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PHYSIOLOGICAL ASPECTS OF GENETICS'?

By G. W. BEADLE
Division of Biology, California Institute of Technology, Pasadena, Colifornia

In its concern with the physical, chemical, and biological nature of the
specifications which living systems transmit from one generation to the next,
genetics has come to play a central role in modern biology. Progress is being
made so rapidly that it is almost impossible for a single individual to keep
abreast of advances on all fronts. This review is prepared for physiologists
and others who are not primarily specialists in genetics. It will attempt to
survey in a general way some of the advances that seem to the author to be
of particular interest and importance. In no sense will it cover all of signifi-
cance in genetics that has happened in the three years since the preparation
of the previous review of genetics for this series (1). Fortunately a number
of excellent summaries of progress in particular branches of genetics have
recently appeared or are in preparation. These, rather than more technical
papers, will often be cited as convenient sources of additional information.
Pontecorvo’s Jesup Lectures (2) provide an excellent survey of newer ap-
proaches to genetic analysis. Ravin (3) and Wheeler (4) have recently re-
viewed work on the genetics of bacteria and fungi, and Levinthal has sur-
veyed the general situation, especially for physicists and other non-geneticists
(5). Fincham (6) has in press a summary of the genetics of enzyme activity.

It is widely believed that the primary genetic material in tobacco mosaic
and other viruses of similar composition is ribonucleic acid (RNA) and that
in other viruses and all cellular organisms it consists of deoxyribonucleic
acid (DNA). The most direct evidence that these are correct interpretations
is found in the observations that the protein of tobacco mosaic virus can be
completely removed and discarded without destroying infectivity (7, 8), that
bacteria can be genetically transformed with pure DNA from related but
genetically different bacteria (9), and that in isotopically labeled bacterio-
phages only DNA is carried over from one generation to the next (10).

The evidence is strong that, with some exceptions, genetic DNA occurs
in the form of Watson-Crick double polynucleotide helices, in which the
chains are oppositely oriented and in which nucleotides are specifically paired
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1 No attempt is made to cover the entire literature of the subject nor is this review
confined to the literature of any fixed period. The practice of referring to review
articles or to only the most recent of several papers on a given subject necessarily
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2 The author is grateful to Mr. Robert W. Hedges, who helped with the litera-
ture survey on which this review is based, and to colleagues and friends who have
generously allowed him to see manuscripts of papers in press.
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through hydrogen bonding between complementary bases, adenine with
thymine and cytosine with guanine (11). Sequences of nucleotides are be-
lieved to be responsible for the genetic specifications of RNA and DNA.

These assumptions provide a background for examining possible answers
to four questions: (¢) By what mechanisms are nucleic acids replicated? (3)
How are the specifications of nucleic acids used in development and function?
(c) What is the molecular basis of mutation? (d) What is the coding system
by which nucleic acids carry genetic information?

Because an understanding of recently discovered features of the life cycles
of bacteria and bacteriophages is essential to a proper appreciation of the
ways in which these organisms have been used in attempts to answer ques-
tions like the above, brief accounts of bacterial conjugation, lysogeny, and
transduction are given below.

BAcCTERIAL CONJUGATION

In addition to their well-known advantages of easy culture, small size,
and rapid reproduction, some bacteria possess novel mechanisms for ex-
changing and recombining genetic material. One of these is Escherichia coli,
in which conjugation was discovered in 1946 by Lederberg & Tatum (12).
It is a remarkable process, the understanding of which has involved the
efforts of many investigators (13, 14).

There are donor and recipient strains of E. coli, Individual cells usually
contain two, three, or perhaps more nuclei, each of which includes a single
chromosome, and ordinarily all nuclei are genetically identical. Under suit-
able conditions donor and recipient cells conjugate pairwise. A delicate con-
jugation tube forms between the partners. Through this the chromosome of
one nucleus of the donor cell migrates always ““head’ first, in a manner much
like a rope being pushed or pulled from one box to another through a short
connecting pipe. The migration is slow, requiring some 2 hrs. for completion.
During this interval, the partners often break apart, with the result that
only a part of the donor chromosome enters the recipient.

