DNA. Note 
the left-handed helix. All these DNAs are depicted with the same 
number of base pairs, emphasizing the differences in compactness 
of the three DNA forms. (Source: Courtesy Fusao Takusagawa.) 
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Table 2.2 Form~ of DNA 

Inclination of 
Base Pair from 

Horizontal 
Form Pitch A Residues per Turn (degrees} 

A 24.6 10.7 +19 

B 33.2 ~10 -1.2 

z 45.6 12 i-9 

Also, the A helix packs in 10.7 bp per helical turn instead 
of the 10 found in the B form crystal structure, and each 
turn occurs in only 24.6 instea<l of .B.2 A. This means 
that the pitch, or distance required for one complete turn 
of the helix, is only 24.6 instead of .1.1.2 A, as in B-DNA. 
A hybrid polynudeotide containing one DNA and one 
RNA strand assumes the A form in solution, as does a 
double-stranded RNA. Table 2.2 presents these helical pa­
rameters for A and B form DNA, and for a left-handed 
Z-fonn of DNA, discussed in the next paragraph. 

Both the A and B form DNA structures arc right­
handed: The helix turns clockwise away from you whether 
you look at it from the top or the bottom. Alexander Rich 
and his colleagues discovered in 1979 that ONA docs not 
always have to he right-handed. They showed that double­
stranded DNA rnntaining strands of alternating purines 
and pyrimidines (e.g., poly[dG-dCJ · poly[dG-dCI): 

-GCGCGCGC-
-CGCGCGCG-

can exist in an extended left-handed helical form. Because 
of the zigzag look of this DNJ\'s backbone when viewed 
from the side, it is often called Z-DNA. Figure 2.16c pre­
sents a pictme of Z-DNA. The helical parameters of this 
structure are given in Tahlc 2.2. Although Rich discovered 
Z-DNA in studies of model compoun<ls like poly[dG-dCJ · 
poly[dG-dCI, this structure seems to he more than just a 
laboratory curiosity. Evidence suggests that living cells con­
tain a small proportion of 7,-DNA. Moreover, Keji Zhao 
anc.l colleagues discovered in 2001 that activation of at 
least one gene requires that a regulatory sequence switch to 
the Z-DNA form. 

SUMMARY In the cell, DNA may exist in the com­
mon B form, with base pairs horizontal. A small 
fraction of the DNA may assume an extended left­
handed helical form called Z-DNA (at least in 
eukaryotes). An RNA-DNA hybrid assumes a third 
helical shape, called the A form, with base pairs 
tilted away from the horizontal. 

Separating the Two Strands of a DNA Double Helix 
Although the ratios of G to C and A to T in an organism's 
DNA are fixed, the GC content (percentage of G + C) can 
vary considerably from one DNA to another. Table 2.3 
lists the GC contents of DNAs from several organisms 
and viruses. The values range from 22-7.1%, and these 
differences are reflected in differences in the physical 
properties of DNA. 

When a DNA solution is heated enough, the noncova• 
lent forces that hold the two strands together weaken and 
finally break. When this happens, the two strands come 
apart in a process known as DNA denaturation, or DNA 
melting. The temperature at which the DNA strands are 
half denatured is called the melting temperature, or Tm• 
Figure 2.17 contains a melting curve for DNA from Strep­
tococcus pneumoniae. The amount of strand separation, or 
melting, is measured by the absorhance of the DNA 
solution at 260 nm. Nucleic acids absorb light at this 

Table 2.3 Relative G + C Contents 
of Various DNAs 

Sources of DNA 

Dictyostelium (slime mold) 

Streptococcus pyogenes 

Vaccinia virus 

Bacillus cereus 

B. megaterium 

Haemophilus influenzae 

Saccharomyces cerevisiae 

Calf thymus 

Rat liver 

Bull sporm 

Streptococcus pneumoniae 

Wheat germ 

Chicken liver 

Mouse spleen 

Salmon sperm 

B. subtilis 

T1 bacteriophage 

Escherichia coli 

T7 bacteriophage 

T3 bacteriophage 

Neurospora crassa 

Pseudomonas aeruginosa 

Sarcina lutea 

Micrococcus lysodeikticus 

Herpes simplex virus 

Mycobacterium phlei 

Percent (G + C) 

