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The endearing feature of intellectual fron-
tiers is that they are in endless supply. Explor-
ers of continents fight their way through wil-
dernesses until they arrive at the water’s edge,
and then sigh that there are no new mountains
to conquer. Researchers, on the other hand,
are part of an ever-expanding universe, in-
evitably creating new territories to explore as
they complete the maps begun by the dis-
coveries of the past,

No area of research illustrates this phenom-
enon more clearly than modern biology,
which many believe is in its Golden Age. This
book presents a collection of articles that con-
tain illustrative—but certainly not
exhaustive—areas that have great potential
for the future.

The articles are grouped together under a
number of sections, but simply organizing the
articles was a revelation. Almost any of these
papers could have been listed in another sec-
tion equally well. For example, Sherie Morri-
son describes chimeric antibodies which
could be listed under “New Techniques™ or
under “Immunology;” Smith, Duncan, and
Moir’s article could be listed under
“Biotechnology” or under “New Tech-
niques;” Goodenow, Vogel, and Linsk’s ar-
ticle could be under “Immunology™ or “De-
velopmental Biology and Cancer.” The list
could go on, but it illustrates the ex-
traordinary cross-disciplinary aspects of
modern biology. Discoveries in one area
almost inevitably generate ideas or tech-
niques applicable to a widely different area.

The same interdisciplinary phenomenon
applies to the line between a new biological
frontier and biotechnology. We have listed
two articles in the latter category because they
deal directly with industry, but in effect all the
articles could be listed under that one head-
ing. “Safety Concerns and Genetic Engineer-
ing in Agriculture” is both a frontier in biolo-
gy and of key interest in biotechnology. “Ge-
netic Engineering of Novel Genomes of
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Large DNA Viruses” is of great theoretical
interest and involves new techniques, but it
also may have vast practical applications. The
line between basic and applied research be-
comes ever more fuzzy. The new frontiers in
biclogy today thus become the frontiers of
biotechnology tomorrow.

For many years biology seemed a study in
pure science. Biologists were rarely con-
sulted by industry, unlike their colleagues in
chemistry, engineering, and law. Today all
that has changed—and there is anguished
ethical study of the dangers to academic re-
search of the new practicality of biological
research. The dangers are real, but no dif-
ferent from those found for other research
areas at an earlier time. The finding that the
discoveries in the modern biology laboratory
are of great practical importance in industry,

as they have been in medicine for many years,
should only add interest and excitement to the
frontiers of biology and biotechnology being
uncovered each day.

As this book goes to press and we plan new
volumes in other areas for the future, an editor
cannot help but reflect on the personality of
individuals who are satisfied by such an un-
ceasing quest. Are we scientists just curious
children who have never grown up? Are we
the most idealistic of people, bravely con-
fronting the ultimate challenges for the good
of humankind? Or are we the most selfish of
its citizens, who have discovered the ideal
way of life: solving nature’s crossword puz-
zles while being subsidized in our happiness?
Whatever the answer, we are all, in the words
of the poet, “emperors of the endless dark,
even in seeking.”
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New Techniques






Biochemists have begun to use muta-
tions to probe the relationship between
the structure and activity of proteins;
cell biologists are using mutations to
define the roles of particular proteins and
protein assemblies in the cell; develop-
mental biologists are using mutations to
determine the logic and order of molecu-
lar events during differentiation and mor-
phogenesis; and neurobiologists are be-
ginning to turn to mutations to try to
understand the way in which neural net-
works are formed and, eventually, how
they function. These new and expanding
applications of mutations in many disci-
plines of biology represent one of the
most important consequences of the rev-
olution in the life sciences that has re-
sulted from the development of recombi-
nant DNA technology. The objective of
this review article is to sketch the out-
lines of the many mutagenesis strategies
made possible by the availability of
cloned genes. Our emphasis on general
principles and applications has required
that we gloss over many ideas and tech-
nical accomplishments in the field; such
information, though, has been reviewed
(1, 2).