Whatever the length of the donated chromosome segment, it is capable of
genetic recombination with a chromosome of the recipient, perhaps by a proc-
ess like crossing over in higher organisms. If the transferred donor chromo-
some or a segment of it differs genetically from its counterparts in the re-
cipient, genetic modification will result from incorporation.

In subsequent cell divisions of the recipient, the modified nucleus will be
segregated from its unmodified sisters. Odd fragments of chromosomes left
over in the process will be eliminated, probably in inviable or slowing grow-
ing segregant cells (15).

This amazing process makes it possible to determine gene order in bacte-
rial chromosomes in at least three ways. With several gene differences be-
tween recipient and donor, linear arrangement of genes can be inferred in the
usual way from relative recombination frequencies. Artificial interruption
of the mating process, e.g. in a Waring blender, at known times, reveals the
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order and spacing of genes from head to tail with remarkable precision. The
third method, breakage of the donor chromosome by disintegration of in-
corporated P®, will be discussed later. Results of the three methods agree.

Sequence of entrance marker genes and position of the head vary among
different donor strains as though all were derived from a single ancestral
form in which the genes have fixed positions in a ring chromosome. The ring
appeats to be opened in various positions to give rods, with one of the broken
ends becoming the head. It has been suggested that a special kind of “‘epi-
some’’ attaches to the ring chromosome resulting in an adjacent break with -
the end on which the episome remains, becoming the tail (16).

LYSOGENY AND TRANSDUCTION

Bacteria often carry latent phages that are only occasionally released as
particles capable of reinfecting sensitive cells. Phages of this type were not,
however, fully appreciated, either as regards their general biological signifi-
cance or their usefulness as experimental material, until about a decade ago
when Lwoff took an active interest in them and with his colleagues succeeded
in showing that some strains of lysogenic bacteria can be induced by radia-
tion or otherwise to convert their prophages into vegetative phages which
then multiply and complete a lytic cycle (17). Unlike virulent phages, tem-
perate phages released from synchrony with their hosts are able to lysogenize
sensitive bacteria as well as lyse them, these alternatives being to a consider-
able extent dependent on conditions of culture of host bacteria.

More than a dozen temperate phages have been studied in E. coli, some
inducible, others not (18, 19). In its prophage state the total DNA of a tem-
perate phage becomes attached to a bacterial chromosome, one per chromo-
some, at a particular locus. The attachment is probably not by replacement
of bacterial DNA or by insertion. The various temperate phages are differ-
entiated by their specific positions of attachment to the bacterial chromo-
some as prophages, these being determinable by the methods described above
for locating bacterial genes and by the fact that each in its prophage state
inhibits vegetative multiplication of homologous phages but not of others.
The DNA of a temperate phage can be shown to be made up of segments
which determine such properties as ability to lysogenize (i.e. virulence vs.
non-virulence), degree of virulence, position of attachment as prophages, and
ability to carry out the several synthetic processes involved in conversion to
infectious particles following induction.

In addition to immunizing its host against vegetative multiplication of
homologous phages, presence of a prophage may alter the properties of the
host in other ways—antigenically, in toxin production, and in enzyme syn-
thesis. There are several excellent recent reviews of lysogeny, of the genetics
of temperate phages, and of phage genetics in general in which additional in-
formation and documentation can be found (20 to 24).

Another important property of some temperate phages, discovered by
Zinder & Lederberg (25), is their ability to transport small segments of bac-
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terial DNA from the cells in which they mature to the cells they subsequently
lysogenize. The bacterial DNA so carried is capable of replacing homologous
DNA of the recipient cell and thus bringing about genetic change. Although
this may occur in only one in a million cells for a given gene, the frequency
can be measured under conditions in which only changed cells multiply.

