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Preface

The Science Foundation for Physics within the University of
Sydney is proud to present at its 2lst international Science
School for High School Students once again an interdisciplinary
subject, namely genetic engineering.:

We have chosen ‘The Biological Manipulation of Life’ as the
general heading for the twenty lectures because they cover
selected topics on DNA technology. the use of which opens a
wide range of potential practical.applications in industry, medi-
cine and agriculture.

The lecturers are specialists in their fields and the material has
been prepared, written and edited for fifth-year high school
students. I feel, however, that the lectures will be of interest not
only to the students but also to the widest section of the public
which, world-wide, is becoming increasingly aware of this field
of research on the frontiers of science. It is felt that the material
presented will be appseciated by the increasingly science-
conscious layman, and also, in areas other than their own, by
specialised scientists.

The Foundation’s 1981 International Science School. and. in-
deed, this book are intended to stimulate and develop scientific
awareness in Australia and throughout the world.

On behalf of the Foundation I wish to take this opportunity
of thanking the lecturers—Dr W. F. Bodmer, Dr K. D. Brown.
Professor D. M. Danks, Sir Otto Frankel, Dr J. W. Goding. Pro-
fessor C. B. Kerr, Dr J. Langridge, Dr W. J. Peacock, Professor
A.J. Pittard, Dr W. R. Scowcroft, Dr J. Shine and Dr R. H.
Symons—for having given so generously of their time and effort.
Thanks are also due to Professor L. C. Birch. Challis Professor
of Biology at this University, whe helped so greatly in the plan-
ning of the lecture series.

The overseas students, as well as those selected from through-
out Australia, deserve the applause of all, and the Science Foun-
dation for Physics is happy to honour and reward the ability
and diligence of these young pcople.

H. MESSEL
Sydney, August 1981 '
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- CHAPTER 1

,_,The Rise of Molecular Biology and Gene
SN Manipulation

W. J. Peac‘ock- :

L3

“+Everyrone of you will have heard the words ‘genetic engineer:
'mg ¥You will have heard these words not only because of
- humsan insulin being produced in bacterial cells, or because of
- the eyen greater excitement in the press about interferon as a
'pessxblc anticancer agent, but also because, especially 4 couple
~of years ago; it was supposed that man could now bring about
- getietic, manipulations to create new. orgamsms, possnbiy vcry
"-dangereus ones.:
The concern about geneuc engmecrmg was gencrated partly
because we now have the ability to be specific about what we
- ‘do: with. the genes of organisms and because ‘we :are now in a
< positiont: to brmg segments of DNA from one .organism. into
-anogher. We arein an age of genetic surgery rather than'in.an
. -age.of genesic social science. Also it was thought, wrongfully.as
-it turned :out, that the danger of genetic meddling. by scientists
"ywas enhanced by the fact that they used, as one of their major
i tools;r the bacterium Escherichia. coli which lives in our intes-
. tines. It was argued that there was always a chance that any gene B
that ‘was being multiplied in E. coli-in the laboratory could
- ubtimately “escape and .cause an. epndemlc in thc ‘human

populanon
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Virtually all of this worry about E. coli was based on ignor-
ance and mis-statement. A great deal of work has now estab-
lished the safety of the manipulations used in recombinant
DNA technology and genetic engineering. Rather than concern
or horror, we should feel a sense of wonder and anticipation for
the potential of this field of science.

“Let me remind you of some of the basic facts and events
which have surrounded this area so that you might be better
equipped to judge what is being done and to form your own
opinions. "

The molecular biology revolution

At the beginning of this century we knew that the determinants
of heredity, the genes, were located in chromosomes, and in the
first two decades it was clearly established that genes were
organised in a linear fashion along the chromosomes. It was not
until almost the middle of the century that we knew that the
gene was composed ofdeoxyribonucleic acid, DNA, and that a
gene coded for a protein product which subsequently was re-
sponsible for a particular effect or phenotype in a cell or organ-
ism. Some proteins are structural proteins like collagen, so
important in cartilage and bone formation, and myosin, one of
the ‘proteins important in muscle structure. Other proteins are
enzymes which bring about various metabolic processes of the
cell. All proteins in all erganisms are determined by genes and
there is a one-gene-one-protein telationship.