22 

34 

36 
37 
38 

39 
39 
40 

40 

41 

42 

43 
43 

44 

44 

44 

46 

51 

51 

53 

54 

68 

72 
72 
72 
73 

So,m:~: From Davidson. /he Hiocllcmistry of Ille Nucleic Aci<ts. 8th ed. ffiViHfltl 

by Adams ct al.. Lippcnco1t. 
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Figure .2.17 Melting curve of Streptococcus pneumoniae DNA. 
The DNA was heated, and its melting was measured by the increase 
in absorbance al 260 nm. The point at which the melting is half 
complete is the melting temperature, or Tm· The Tm for this DNA 
under these conditions is about 85°C. (Adapted from P. Doty, The 

Harvey Lectures 55: 121, 1951 .) 

wavelength because of the electronic structure in their 
bases, but wheD two strands of DNA come together, the 
close proximity of the bases in the two strands quenches 
some of this absorbance. When the two strands separate, 
this quenching disappears and the absorbance rises 30-40%. 
This is called the hyperchromic shift. The precipitous rise 
in the curve shows that the strands hold fast until the tem­
perature approaches the Tm and then rapidly let go. 

The GC content of a DNA has a significant effect on its 
Tm, In fact, as Figure 2.18 shows, the higher a DNA's GC 
content, the higher its Tm. Why should this be? Recall that 
one of the forces holding the two strands of DNA together 
is hydrogen bonding. Remember also that G-C pairs form 
three hydrogen bonds, whereas A-T pairs have only two. It 
stands to reason, then, that two strands of DNA rich in 
G and C will hold to each other more tightly than those of 
A1~rich DNA. Consider two pairs of embracing centipedes. 
One pair has 200 legs each, the other 300. Naturally the 
latter pair will be harder to separate. 

Heating is not the only way to denature DNA. Organic 
solvents such as dimethyl sulfoxide and formamide, or high 
pH, disrupt the hydrogen bonding between DNA strands 
and promote denaturation. Lowering the salt concentration 
of the DNA solution also aids denaturation by removing 
the ions that shield the negative charges on the two strands 
from each other. At very low ionic strength, the mutually 
repulsive forces of these negative charges are strong enough 
to denature the DNA at a relatively low temperature. 

The GC content of a DNA also affects its density. 
rigure 2.19 shows a direct, linear relationship between 
GC content and density, as measured by density gradi­
ent centrifugation in a CsCl solution (see Chapter 20). 
Part of the reason for this dependence of density on 
base composition seems to be real: the larger molar volume 
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Figure 2.18 Relationship between DNA melting temperature and 
GC content. AT-DNA refers to synthetic DNAs composed exclusively 
of A and T (GC content = 0). (Adapted from P. Doty, Tho Harvey Lectures 

.'i.'i: 121, 1961.) 
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Figure 2.19 Relationship between the GC contents and densities 
of DNAs from various sources. AT-DNA is a synthetic DNA that is 
pure A+ T; its GC content is therefore zero. (Adapted from P. Doty, The 
HarvoyLoctures 55:121, 1961.) 
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26 Chopter ?. I Tt1e Molecular Nature of Genes 

of an A-T base pair, compared with a G-C base pair. 
BL1t part may be an artifact of the method of measuring 
density using CsCI: A G-C base pair seems to have a 
greater tendency ro bind to CsCl than does an A-T base 
pair. This makes its density seem even higher than it 
actually is. 

SUMMARY The GC content of a natural DNA can 
vary from less than 25% to almost 75%. This can 
have a strong effect on the physical properties of the 
DNA, in particular on its melting temperature and 
density, each of which increases linearly with GC 
content. The melting temperature (Tm) of a DNA 
is the temperature at which the two strands are 
half-dissociated, or denatured. Low ionic strength, 
high pH, and organic solvents also promote DNA 
<lcnaturation. 