Since the DNA segments so transferred are small relative to the total
bacterial DNA and since a single phage apparently seldom carries more than
one segment, it follows that if two genetic markers are found to be trans-
ferred together with any appreciable frequency (‘“‘co-transduction’), they
must be closely linked. If three markers closely linked in the order abc are
being followed, replacement of a single segment of DNA of the recipient can
lead to incorporation of any one of the following combinations of markers:
a, ¢, ab, be, or abc. But incorporation of ac without b cannot be accomplished
by replacement of a single continuous segment and will therefore occur with
a very much lower frequency. Hence, by measuring the relative frequencies
of the above six possibilities on selective media, the linear order and relative
spacing of the three markers can be determined. Especially in the hands of
Demerec and his co-workers (26), this method of genetic analysis has proved
to be a powerful one.

RerLICcATION OF DNA

The Watson-Crick structure immediately suggested to its authors that
replication might be accomplished by separation of paired nucleotide chains,
with each chain remaining intact and serving as a kind of template against
which new complementary partners were built. In contrast to this ‘“‘semi-
conservative'’ scheme, two other possibilities have been considered, a “dis-
persive'’ one in which segments from old and new chains are assumed to be-
come intermixed and a fully ‘‘conservative’ one in which double helices are
postulated to serve directly as templates for synthesis of ribonucleoprotein
molecules which in turn direct synthesis of wholly new double DNA chains
(21).

Several ways of following isotopically labeled DNA during replication
have been employed to determine the manner in which replication actually
occurs. The star method of Levinthal (27) consists in following P*-labeled
DNA from parent to offspring phage particles by imbedding them in a
“nuclear” emulsion and determining the distribution of label by observing
ion tracks originating from single phages. This suggests that about 40 per
cent of the DNA of a phage gives the distribution expected on the semicon-
servative model, the remainder being dispersed. The P# “suicide”” method of
following DNA in phage multiplication indicates that a somewhat smaller
fraction is conserved but does not clearly distinguish between the fully con-
servative and semiconservative schemes (28).

A third method involves labeling DNA with N5, By the density-gradient
method, DNA fully labeled with N5 can be cleanly separated from N DNA.
At the same time its amount, density, molecular weight, and homogeneity
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can be measured. Starting with bacteria in which substantially all DNA was
fully labeled with N5, Meselson & Stahl (29, 30) observed that after doubling
of the population in an N medium—i.e., one generation—all DNA molecules
(mol.wt. ca. 7X10%) were intermediate in density between N' and N con-
trols. As seen in Figure 1, this is the result expected on the original semicon-
servative model of Watson & Crick. After two generations in light medium,
half the molecules were found to be light and half intermediate. A third-
generation population contained the predicted three-fourths light and one-
fourth intermediate molecules.
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Fic. 1. Representation of DNA replication. 4, T, C, and G represent adenine,
thymine, cytosine, and guanine nucleotides respectively. Arrows indicate polarity as
determined by 3-5 sugar linkages. Original parental chains shown in bold face type;
new chains in light face. If only original chains labeled, molecules of first generation
will be hybrid, those of second generation half hybrid and half unlabeled.

First-generation DNA of intermediate density treated with strong sodium
chloride for several minutes at 100°C. separated into heavy and light units of
approximately half the molecular weight of the untreated material. These
were presumed but not rigorously proved to be single chains.

The results of following N labels are beautifully consistent with the
original Watson-Crick hypothesis of DNA replication. Although it is not
easy to see how they could be accounted for by a different mechanism, this
possibility must be kept in mind.

A spectacularly successful approach to the problem of DNA replication
has been made by the Kornberg team (31 to 33). This group has succeeded
in devising a system in which DNA multiplication occurs 4z vitro in a rela-
tively simple solution containing adenine, thymine, cytosine, and guanine
nucleoside triphosphates; a polymerizing enzyme from E. coli; magnesium
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ions; a suitable buffer; and a DNA primer. All four nucleosides must be pres-
ent. The ratio of adenine plus thymine to cytosine plus guanine nucleotides
of the product is like that of the primer and thus is not dependent on the
relative concentrations of nucleosides reactants (32)..

