
The Molecular
Basis of Inheritance

& li arr':* ï .] How was the structure of
DNA determined?

KEY CONCEPTS

16.1 DNA is the genetic material
16.2 Many proteins work together in DNA replication

and repair
16.3 A chrornosome consists of a DNA molecule

packed together with proteins

OVERVIEW

Life's Operating Instructions
TIn April 1953, James Watson and Francis Crick shook the sci-
entific world with an elegant double-helical model for the
structure of deoxy'r'ibonucleic acid, or DNA. Figunt, '! 6.1 shows
Watson (left) and Crick admiring their DNA model, which
they built from tin and wire. Over the past 60 years or so,
their model has evolved from a novel proposition to an icon
of modern biology. Mendel's heritable factors and Morgan,s
genes on chromosomes are/ in fact, composed of DNA.
Chemically speaking, your genetic endowment is the DNA
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you inherited from your parents. DNA, the substance of in-
heritance, is the most celebrated molecule of our time.

Of all nature's molecules, nucleic acids are unique in their
ability to direct their own replication from monomers. In-
deed, the resemblance of offspring to their parents has its
basis in the precise replication of DNA and its transmission
fiom one generation to the next. Hereditary information is
encoded in the chemical language of DNA and reproduced in
all the cells of your body. It is this DNA program that directs
the development of your biochemical, anatomical, physio-
logical, and, to some extent, behavioral traits. In this chapter,
you will discover how biologists deduced that DNA is the ge-
netic material and how Watson and Crick worked out its
structure. You will also learn about DNA replication, the
process by which a DNA molecule is copied, and how cells re-
pair their DNA. Finally, you will explore how a moiecule of
DNA is packaged together with proteins in a chromosome.

DNA is the genetic material
Today, even schoolchildren have heard of DNA, and scien-
tists routinely manipulate DNA in the laboratory, often to
change the heritable traits of cells in their experiments. Earlv
in the 20th century, however, identifying the molecules of
inheritance loomed as a major challenge to biologists.

The Search for the Cenetic Material:
Seientific trnquiry

Once T. H. Morgan's group showed that genes exist as parts of
chromosomes (described in Chapter 15), the two chemical
components of chromosomes-DNA and protein-became
the candidates for the genetic material. Until the 1940s, the
case for proteins seemed stronger, especially since biochemists
had identified them as a class of macromolecules with great
heterogeneity and specificity of function, essential require-
ments for the hereditary material. Moreover, little was known
about nucleic acids, whose physical and chemical properties
seemed far too uniform to account for the multitude of
specific inherited traits exhibited by every organism. This vien-
gradually changed as experiments with microorganisms
yielded unexpected results. As with the work of Mendel and
Morgan, a key factor in determining the identity of the genetic
material was the choice of appropriate experimental organ-
isms. The role of DNA in heredity was first worked out while
studying bacteria and the viruses that infect them, which are
far simpler than pea plants, fruit flies, or humans. In this sec-

tion, we will trace the search for the genetic material in some
detail as a case study in scientific inquiry.

Evidence That DNA Con Tronsform Bacterio

The discovery of the genetic role of DNA dates back to 192g.
While attempting to develop a vaccine against pneumonia
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a British medical officer named Frederick Griffith was study-

ngstEtococcus pneumoniae, a bacterium that causes pneumo-

nia in mammals. Griffith had two strains (varieties) of the

bacterium, one pathogenic (disease-causing) and one non-

pathogenic (harmless). He was surprised to find that when he

killed the pathogenic bacteria with heat and then mixed the

cell remains with living bacteria of the nonpathogenic strain,

some of the living cells became pathogenic (Flgure ló.2). Fur-

thermore, this newly acquired trait of pathogenicity was

V Íigure 16.2

Can a genetic trait be transferred between
different bacterial strains?

ExPERIMENT Frederick Griffith studied two strains of the bacterium

Streptococcus pneumoniae. Bacteria of the S (smooth) strain can cause

pneumonia in mice; ey have an outer cap-

sule that orotects th tem. Bacteria of the R

(rough) strain lack a To test for the trait oÍ

pathogenicity, Griffith injected mice with the two strains:

Mouse healthy Mouse dies

In blood sample,
living S cells are
found that can
ronrndr rrp
yielding more
S cells

CONCTUSION Griffith concluded that the living R bacteria had been

transformed into pathogenic S bacteria by an unknown, heritable sub-

stance from the dead S cells that allowed the R cells to make capsules.