Reuniting the Separated DNA Strands Once the two 
strands of DNA separate, rhey can, under the proper 
conditions, come back together again. This is called 
annealing or renaturation. Several factors contribute to 
renaturation efficiency. Here are three of the most 
important: 

1. Temperature The hcst temperature for renaturation 
of a DNA is ahout 2.5°C below its 'Im. This temper­
ature is low enough that it docs not promote dena­
turation, hut high enough to allow rapid diffusion 
of DNA molecules and to weaken the transient 
bonding between mismatched sequences and short 
intrastrand base-paired regions. This suggests that 
rapid cooling following denaturation would prevent 
renaturation. Indeed, a common procedure to 

ensure that denatured DNA stays denc1rured is ro 
plunge the hot DNA solution into ice. This is called 
quenching. 

2. DNA Concentration The concentration of DNA in 
the solution is also important. Within reasonable 
limits, the higher the concentration, the more likely 
it is that two complementary strands will encounter 
each other within a given time. In other words, the 
higher the concentration, the faster the annealing. 

3. Renaturation Time Obviously, the longer the time 
allowed for annealing, the more will occur. 

SUMMARY Separated DNA strands can be induced 
ro renature, or anneal. Several factors influence an­
nealing; among them arc (1) temperature, (2) DNA 
concentration, and (3) time. 

Denature 
~ 

Double-stranded DNA 

+ 

Hybrid 

Figure 2.20 Hybridizing DNA and RNA. First, the DNA at upper left 
is denatured to separate the two DNA strands (blue). Then the DNA 
strands are mixed with a strand of RNA (red) that is complementary 
to one of the DNA strands. This hybridization reaction is carried out 
at a relatively high temperature, which favors RNA-DNA hybridization 
over DNA-DNA duplex formation. This hybrid has one DNA strand 
(blue) and one RNA strand (red}. 

Hybridization of Two Different Polynucleotide Chains 
So for, we have dealt only with two separated DNA 
strands simply getting back together again, but other 
possibilities exist. Consider, for example, a strand of DNA 
and a strand of RNA getting together to form a double 
helix. This could happen if one separated the two strands 
of a gene, and placed it together with an RNA strand 
complementary to one of the DNA strands (Figure 2.20). 
We would not refer to rhis as annealing; instead, we would 
cc1ll it hybridization because we are putting cogerher a 
hybrid of two different nucleic acids. The two chains do 
not have to be as different as DNA and RNA. If we put 
togerher two different strands of DNA having comple­
mentary, or nearly complementary, sequences we could 
still call it hybridization-as long as the strands are of dif­
ferent origin. The difference between the two complemen­
tary strands may he very subtle; for example, one may be 
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radioactive and the other not. As we will see later jn this 
book, hybrid ization is an extremely valuable technique. 
In foct, ir would be difficult to overestimate the impor­
tance of hybridization to molecular biology. 

DNAs of Various Sizes and Shapes 
Table 2.4 shows the sizes of the haploid genomes of several 
organisms and viruses. The sizes are expressed three ways: 
molecular weight, number of base pairs, and length. These 
are all related, of course. We already know hovt to convert 
number of base pairs to length, because abo

0

ut 10.4 bp 
occur per helical turn, which is 33.2 A long. To convert base 
pairs to molecular weight, we simply need to multiply by 
660, which is the approximate molecular weight of one 
average nucleotide pair. 

How do we measure these sizes? For small DNAs, this 
is fairly easy. For example, consider phage PM2 DNA, 
which contains a double-stranded, circular DNA. How do 
we know it is circular? The most straightforward way to 
find out is simply by looking at it. We can do this using an 
electron microscope, but first we have to treat the DNA so 
that it stops electrons and will show up in a micrograph 
just as bones stop x-rays and therefore show up in an 
x-ray picture. The most common way of doing this is by 
shadowing the DNA with a heavy metal such as platinum. 