Unfortunately the synthesis does not go on indefinitely. After an increase
of tenfold or so, net synthesis ceases. This is believed to result from DNase
as an impurity in the polymerizing enzyme. Breakdown of DNA in this way
would account for the fact that so far no biologically active product has been
demonstrated when DNA with transforming activity is used as a primer.
With DNA primer, synthesis begins at once and reaches a maximum amount
of product in two or three hours. Without primer, essentially no synthesis
occurs during the first three hours but, as reported by Lehman ef al. (32),
there then occurs synthesis of a spontaneously formed double-chain co-
polymer made up exclusively of adenine and thymine nucleotides, each chain
containing both adenine and thymine nucleotides. If this spontaneously-
formed copolymer is used as a primer in a new system containing all four
nucleotides, synthesis of more adenine-thymine copolymer begins without
lag. The product, like the primer, contains only adenine and thymine nucleo-
tides. .
The combined Meselson-Stahl and Lehman et al. results constitute a strong
case for direct replication of DNA according to the original Watson-Crick
hypothesis and without obligatory intervention of RNA or protein corre-
sponding in specificity to the DNA being replicated. It is of course possible
that the ¢z vitro and 4n vivo mechanisms differ in significant respects, but it
would be strange indeed if there were two fundamentally different ways of
accomplishing this remarkable end result.

The spontaneous appearance of the adenine-thymine copolymer in the
relatively simple Kornberg system—a copolymer that presumably can un-
dergo mutation to form a true DNA—Iends considerable credence to the
hypothesis that such molecules played a decisive role in the earliest stages of
organic evolution (34). '

It has recently been reported that the DNA of the two small phages S13
and ¢X174 is probably in the form of single polynucleotide chains consisting
of only about 5500 nucleotides (35, 36). This conclusion is based on studies of
physical properties, P# inactivation, and nucleotide ratios. How is such DNA
replicated? The answer is not known. If it is by the Watson-Crick mechanism,
there must be some remarkable way of discarding one chain of a comple-
mentary pair—and always the same one. If not, one wonders if it and RNA
might be multiplied in similar ways.

RErLIcATION OF RNA

There can be no doubt that RNA of tobacco mosaic virus is capable of
both carrying genetic specification and being replicated. The RNA core of a
virus rod is by itself capable of transmitting to a host cell all the information
needed to produce more viral RNA as well as coats of the same protein spec-
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ificity as that of the intact virus particles from which the RNA was prepared
(7, 8).

Is tobacco mosaic virus RNA replicated by some direct method like that
postulated for DNA, or in an indirect manner with DNA or protein, or both,
serving as intermediaries or collaborators (21, 37)? Direct replication of the
cytoplasmic RNA's of cellular forms apparently does not occur, for if it did,
the result should be a readily detectable system of cytoplasmic genes. Fur-
thermore, it has been shown that whereas P*? decay in bacterial DNA pro-
duces lethal mutations, the same result is not observed as a result of the decay
of this isotope incorporated in RNA (28). It therefore seems likely either that
RNA in general does not replicate like DNA or that the RNA of tobacco
mosaic virus differs in its replicative potentialities from that of cellular forms.

The structure of RNA is not known in the same detail as that of DNA
(38). It appears not to form stable double helices in vivo. However, like DNA,
it is synthesized 4% vitro in a system containing appropriate ribonucleoside
di- or triphosphates and a polymerizing enzyme, and otherwise much like
that in which DNA is replicated (39, 40). This synthesis appears to differ
importantly from that of DNA. Polymers of a single nucleotide are synthe-
sized if only a single nucleoside precursor is provided. No primer is necessary
and although the source of the enzyme and the primer, if the latter is added,
appear somehow to influence the composition of the product, there is con-
siderable doubt as to whether this system is capable of synthesizing biologi-
cally specific RNA.