Not long after the half-way point in this century—in 1953 to0
be precise—a short paper was published in the journal Narure,
which really was clearly the starting point of one of the major
revolutions in the development of biological knowledge, the rev-
olution of molecular biology. This paper by an American, James
Watson, and an Erig]ishman, Francis Crick, described the struc-
ture of DNA. This was a feat in itself, but what was even more"
important was that the particular structure, a double helix, had
very important connotations biologically. The molecular archi- *
tecture of DNA really suggested to us the means by which gen-
etic information was coded and the means by which-that coded
information was passed from one cell generation to another.
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The central dogma

Following the structural description of the molecule came a re-
markable series of research discoveries. First of all it was shown
how the parental double helix was duplicated so that it passed
identical information to two daughter molecules. It was then
shown how genetic words were spelt out in the structure of the
molecule and how that genetic message was read by the cell and
transformed into the sequence of amino acids making up a
protein.

Watson and Crick showed that the DNA molecule consisted
of two chains wound around each other to form a double helix.
The backbones of the chains were made up of repeating units
of sugar residues connected together by phosphate bridges.
Attached to this backbone were nitrogenous bases of two types,
purines and pyrimidines, which are in fact the elements that
make up the genetic code and the genetic words. There are four
different nitrogenous bases; adenine and guanine are the
purines, and cytosine and thymine are the two pyrimidines. We
usually write these A, G, C and T respectively. Watson and
Crick realised that one critical point of the structure was that the
bases associated in pairs to form the steps of the double helical
stairway and that always an A was with a T and a G with a C.
In fact, these were the only ways in which these four bases could
be fitted together. The important point about this is that if we
know the sequence of bases along one strand we automatically
know the complementary sequence in the other helical strand.
This feature is the essence of the replication mechanism which
relies on these rules of base pairing. Each strand acts as a tem-
plate upon which a new strand is assembled. This is called semi-
conservative replication. Very elegant experiments were done in
the late 1950s showing that the DNA molecules of bacteria. as
well as the DNA molecules of higher organisms, either plants or
. animals, obey the same semi-conservative rule of replication.
We now know that the detailed biochemical mechanisms differ
slightly in higher organisms and in bacteria, but, nevertheless,
the same basic rules for the DNA molecules apply.

Now, how do these two types of base pairing. or four, if we
consider the left and right differentiation, provide enough infor-
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mation to code for the many thousands of different proteins that
occur in animals and plants? The secret is that three successive
sets of base pairs are required to code for each amino acid of
- the protein molecule. The genetic code is a triplet code. This

means that there are four times four times four, or sixty-four

- ways of arranging the bases, so there are sixty-four potentially
different code letters. As a result of a truly remarkable series of
experiments we know that sixty-one of the sixty-four code for
amino acids. Since there are only twenty amino acids this means
there is considerable redundancy in the code. Another way of
saying this is that for some amino acids more than one triplet
has the appropriate code for a particular amino acid. The re-
maining three triplets are signals which are used to indicate the
end of a genetic word.

Another remarkable ﬁndixig, and when one thinks about it,
one that makes a lot of sense, is that the genetic code is univer-
sal. Triplets have the same meaning in bacteria as in

- broadbeans, as in man. Thus, the sequence of bases in three unit
-letters defines a genetic word which determines the sequence of
amino acids in a protein.