SOURGE F. Griffith, The significance of pneumococcal types, Journal of
Hygiene 27 :1 1 3-159 (1 928).

How did this experiment rule out the possibility that the
R cells could have simply used the capsules of the dead S cells to be-

come pathogenic?

inherited by all the descendants of the transformed bacteria.

Clearly, some chemical component of the dead pathogenic

cells caused this heritable change, although the identity of the

substance was not known. Griffith called the phenomenon

transformation, now defined as a change in genotype and

phenotype due to the assimilation of external DNA by a cell.

(This use of the word transformation should not be confused

with the conversion of a normal animal cell to a cancerous

one, discussed near the end of Concept 12.3)

Grifflth's work set the stage for a l4-year effort by Ameri-

can bacteriologist Oswald Avery to identify the transforming

substance. Avery focused on three main candidates: DNA,

RNA (the other nucleic acid in cells), and protein. Avery

broke open the heat-killed pathogenic bacteria and extracted

the cellular contents. He treated each of three samples with
an agent that inactivated one type of molecule, then tested

the sample for its ability to transform live nonpathogenic

bacteria. Only when DNA was allowed to remain active did

transformation occur. In 7944, Avery and his colleagues

Maclyn McCarty and Colin Macleod announced that the

transforming agent was DNA. Their discovery was greeted

with interest but considerable skepticism, in part because of

the lingering belief that proteins were better candidates for

the genetic material. Moreoveq many biologists were not

convinced that the genes of bacteria would be similar in
composition and function to those of more complex organ-

isms. But the maior reason for the continued doubt was that

so little was knor,rm about DNA.

Additional evidence for DNA as the genetic material came

ftom studies of viruses that infect bacteria (Figure 16.3)-

These viruses are called bacteriophages (meaning "bacteria-

eaters"), or phages for short. Viruses are much simpler than

A Figure 1ó.3 Viruses infecting a bacterial cell. Phages called

T2 attach to the host cell and inject their genetic material through the
plasma membrane while the head and tail parts remain on the outer

bacterial surface (colorized TEM).
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cells. A virus is little more than DNA (or sometimes RNA)
enclosed by a protective coat, which is often simply protein.
To produce more viruses, a virus must infect a cell and take
over the cell's metabolic machnery.

Phages have been widely used as tools by researchers in mo_
lecular genetics. ln 1952, Alfred Hershey ancl Martha Chase
performed experiments showing that DNA is the genetic mate_
rial of a phage known as T2. This is one of many phages that
infect Escherichía coli (E. coti), a bacterium that normally lives
in the intestines of mammals and is a model organism for mo_
Iecular biologists. At that time, biologists already knew that T2.

like many other phages, was composed almost entirely of D\\
and protein. They also knew that the T2 phage could quicklr
tum an E. coli cell into a T2_producing factory that released
many copies when the cell ruptured. Somehow, T2 could
reprogram its host cell to produce viruses. But which viral
component-protein or DNA_was responsible?

Hershey and Chase answered this question by devising an
experiment showing that only one of the two components of
T2 actually enters the E. coli cellduring infection (Figure 16.4).
In their experiment, they used a radioactive isotope of sulfur to
tag protein in one batch of T2 and a radioactive isotooe of

f Eigure 76.4

ls protein or DNA the genetic material of phage T2?
Alfred Hershey and Martha Chase used fur and phosphorus to tracetein and D\A, respectively, of T2 phages acterial cells. They wanted toese molecules entered the cells and cóul .À lo ,ur.. more phaqes.

@ Vixed radioactively
labeled phages with
bacterra The phaqes
infected the bacterial cells

Phage Radioactive
protein

Empty 
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protein shell t. '.. 
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@ Agitated the mixture irr
a blender to free phage
parts outside the
bacteria from the cells

@ Centrifuged the mixture
so that bacteria formed a
pellet at the bottom of
the test tube; free phages
and phage parts, which,:, are lighter, remained

' ' suspended in the liquid.

@ Measured the
radioactivity in
the pellet and
the liquid

Radioactivity
(phage protein)
in liquidBacterial cell
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DNA
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DNA
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CHAPTER

Pellet (bacterial
cells and contents)

Batch 2: Phages were
grown wrth radioactive
phosphorus (32p), which
was Incorporated into
phage DNA (blue).