REPLICATION OF CHROMOSOMES

The chromosomes of the protista, metazoa, and multicellular plants are
orders of magnitudes larger than Watson-Crick helices, the former being
readily visible in the light microscope while the latter are only about 20 A
in diameter. There is likewise very much more DNA per unit length of a
single chromosome strand than could be accounted for by a single longitudi-
nally oriented DNA double helix. The genetic observation that a first or
second cell-generation descendant of a chromosome in which a gene mutation
has been induced often carries only mutant genes makes it highly unlikely
that the chromosome contains a bundle of many genetically homologous
DNA helices.

Possible chromosome structures have been reduced in number by deter-
mining the distribution of isotopically labeled DNA during chromosome
replication. Taylor and collaborators (41 to 43) have used the following
technique: plant root tips are allowed to take up tritium-labeled thymidine
over a short period so that newly synthesized DNA of replicating chromo-
somes is labeled. Daughter chromosomes produced in such cells are labeled
throughout their lengths as shown by autoradiography. In the next chromo-
some generation during which no label is present, the two sister chromo-
somes, derived from a labeled parent, differ in their labeling. If one daughter
is labeled throughout its length, the sister will be unlabeled. On the other
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hand, if one daughter is labeled over part of its length the other will be un-
labeled in the homologous segment. The second situation, reciprocal labeling
of segments of sister chromosomes in the second division cycle, is presumed
to result from crossing over between sister chromosomes. This would not be
detected in the first division cycle, for both units of both chromosomes are
involved in the exchange. The pattern of such sister chromosome exchanges
indicates that the two units of a chromosome are not identical. The result is
as though they differed in the same sense in which the two chains of 2 DNA
helix differ in the orientations of their sugar-phosphate linkages.

In the hands of some investigators, labeling experiments of this type have
not given such apparently clear-cut results (44). Since the systematic and
regular distribution described above has been observed in three distantly
related species of plants, it is difficult to believe that experimental errors

T I—

F16. 2. Chromosome structure according to Freese. At left, folded DNA double
chains (antiparallel arrows) and protein interconnections (rectangles); center, in
linear arrangement; at right, parental chains separated and new daughter comple-
ments being formed. Polarity of DNA chains indicated by arrows.

should have conspired in all cases to give the regularity (45). The reviewer
therefore considers it highly probable that the facts are substantially as indi-
cated in Figure 1.

What is the structure of a chromosome element that permits it to carry
so much DNA and yet behave like a single Watson-Crick DNA chain, both
genetically and in the clean separation of old and new DNA in its next cycle
of replication? Freese (46) has proposed a model that appears to meet the
specifications. This assumes alternating segments of DNA helices and non-
DNA connecting units that may well be protein. The DNA is presumably
folded accordion-fashion in the chromosome (Fig. 2). Each DNA segment
presumably corresponds to a bacterial DNA molecule as investigated by
Meselson & Stahl (29).

Zubay & Doty (47) have examined deoxyribonucleic acid from calf-
thymus nuclei extracted in what is believed to be its native state. The molec-
ular weight is about 18.5X10%, approximately twice that of the DNA alone
or of bacterial DNA as determined by Meselson & Stahl. The structure ap-
pears to be that of a Watson-Crick double helix with histone occupying the
wide groove. It would seem probable, therefore, that if the Freese model is
substantially correct, the DNA segments are DNA plus protein,
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GENES AND PROTEINS

The concept that genes determine the properties of proteins had its be-
ginnings soon after the rediscovery of Mendel’s paper in the work of Garrod
(48) and others. It is of interest to note that it has taken geneticists, bio-
chemists, and physiologists almost half a century to appreciate fully Garrod’s
interpretations, and it was not until 1958 that the six enzymes involved in
the pathway by which phenylalanine and tyrosine are metabolized via homo-
gentisic acid were identified and homogentisic acid oxidase activity shown to
be absent in an alkaptonuric activity (49).