The deciphering of the genetic code forms the first element
of the central dogma. Elegant as the experiments were to dem-
onstrate each letter of the geneuc language, other experiments
may have surpassed them in elegance. These were ones which
considered the problem of how the code words as they appeared
in the DNA structure were ultimately read and translated into
the amino acid sequence of a protein. It was shown that this is
‘achieved through nucleic acid molecules slightly different in

structure to the DNA molecules we have discussed. These mol- _

ecules, ribonucleic acid, RNA, have a different sugar in their

backbone and for the most part they remain single stranded.

They are read or transcribed from one of the strands of a DNA
double helix, the sense strand. In higher organisms this tran-
scription occurs within the nucleus and the resultant RNA mol-
“ecule, the messenger RNA (mRNA), travels from the nucleus
into the cytoplasm where it associates with ribosomes and
directs the formation of a particular protein.
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The molecular mechanisms involved in the transiation of the
nucleotide word in the mRNA molecule into the amino acid
sequence of the end product protein are understood in consider-
able detail.

The information explosion from microorganisms
All of the essential elements of the central dogma of how genes
‘reproduce and work were elucidated in bacteria and their
viruses, the bacteriophages. I can remember how, in the early -
1960s, the #cience and the Citizen’ pages of Scientific American
were dominated by the findings in molecular biology of micro-
organisms. 1 used to rush for the latest copy to learn of the
unravelling of the genetic code, the demonstration of mRNA,
the mechanism of recombination of genes and so on. The years
from 1953 to about 1970 belonged in genetic biology to research
on E. coli and its lambdaphage. It was these organisms and
others like them which gave us the key of simplification to our
runderstanding of the complexities of the processes of life. The
one millimetre of DNA in the E. coli chromosome is remarkably
well-known to us. We know the sequences of many of its 3000
or so genes, and we know in some cases the way in which these
genes are switched on and off.

A property of the microbial system which enabled so much
progress to be made was that small segments of the chomosome
could be manipulated individually and studied in detail. The
much greater size of the genomes of eukaryotes was a factor
which daunted many investigators and prevented incisive
attacks on gene organisation and regulation in higher organisms.
It was not possible to isolate a specific gene from the great mass
of DNA.

Recombinant DNA technology

The development of recombinant DNA technology transformed
the molecular biology of eukaryotes. There were two essential
discoveries which made it possible to isolate particular DNA
segments in a pure form and in large quantity. One was restric-
tion enzymes (endonucleases) which cut DNA into discrete seg-
ments, dependent on the distribution of certain base sequences,
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and the other was plasmids, small DNA molecules which can
enter bacterial cells and multiply. The combination of these two
discoveries enabled molecular biologists to cut chromosomal
DNA into small pieces which could be inserted into plasmid
DNA and multiplied into large quantity in a bacterial culture.

Restriction enzymes, isolated from bacteria, cut DNA at their
recognition sequences which, because they are only four or six
base pairs long, occur in most higher organism DNA with
appreciable frequency and are dependent on the base compo-
sition of the DNA. Some of the enzymes cut the tw8strands of
the helix straight across to form flush ends, while others make
staggered breaks leaving ends with single stranded tails. These
single stranded tails are identical regardless of whether the DNA
source is bacterial, plant or animal. 'Complem,entagy single
stranded tails are formed by the restriction enzymes at the end
of each cut segment. Any two DNA molecules cut with the same
restriction enzyme will, when mixed together, be able to join by
virtue of the complementarity of the cut ends—the cohesive
ends..- :

When a lot of cut fragments are mixed together in conditions
where:some of the cut fragments are plasmid molecules, individ-
ual hybrid plasmid molecules can be isolated by cloning in a
bacterial cell. The hybrid plasmid molecule or chimeric plasmid
is one which now contains an inserted piece of foreign DNA.
The cloning process in bacteria separates each chimeric plasmid
from the general population and, by amplifying it, makes it
possible to isolate and study in detail the inserted segment.
Absolutely crucial to the cloning procedures are genetic charac-
teristics which make it possible to select for a plasmid which has
an insert at a particular place along its length. You will se¢ later
in the lecture series that this is generally achieved with the use
of antibiotic resistance genes. Since E. coli has a doubling time
of about twenty minutes, many millions of bacteria containing
the chimeric plasmid can be grown in culture in a period of a
day. The plasmid molecules act as vectors for introducing and
multiplying DNA segments within the host bacterial cells.
Viruses can be used as vectors in animal cells and there is hope
that a vector system will soon be developed for plant cells.
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Gene banks