Before we address the question of how
best to isolate or construct mutations, it
is important to review the fundamental
logic behind the use of gene mutations to
analyze biological phenomena. The pri-
mary reason for isolating and character-
izing a mutation is to assess its conse-
quences, or in genetic terminology, its
phenotype. In the ideal mutation experi-
ment, two organisms are submitted to
careful comparison, one being mutated
at a single known site and the other
lacking the mutation. Any observed dif-
ference between the two is then attribut-
able to the mutation; by characterization
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of this difference, inferences can be
made about the function of the corre-
sponding wild-type gene, regulatory sig-
nal, or nucleotide pair. In other words,
the properties of a normal function can
be learned from the consequences of
perturbing or eliminating a single gene or
genetic element.

One approach for designing the ideal
mutation experiment is to begin with a
phenotype of interest (such as failure to
complete mitosis at a given temperature)
and search, after classical mutagenesis,
for mutant organisms that exhibit this
phenotype. The mutations obtained by
this strategy would then be characterized
by genetic mapping, followed by cloning
and sequencing the wild-type and mutant
genes. A second approach is to begin
with the idea that a particular protein
(such as tubulin) is likely to play an
important role in mitosis. To establish
this point genetically, it would be neces-
sary to clone the gene, induce mutations
in the cloned copy in a recombinant
DNA molecule, and return these mutant
genes to the organism in a way that
would allow assessment of phenotype.

Both these approaches might lead to
the same experiment, although with un-
equal likelihood. The first approach, in
which the phenotype determines the se-
lection of mutations for analysis, has the
advantages that no detailed hypotheses
are required to obtain material for study
and that each new mutation has a high
probability of contributing to an under-
standing of the phenomena underlying
the phenotype. The major advantage of
the seeond approach, in which the gene
for a particular protein is cloned initially,
is that very specific hypotheses, often
arrived at by earlier biochemical or bio-
logical studies, can be put to definitive
genetic tests.

Although, in principle, every gene that
encodes information relevant to a given
biological process should be found by
the first approach if the ‘‘correct’’ phe-
notype has been used to search for muta-
tions, the results, in practice, are differ-
ent. For example, extensive screening
for cell-division—cycle mutants in yeast
failed to produce mutations in the B-
tubulin gene, despite the fact that muta-
tions in that gene isolated by the second
approach (3) exhibited precisely the
same cell-division—cycle phenotype used
in the unsuccessful screening. Perhaps
the most important feature of in vitro
mutagenesis is the ability to efficiently
and predictably introduce mutations into
a gene of interest.

Classical in Vivo Mutagenesis

The only mutations available for study
by the earliest geneticists were natural
variants and occasional spontaneous mu-
tations. The discoveries that organisms
exposed to x-rays (4) and certain chemi-
cal compounds (5) yield much higher
frequencies of mutant progeny led to a
revolution in experimental genetics. Be-
cause these agents gave geneticists par-
tial control over the process of mutagen-
esis, they could systematically study bio-
logical phenomena by collecting large
numbers of different mutations display-
ing a characteristic phenotype, which
could then be classified on the basis of
complementation behavior, map posi-
tion, and various other criteria. In this
way the genetic loci relevant to the phe-
nomena could be identified, counted,
positioned on a genetic map, and then
functional interactions between loci de-
fined. With the classical studies of eye
pigmentation mutations in Drosophila



melanogaster (6) and of auxotrophic mu-
tations in Neurospora crassa (7), it ‘be-
came apparent that the detailed pheno-
typic characterization of mutations could
be extended to the level of individual
molecules.

The power of classical in vivo muta-
genesis to provide material for genetic
and biochemical analysis is attested to
by the progress made over the past few
decades in the genetics of eukaryotes
such as D. melanogaster and the molec-
ular genetics of Escherichia coli and oth-
er microbes. Nevertheless, the require-
ment for a specific phenotype in order to
identify rare mutations in a mixture of
wild-type and irrelevant mutations im-
posed serious limits on the range of
phenomena to which genetics could be
applied. It was not feasible to study more
than a few mutations in a single gene
without the special circumstances of a
unique phenotype that is easy to score
plus an efficient genetic crossing system
for weeding out secondary mutations in
irrelevant genes caused by the general
mutagenesis. Isolation of mutations in a
gene of special biochemical interest by
simple assay (‘‘brute force,”’ in the jar-
gon of the geneticist) required not only
heroic amounts of labor to screen thou-
sands of mutagenized organisms but also
major (even lucky) assumptions about
the phenotype. A good example is the
isolation of a mutation in DNA polymer-
ase I of E. coli (8).