The concept that enzyme specificity is somehow genetically determined
is now so widely accepted that additional examples are of interest not so
much per se but mainly if they add to our understanding of the relation be-
tween gene and enzyme, if they can be used advantageously as genetic
markers, or if they serve the biochemist as alkaptonuria served Garrod in
working out the chemistry of metabolism. In the latter connection, Vogel &
Bonner (50) have prepared a most useful summary of the methods and ac-
complishments of using mutant types of microorganisms in elucidating the
pathways by which vitamins and amino acids are synthesized and metabo-
lized.

Genetic determination of enzyme specificity is of course one aspect of the
more general problem of protein synthesis. What is the role of genetic ma-
terial in this process’ In the case of nucleoproteins of viruses and chromo-
somes it is not unreasonable to assume that genetic nucleic acids serve di-
rectly as templates to specify sequences of amino acids (47, 51). Although in
the cellular forms in which protein synthesis occurs extensively in the cyto-
plasm the transfer of specificity must be less direct, there are now known so
many instances in which properties of proteins of various kinds are subject to
genetic modification that one can generalize with confidence that such trans-
fer does occur for all biologically significant proteins.

Even had it not been done adequately elsewhere (52 to 54), it would not
be appropriate or feasible to review here the detailed evidence on which are
based current views of cytoplasmic protein synthesis. In brief summary, it is
assumed that specific segments of nuclear DNA—genes by the definition
followed in this review—transfer specificity to RNA, possibly by serving as
templates in directing its synthesis (38, 55). RNA molecules made in this
way are believed to migrate from the nucleus to the microsomes of the cyto-
plasm (36). '

In microsomes, each of which may carry sufficient RNA to specify only a
single protein, the RNA is postulated to serve as a final template in ordering
the amino acids previously activated and attached to segments of “soluble”
RNA. One of the many important unanswered questions about the cycle of
synthesis in microsomes is whether there is a specific soluble RNA for each
amino acid, obviously a question of basic importance from a genetic point of
view (57 to 59).
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The concept that, aside from self-direction in replication, genes have
single primary functions and that these often consist in the control of specifi-
city of proteins has developed gradually over a period of several decades
(6, 60). The observations on which it was originally based were mainly of
two kinds. (¢) Mutant genes of independent origins associated with a single
easily definable function—such as a biochemical reaction, activity of an en-
zyme, or other specific properties of a protein—were found to be allelic in
many instances. (b)) The deleterious results of many gene mutations were
found to be essentially corrected by supplying the organism with a single
metabolite. It is obvious that decisive evidence for or against this concept
must come from detailed descriptions of the genes themselves and of the pro-
teins or other macromolecules whose specificity they determine, It is an
encouraging fact that just such evidence is now being obtained by a number
of groups of investigators (5). The conclusions toward which these efforts
point can perhaps best be indicated by briefly reviewing specific areas of
investigation.

Genetic fine structure in bacteriophages.—The concept of genetic material
as a series of linear templates of nucleic acid—the nucleotide sequences of
which provide specificities transferable to other linear molecules, like pro-
teins—predicts that there should be many mutational sites within each such
template. Although there were indications that this might be so for certain
loci in maize, Drosophila, Aspergilius, Neurospora, and other organisms (2),
it was Benzer’s investigation of the rIl locus of T4 phage that most clearly
demonstrated by genetic means the existence of the predicted internal struc-
ture of a single genetic unit (61, 62).

Benzer investigated a group of some 280 mutants alike in host range and
plaque-type properties. Except for a few unsuitable for investigation, all
were found to be located within a region of the phage-linkage map a few
recombination units long. With especially devised techniques of measuring
very low frequencies of recombination, it was shown that recombinations
were in fact obtained for many pairs of mutants within the group and that
the relative frequencies of these permit the construction of a linear map within
the rII locus. Some mutant types behaved as though they were deletions of
substantial segments of the locus.