Table 2.4 Sizes of Various DNAs 

2.4 Physical Chemistry of Nucleic Acids 27 

One places the DNA on an electron microscope grid and 
bombards it with minute droplets of metal from a shallow 
angle. This makes the metal pile up beside the DNA like 
snow behind a fence. One rotates the DNA on the grid so 
it becomes shadowed all around. Now the metal will stop 
the electrons in the electron microscope and make the 
DNA appear as light strings against a darker background. 
Printing reverses this image to give a picture such as 
Figure 2.21, which is an electron micrograph of PM2 DNA 
in two forms: an open circle (lower left) and a supercoil 
(upper right), in which the DNA coils around itself rather 
like a twisted rubber band. We can also use pictures Like 
these to measure the length of the DNA. This is more 
accurate if we include a standard DNA of known length 
in the same picture. 

The size of a DNA can also be estimated by gel electro­
phoresis, a topic we wiH discuss in Chapter 5. 

SUMMARY Natural DNAs come in sizes ranging 
from several kilobases to thousands of megabases. 
The size of a small DNA can be estimated by elec­
tron microscopy. This technique can also reveal 
whether a DNA is circular or linear, and whether it 
is supercoiled. 

Source Molecular Weight Base Pairs (bp) Length 

Viruses and Mitochondria: 

SV40 (mammalian tumor virus) 3.5 X 106 5226 1.7 µm 

Bacteriophage <t>X17 4 (double-stranded form) 3.2 X 106 5386 1.8 µm 
Bacteriophage A 3.3 X 107 4.85 X 104 13µm 
Bacteriophage T2 or T4 1.3 X 108 2 X 105 50µm 
Human mitochondria 9.5 X 106 16,596 5µm 

Bacteria: 

Haemophilus influenzae 1.2x109 1.83 X 106 620µm 
Escherichia coli 3.1 X 109 4.64 X 106 1.6 mm 
Salmonella typhimurium 8 X 109 1.1 X 107 3.8mm 

Eukaryotes (content per haploid nucleus): 

Saccharomyces cerevisiae (yeast) 7.9 X 109 1.2x107 4.1 mm 

Neurospora crassa {pink bread mold) "'1.9 X 1010 "'2.7 X 107 "'9.2 mm 
Drosophila melanogaster (fruit fly) "'1.2x1011 -=1.8 X 108 ""6.0cm 
Mus musculus (mouse) ,.,1,5 X 1012 a2.2 X 109 ,.750 cm 

Homo sapiens (human) <=2.3 X 1012 "'3.2 X 109 .. 1.1 m 

Zea mays {corn, or maize) ,.,4.4 X 1012 "'6.6 X 109 "'2.2 m 
Rana pipiens (frog} .. 1.4x1013 "'2.3 X 101

0 "'7.7m 
Lilium longiflorum (lily) "'2 X 1014 ,,,3 X 1011 .. 100 m 
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2 8 Chapter ::! / The Moleculv.r Nature ot Genes 

Figure 2.21 Electron micrograph of phage PM2 DNA. The open 
circular form Is shown on the lower left and the supercoiled form is 
shown at the upper right. (Source. © Jack Criltith) 

The Relationsl1ip Between ONA Size and Genetic Capacity 
How mmiy genes are in a given DNA? It is impossible to 
tell just fro m th e size of the DNA, because we do not 
know how much of a given DN A is devoted to genes and 
how much is space between genes, or even intervening 
sequences within genes. We ca n, howeve r, estimate an 
upper limit o n the n um ber of genes a DNA can hold. We 
sta rr with the assumption rhat the genes we are discussing 
he re arc those t hat encode pro te ins. In C hapter 3 and 
other chapters, we wi ll see that many genes simply c:ncode 
R.Ni\s, hut we arc ignoring thern here. We also assume 
tha t an average p rotein has a molecula r ruass of about 
40,000 D. How many amino acids does chis represent? 
The molecular masses of amino acids vary, but they 
average a bo ut 110 .0. To si mplify our calc ula t ion, let us 
assume that the avernge is ·110. That 111~;1ns om average 
pro tein contains 40,000/110, or about 364 amino acids. 
Recausc each am ino acid requires 3 hp of DNA to code 
for it, a prorein containing .164 amino aci.ds needs a gene 
of about 1092 bp. 