In bacteria, some improvements in
mutagenesis were afforded by the con-
cept of ‘‘localized mutagenesis’ (9).
New mutations could be limited to indi-
vidual segments of a genome by muta-
genizing transducing particles that carry
only a small fragment of the bacterial
chromosome, followed by generalized
transduction with selection for a marker

known to be closely linked to the genes
targeted for mutagenesis. The develop-
ment of specialized transducing phages
and episomes carrying only a portion of
the bacterial genome also allowed the
mutagenesis of specific genes without
exposure of the entire genome 6f the
host cell to the action of a mutagen.
Despite having some of the advantages
of the new methods of in vitro mutagene-
sis, mutagenesis of these naturally oc-
curring recombinants had only limited
applicability because many genes of in-
terest in E. coli could not be readily
isolated on specialized transducing
phage or small F' episomes.

Transposon Mutagenesis

A second revolutionary development
in mutagenesis came with the realization
that insertion mutations could be in-
duced in virtually any gene of interest by
the appropriate manipulation of naturally
occurring transposable elements. Al-
though these mobile segments of DNA
had been discovered many years earlier
in maize and Drosophila, it was in bacte-
ria that the advantages of insertion muta-
genesis were first systematically exploit-
ed (10).

Unlike chemical or radiation mutagen-
esis, transposon insertion mutagenesis
results in a single, unique physical alter-
ation in the gene that has been mutated.
Mutagenesis can frequently be carried
out in such a way as to limit the number
of transposons inserted to essentially
one per genome. Most importantly, the
insertion event can often be selected by
means of drug resistance or phage immu-
nity carried by the transposon. Thus, a
population of organisms, each of which
had a transposon insertion within a gene



or intergenic segment, can easily be gen-
erated for phenotypic screening. Muta-
genesis is therefore extremely efficient,
the level of secondary mutations is very
low, and most mutations lead to total
inactivation of the gene. If the transpo-
son inserts randomly, the probability of
finding a mutation in a given gene is the
fraction of the total genome that the gene
of interest occupies. Thus, for bacteria,
about 1 of 3000 to 5000 organisms with a
single insertion are expected to be mutat-
ed in a given gene. Transposon mutagen-
esis can be applied to very small ge-
nomes, such as plasmids, and is a simple
alternative to the use of deletion muta-
tions for defining the extent of a gene of
interest (or a small cluster of genes) after
it has been cloned [for examples, see (11,
12)].

Probably the single most important
advantage of insertion mutations is that
they contain an insertion of a known
DNA element, the transposon. As a re-
sult, transposon mutagenesis can be
used to isolate genes by first identifying
an insertion mutation in or very near the
gene of interest, on the basis of pheno-
type or genetic linkage, and then cloning
a fragment of DNA from the mutant
genome that harbors the nucleotide se-
quences of the transposon. This trans-
poson-tagging technique has made possi-
ble the efficient identification and clon-
ing of interesting genes in Drosophila
(13) and also, by means of an RNA
tumor virus as the transposon, in mice
(14).

-
In Vitr&.’Mutagenesis
Since the introduction of recombinant

DNA methodology, genes can be re-
moved from their normal environment in

an intact genome and isolated as DNA
fragments on cloning vectors. The avail-
ability of purified genes in vitro in micro-
gram amounts has dramatically expand-
ed the potential for inducing mutations.
In the controlled environment of the test
tube, it is now possible to alter, efficient-
ly and systematically, the sequence of
nucleotides in a segment of DNA. In the
following sections the new methods of in
vitro mutagenesis are divided into three
broad categories: (i) methods that re-
structure segments of DNA, (ii) localized
random mutagenesis, and (iii) oligonu-
cleotide-directed mutagenesis. This clas-
sification emphasizes the practical as-
pects of each method’s application.