By infecting suitable single bacterial cells simultaneously with two rlI
mutants of independent occurrence, it could be determined whether their
defects were complementary in the sense that the two together could com-
plete development in a host in which separately neither could do so. By this
test all mutants investigated could be assigned to one of two subgroups. By
mapping techniques, all of those within one subgroup were located in a con-
tinuous segment while all those in the second subgroup were found to lie in
an adjacent but separate subgroup.

The genetic unit within which no two mutants show functional comple-
mentation in a diploid, a heterocaryon (two or more nuclei of different genetic
types within a common cytoplasm—two in a simple test for complementa-
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tion), or in double infections in the case of viruses would be defined as a gene
by some geneticists. Benzer proposed that the more precisely defined term
“cistron’ be used for such a unit. It will be seen later that the operational
definition of a cistron is not always as simple as it is for rII mutants of T4
phage.

Leaving aside terminology, it is clear that the genetic properties of rll
mutants are beautifully consistent with the DNA concept. It is unfortunate
that the rIl system has not so far proved favorable for a chemical study of
the products of gene action.

It was soon shown that multiple mutant sites within single functional
units of genetic material were not limited to viruses. The yeast Schizosac-
charomyces pombe, for example, shows a similar multiple structure for a gene
concerned with adenine synthesis (63). Other examples are discussed below.

Genetics of Salmonella.—Analysis of the genetic apparatus of the bacteria
Salmonella typhimurium by the transduction technique shows that in this
organism, too, individual units of genetic material with discrete functions
possess many mutational sites and that within each unit these are linearly
arranged (26, 64 to 66). The fact that in general all mutant changes leading
to defects in a specific biosynthetic reaction are found to lie within a single
small segment of the genetic map is in agreement with the hypothesis that
the total specificity of a given enzyme is determined by a single DNA seg-
ment.

In a number of instances in Salmonella, genes concerned with successive
steps in the biosynthesis of required metabolite are found to be closely linked
and to lie in a sequence that corresponds precisely with the sequence of steps
in the biosynthetic pathway. Why this should be so is not clear. Jacob (16)
has suggested that there might be a selective advantage in a system in which
all steps in a sequence can be regulated together and that this may often be
accomplished by an episomal repressor of some sort.

Hemoglobin.—In contrast to the above mentioned investigations on
phage and Salmonella which demonstrate fine structure in the genetic ma-
terial but not that of the presumed protein products of gene action, the
hemoglobins of higher animals, especially of man, represent systems in which
the fine structure of the product of gene action is more amenable to investi-
gation than is the genetic material itself.

There are now known at least ten genetically differentiated molecular
species of hemoglobin (67). Each differs in electrophoretic mobility from
normal adult (4) hemoglobin. Normal 4-hemoglobin molecules are made up
of two pairs of polypeptide chains called @ and 8, the partners of which are
identical, and four heme groups. As Ingram has shown (68), S hemoglobin
differs from A in that valine replaces a particular glutamic acid unit in each
of the 8 chains. In C hemoglobin, lysine is similarly substituted for this same
glutamic acid unit of the 8 chains (69). The genes that differentiate S hemo-
globin from 4 and C from A are allelic, each presumably differing from the
normal counterpart in sequence of nucleotides.
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It is known that under mildly acidic conditions hemoglobin molecules
reversibly dissociate to give two subunits of approximately equal size. Re-
cently it has been shown in three separate ways by Itano and others (70 to
72) that this dissociation is asymmetric. The two « chains separate as one
unit from the pair of § chains, Two of these proofs involve the formation of
“hybrid”’ molecules, the & and § halves of which come from different original
molecules. Thus S hemoglobin, which differs from A4 in the 8 chain, and I
hemoglobin, which differs from A in the a chain (73), form two recombinant
molecules when mixtures of them are dissociated and reassociated; one re-
combinant is identical with 4 hemoglobin and one has the defects of both .S
and I (72).