Co nsider a fcv,, of t he DN As listed in Tab le 2.4. The 
E. coli chromosome contains 4.6 X 106 bp, so it could 
encode about 4200 average proteins. Phage ~. wb.icb infects 
E. coli, has only 4.85 X 104 bp, ,;o it can code for only 
abour 44 proteins. O ne of the smallest double-stranded 
DNAs on the list, hclonging to the phage 4>Xl 74, has 
a mere 53 7S bp . In pr inciple, that is only enough to code 

for about five prote- ins, but the phage squeezes in some 
extra information by overlapping its genes. 

DNA Content and the C -Valm: Paradox You would 
p robably predict thac complex organisms ~uch as verte­
brates need more genes than simple organisms like yca~c. 
Therefore, they should have higher C-values, o r DNJ\ con­
tent per hap lo id cell. In general, your predict ion w ould be 
right; mouse and human haploid cells contain more than 
100 times more DNA than yeast h aploid cells. Further­
more, yeast cells have about five t imes more DNA than 
F.. c.oli cells, which arc even simplcr. l loweve1~ this correspon­
dence between an organism's physical complexity and the 
DNA content of its cells is not perfect. Consider, for ex­
ample, the frog. Intuitively, you would not suspect that an 
amphibian w ould have a high er C- va luc than a human, yet 
the frog has seven times mor.e DN A per cell. Even more 
dramatic is the fact that the lily has 100 times more DNA 
per cell rhan a hu man. 

T his perplexing situation is called the C-value paradox. 
It becomes even rnore difficult to explain when we look at 
organisms within a group. for example, some amphi bian 
species have (>values 100 times higher than those of oth­
ers, and the (>values of flowering plants va ry even more 
w ide ly. Docs this mean that one kind of higher. plant has 
100 times m ore genes than another? That is simply unbe­
lievable. It would ra ise questions abo ut what all those extra 
genes arc good for anJ why we do not notice tremendous 
cli.fferences in pbysicaJ complexity among these organisms. 
The more p lausible explanation of the C-vaJue paradox is 
thar organisms with extraordinarily high C-values simply 
have a great deal of extra, noncoding DNA. T he £unction, 
if any, of this extra DNA is sti ll myscecious. 

In fact, even mammals have much more DNA than they 
need for genes. Applying our simple ru le (divid ing the num­
ber of base pairs by 1090) to rhe hu man genome yields ao 
estimate of a bout 3 m illion for the maximum num ber of 
genes, which is far too high. 

In fact, the finished version of the human genome sug­
gests thar there are only about 20- 25,000 genes. This means 
that human cells contain more than 100 times more DNA 
than they apparently need. Much of this extra DNA is found 
in intervening sequences within euka,yotic genes (Chapter 14}. 
The rest i~ in noncoJing regions outside of genes. 

SUMMARY There is a rough correlation between 
the DNA content and the number of genes in a cell 
or virus. Howevc:r, this correlation breaks down in 
several cases of dosely related organisms where the 
DNA co ntent per haploid cell (C-value) varies 
widely. This C-va lue par:.tdox is probably explained, 
not hy extra genes, but by extra noncoding DNA in 
some organism,;. 
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SUMMARY 

c;encs of all true organisms arc made of DNA; certain 
viruses have genes made of RNA. DNA and RNA are 
chain-like molecules composed of subunits called 
nucleotides. DNA has a <loublc-hdical structure with 
sugar-phosphate backbones on the ourside and base 
pairs on the in_side. Tb~ bases pair in a ~pecific w~y: 
adenine (A) with thymine (T ) and guamne (G) with 
cytosine (C). When DNA replicates, the parental strands 
separa te; each then serves as the template for making a 
new, complementary strand. 