The considerable increases in muta-
genic efficiency and specificity attainable
with the new methods, however, do ex-
act a price. Because these methods are
designed for use on isolated DNA mole-
cules, a gene must almost always be
removed from its normal genetic con-
text—a unique locus on a large complex
chromosome inside a living cell (or vi-
rus)—and inserted into the abnormal
context of a small cloning vector propa-
gated in E. coli. Unlike classical in vivo
mutagenesis, in which all mutations are
isolated in situ, in vitro mutagenesis in-
variably yields gene mutations out of
their normal context. This is the most
radical and most troublesome difference
between the classical methods and the
powerful in vitro methods.

For some applications, this change in
genetic context is relatively unimpor-
tant. For other applications, though, in-
ferences about a wild-type gene, on the
basis of the phenotype of a mutation
construction in vitro, can only be made
after the mutant allele has been restored
to its normal genetic context. In such
situations, the genetic manipulations re-



quired to assess the consequences of a
mutation in its proper context become
the primary challenge to the molecular
biologist. Therefore, the last two sec-
tions of this review article are devoted to
a discussion of the variety of available
solutions, some partial and some com-
plete, to this important problem.

Restructuring of DNA Segments

After a gene of interest has been isolat-
ed, it is usually necessary to reduce to a
minimum the size of the cloned DNA
segment carrying the gene and to move it
into a small, circular cloning vector. By a
form of deletion analysis, extragenic
flanking sequences are systematically
eliminated from the initially cloned DNA
segment and each new deletion is tested,
with some assay of structure or function,
to determine that the gene is still intact.
In this way the ends or boundaries of the
gene are roughly defined while, at the
same time, smaller subclones are isolat-
ed that will simplify subsequent manipu-
lations of the gene, such as DNA se-
quencing and mutagenesis.

Further reductions in size, which per-
mit very precise definition of the func-
tional boundaries at the 5’ and 3’ ends of
the gene, are achieved by generating
terminal deletions with one end point
located outside of the gene and the other
positioned progressively closer to the
gene. Collections of deletions, which
have been extensively used to identify
such regulatory sequences as transcrip-
tional promoters, can be readily con-
structed by using an exonuclease [either
Bal 31 (/5) or exonuclease III plus Sl
nuclease (/6)] to remove nucleotides
starting from a unique site just outside
the gene. This site is generated by re-

striction enzyme cleavage of a circular
DNA molecule; in some cases, nuclease
digestion can be confined to one of the
two ends of the linear DNA molecule,
leading to deletions that extend  in a
single direction (/7, 18).

Insertion of a small synthetic ofﬁonu-
cleotide that encodes a unique restriction
enzyme cleavage site at the end points of
these deletions (/6) or at positions ran-
domly distributed across the cloned
DNA segment (/9) provides a readily
available restriction site for use in fur-
ther restructuring of the cloned DNA
segment. These oligonucleotide inser-
tions, termed linker mutations, are espe-
cially versatile for the modification of
circular DNA molecules. For instance,
cleavage at a linker insertion introduced
near or within the gene provides a site at
which additional nucleotides can be in-
serted or deleted. It may also provide
ends by which the cloned DNA segment
itself can be inserted into other types of
DNA vectors for procedures such as
nucleotide sequencing, production of
large quantities of the gene product, and
transformation of other types of cells. In
addition, by joining restriction fragments
isolated from pairs of linker insertion
mutations of the appropriate size and
position, mutations consisting of four to
eight tightly clustered base substitutions
can be generated, making it possible to
efficiently ‘‘scan’’ a small region of DNA
for regulatory sites (20).

When changes in the level of expres-
sion of a gene are difficult to monitor
because of the lack of a convenient assay
for the gene product, a common strategy
is to construct a gene fusion in which the
regulatory elements of the gene of inter-
est control the expression of a gene
product that can be readily quantitated.
Typically, a second gene specifying an