Using recombinant DNA techniques it is now possible to clone
in a population of bacteria, the entire DNA of any organism.
The total DNA is cleaved into segments of a few thousand base
pairs with a restriction enzyme, the segments joined individually
to plasmid vectors and introduced into E. coli. Each bacterial
colony contains one DNA segment from the donor organism.
The population of colonies forms a library, or bank, of all the
segments of the donor’s genome. It is possible with a variety of
techniques to identify particular genes contained in the bank.
We can, for example, select from the gene banks of different
animals the genes coding for the haemoglobin molecules and
ask what have been the evolutionary pathways of the gene
sequence and of the control regions.

Sometimes where a mRNA for a particular gene can be
readily isolated, the cloned gene sequence is obtained by pro-
ducing in a test tube a double stranded DNA copy of the gene
message and inserting this into a plasmid for cloning. These
copy-genes can then be used as a probe for selecting the natural
gene sequences from a gene bank.

The new eukaryote biology

By enabling researchers to handle precise segments of DNA,
recombinant DNA methodologies have transformed the mol-
ecular biology of higher organisms. It has been possible to
examine particular genes in great molecular detail, to map their
location in the chromosomes, to determine the sequence of
regions important for their regulation, and to study their gen-
etics by manipulating their structure in the test tube. Re-
searchers have now begun to examine the differences in the
suites of genes which are expressed in different tissues and to
seek out the regulatory signals which are responsible for the
ordered development of the complex organism.

Already there have been some surprising findings. For
example, it was assumed that colinearity of DNA sequence,
mRNA sequence, and protein amino acid sequence would be
true just as it is in microorganisms. But this is not the case in
the majority of genes that have been analysed in animals and
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plants. The DNA' coding sequences are interrupted by other
DNA sequences called introns which are clipped out of the pri-
mary RNA transcript. The coding regions of the RNA are then
joined together again to form the functional mRNA molecule!
Split genes and RNA sphcmg reflect a level of gene regulatlon
not pl’CSCl’lt in mlcroorgamsms

One of the major achievements of recombinant DNA tech-
niques has been the unravelling of the mechanisms used by
animals to generate the staggering array of antibodies produced
by the immune system. It turns out that DNA segments are
actually rearranged in the chromosome so that in different
. antibody-producing cells different gene sequences are gener-
ated. Because there afe a number of altérnative sequence forms
for several regions of the overall antibody gene sequence, the
number of rearrangements possible is astronomical, enough to
generate the huge diversity needed for the immune protection
Jesponse.

Other segments of DNA move about the genome—jumping
genes have been identified in bacterial systems before and it
now seems that they are also a feature of higher orgamsms They
have already been identified in Drosophila, yeast and maize and
they may be in all higher organisms. The role of these-mobijle
sequences is yet to be established, but clearly it will soon be
worked out and it will bring us closer to an understanding of the
molecular basis of heredity. ’

Genetic engineerlng

An understandmg of the how, when and why of the workings
of genes is not going to be the only result of recombinant DNA
technology. It will also help us to understand many biological
processes and already it is having impact on such diverse fields
as plant physiology and diagnostic medicine. For example, we
can identify particular alterations in gene sequences which lead
to an inherited disease. The power of recombinant DNA detec-
tion systems is such that with only a small sample of DNA, say
from some white blood cells, it is possible to diagnose such dis-
eases far more readily than has been possible in the past. Many