The G + C content of a natural DNA can vary from 
22-73%,, and this can have a strong effect on the physical 
properties of DNA, particularly its melting temperature. 
The melting temperature (Tm) of a DNA is the temperature 
at which the two strands are half-dissociated, or denatured. 
Separated DNA strands can be induced to renature, or 
anneal. Complementary strands of polynucleoti<lcs (either 
RNA or DNA) from different sources can form a double 
helix in a process called hybridization. Natural DNAs vary 
widely in length. The size of a small DNA can be estimated 
hy electron microscopy. 

A rough correlation occurs between the DNA content 
and the number of genes in a cell or virus. However, this 
correlation does not hold in several cases of closely related 
organisms in which the DNA content per haploid cell 
((>value) varies widely. This C-value paradox is probably 
explained by extra noncoding DNA in some organisms. 

REVIEW QUESTIONS 

J. Compare and contrast the experimental approaches used 
by Avery and colleagues, and by Hershey and Chase, to 
demonstrate that DNA is rhc genetic material. 

2. Draw the general structure of a deoxynucleoside 
monophosphate. Show the sugar structure in derail and 
indicate the positions of attachment of the base and the 
phosphate. Also indicate the deoxy position. 

3. Draw the structure of a phosphodiester bond linking two 
nucleotides. Show enough of the two sugars that the sugar 
positions involved in the phosphodiester hond are clear. 

4. Which DNA purine forms three H bonds with its partner in 
the other DNJ\ strand? Which forms two H bonds? Which 
DNA pyrimidine forms three H bonds with its partner? 
Which forms two H bonds? 

5 The following drawings are the outlines of two DNA base 
pairs, with the bases identified as a, b, c, and d. What arc 
the real identities of these bases? 
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6. Draw a typical DNJ\ melting curve. Label the axes and 
poim out the melting temperature. 

7. Use a graph ro illustrate rhe relationship between the GC 
content of a DNA and irs mdring temperature. What is the 
explanation for this relationship? 

8. Use a drawing to illL1strate the principle of nucleic acid 
hybridization. 

ANALYTICAL QUESTIONS 

I. The double-stranded DNA genome of human herpes sim­
plex virus I has a molecular mass of about 1.0 X 105 kD. 
(a) How many base pairs does this virus contain? (b) How many 
full double-helical tnrns does this DNA contain? (c) How 
long is this DNA in microns? 

2. How many proteins of average size could be encoded in a 
virus with a DNA genome having 12,000 hp, assnming no 
overlap of genes? 

SUGGESTED READINGS 

Adams, R.LP., R.H. Burdon, A.M. Camphdl, and R.M.S. 
Smellie, eds. 1976. Davidson's The Biochemistry of the 
Nucleic Acids, 8th ed. The structure of DNA, chapter 5. 
New York: Academic Press. 

Avery, O.T., C.M. Mcleod, and M. McCarty. 1944. Studies on 
the chemical nature of the substance-inducing transformation 
of pneumococcal types, .fournal of Experimental Medicine 
79:137-58. 

Chargaff, E. 1950. Chemical specificity of the nucleic acids and 
their enzymatic degradation. Experientia 6:201-9. 

Dicker~on, R.E. 1983. The DNA helix and how it reads. 
Scientific American 249 (December): 94-111. 

Hershey, A.D., and M. Chase. 1952. Independent functions of 
viral protein and nucleic acid in growth of hacteriophage. 
journal of General Physiology 36:39-.56. 

Watson, J.D,, and F.H.C. Crick. ! 953. Genetical implications of 
the structure of deoxyribonucleic acid. Nature 171 :964-67. 

Watson, J.D., and F.H.C. Crick. ! 953. Molecular structure of the 
nucleic acids: /\. structure for deoxyribose nucleic acid. Nature 
171 :737-38. 

LCY Biotechnology Holding, Inc. 
Ex. 1056 

Page 30 of 30