Radioact v tv
(phage DNAi
rn pel eiabeled (batch 1), radloactivity remained outside the cells; but when

:i:li g#:ifi il?,ff li Jl,.r:ïr 
rs Bacteria I cer rs with ra d ioacrive

coNctusloN Phage DNA entered bacterial cells, but phage proteins did not. Hershey and Chase:oncluded that DNA, not protein, functions as th:'genetic riateriar 
"f 

pÀr;;i,
5 E.A D Hershey and M. chase, Independent functions of viral protein and nuclejc acid inj of bacteriophage , Journal of General physiology 36:39_56 (1952)
rFÍTrFIà How would the results have difÍered if proteins carried the genetic information?
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r:t!15phorus to tag DNA in a second batch. Because protein,

r -: not DNA, contains sulfut radioactive sulfur atoms were

-:ri.-rlporêted only into the protein of the phage. In a similar
-.'.'.r' the atoms of radioactive phosphorus labeled only the

l\-\. not the protein, because nearly all the phage's phospho-

:; is in its DNA. In the experiment, separate samples oÍ non-

-:.iioac[ive E. coli cells were allowed to be infected by the

rrotein-labeled and DNA-labeled batches of T2. The re-

>earchers then tested the trivo samples shortly after the onset

--rf infection to see which type of molecule-protein or DNA-
had entered the bacterial cells and would therefore be capable

of reprogramming them.
Hershey and Chase found that the phage DNA entered the

host cells but the phage protein did not. Moreover, when these

bacteria were returned to a culture medium, the infection ran

its course, and the E. colí released phages that contained some

radioactive phosphorus, further showing that the DNA inside

the cell played an ongoing role during the infection process'

Hershey and Chase concluded that the DNA iniected by the

phage must be the molecule carrying the genetlc information

that makes the cells produce new viral DNA and proteins' The

Hershey-Chase experiment was a landmark study because lt
provided powerful evidence that nucleic acids, rather than

proteins, are the hereditary material, at least for viruses.

Additionot Evidence That D ls the Genetic Materiol

Further evidence that DNA is the genetic material came from

the laboratory of biochemist Erwin Chargaff. It was already

known that DNA is a polymer of nucleotides, each consisting

of three components: a nitrogenous (nitrogen-containing)

base, a pentose sugar called deoxyribose, and a phosphate

group (Figure 16.5). The base can be adenine (A), thymine

(T), guanine (G), or cytosine (C). Chargaff analyzed the base

composition of DNA from a number of different organisms'

In 1950, he reported that the base composition of DNA varies

from one species to another. For example, 30.30/o of human

DNA nucleotides have the base A, whereas DNA from the

bacterium E. colihas only 26.00/o A. This evidence of molecu-

lar diversity among species, which had been presumed ab-

sent from DNA, made DNA a more credible candidate for the

genetic material.
Chargaff also noticed a peculiar regularity in the ratios of

nucleotide bases. In the DNA of each species he studied, the

number of adenines approximately equaled the number of

thymines, and the number of guanines approimately
equaled the number of cytosines. In human DNA, for exam-

ple, the four bases are present in these percentages: A :
30.30lo andT : 30.3o/o; G:79.5o/o and C : 79.9o/o.

These two findings became known as Chargaffs rules: (1) the

base composition varies between species, and (2) within a

species, the number of A and T bases are equal and the num-

ber of G and C bases are equal. The basis for these rules re-

mained unexplained until the discovery of the double helix.

3' end

A Figure 6.5 The structure of a DNA strand. Each DNA

nucleotide onomer consists of a nitrogenous base (I' A, C, or G), the

Sugar-phosphate backbone
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Building a Structural Model of DNA:
Scientific lnquiry
Once most biologists were convinced that DNA was the genetic

material, the challenge was to determine how the structure of

DNA could account for its role in inheritance. By the early

1950s, the arrangement of covalent bonds in a nucleic acid

polymer was well established (see Figure 16.5), and researchers

focused on discovering the three-dimensional structure of

DNA. Among the scientists working on the problem were Linus

Pauling, at the California Institute of Technology, and Maurice

Wilkins and Rosalind Franklin, at King's College in London.

First to come up with the corÍect answer/ however, were two

scientists who were relatively unknown at the time-the Amer-

icanJames Watson and the Englishman Francis Crick.
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