The quadripartite and dissociable nature of hemoglobin molecules raises
several questions of genetic significance (67, 72, 74). Does a single continuous
segment of DNA specify both a and 8 polypeptide chains? The answer seems
to be no, as individuals heterozygous for two hemoglobin defects, Ho-2 and S
(the first presumed to be in the a chain and the second in the § chain) who
marry normal spouses, have children of three kinds with respect to their
hemoglobin types (75). Their hemoglobins are: 4 plus Ho-2; 4 plus S; and 4
plus Ho-2 plus S. If the genes for the two defects were allelic, only the first
two types would be expected. With two freely recombining genes, four types
would be expected: those given above and, in addition, a class with only 4
hemoglobin. Absence of this class may well be attributable to small sample
size, for only 15 oFfsprmg from marriages of the indicated type have so far
been ohserved.

The fact that individuals heterozygous for genes responsible for defects
in both the & and 8 chains have normal hemoglobin (75) presumably means
that the « and B8 chains are separately synthesized and thereafter combined
in the four combinations: a8, aafB'8’, o’a’8B, and o’'a’f'B’ where o’ and 8’
designate defective a and 8 polypeptide chains. The a’a/8’8’ type has not
been identified electrophoretically in doubly heterozygous individuals, which
as Itano. points out (74) may mean that the changes in net charge produced
by the two defects are equal and of opposite sign as in hemoglobins C and I
(72). If this were so, a’a’8’8’ would not be different in mobility from aafB.

Since in single-gene-pair heterozygotes such as those for S and A hemo-
globins, only aafBB and aaf’S’ molecules are present, never aaf8’ (67), it
must be that the 8 chains are formed in pairs at the site of synthesis and
thereafter remain associated. This must also be true for the o chains. This
would further imply only one RNA template of a kind per microsome, for it
is not easy to see how, otherwise, hybrid chain-pairs could be avoided.

Tryptophan synthetase—The normal xn vivo terminal reaction of trypto-
phan synthesis in microorganisms is believed to be:

Annu. Rev. Physiol. 1960.22:45-74. Downloaded from arjournals.annualreviews.org
by CALIFORNIA INSTITUTE OF TECHNOLOGY on 05/26/05. For personal use only.

Indole glycerol phosphate + L serine — L tryptophan + triose phosphate

catalyzed by the enzyme tryptophan synthetase. Many mutants of Neuro-
spora crassa and E. coli in which this enzyme is inactive or altered have been
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investigated. Crawford & Yanofsky (76) have shown that in E. coli this en-
zyme is dissociable into two protein components 4 and B which separately
have little activity in catalyzing the above reaction but which show restored
activity when mixed. In investigations of the genetic, enzymatic, and im-
munological characteristics of this system (77), 13 mutant strains of E. colt
have been classified into the following groups: three mutants in which both
A and B components of the enzyme are inactive or absent and in which no
protein immunologically related to either 4 or B is found; four in which no
active component 4 is demonstrable, but in two of which a protein immuno-
logically related to 4 is found; six in which no active component B is found
but in three of which a protein related to B is demonstrable by immunological
techniques. All mutants of the second two classes, i.e., those in which either
A or B components are inactive, have active B and 4 components respec-
tively and are capable of reverse mutation. They are therefore judged not to
be the result of deletions of appreciable segments of genetic material, as is
believed to be the case for the mutants of the first class.

Genetic mapping of the single-component mutants by the co-transduc-
tion technique reveals that the mutational sites involved in 4-component
mutants fall within a small region of the map and appear to be linearly ar-
ranged. The mutational sites of the B mutants are likewise all closely linked
and they too seem to be linearly disposed. The two segments of genetic ma-
terial corresponding to 4 and B mutants are adjacent to each other but not
overlapping.

The agreement of these observations with the hypothesis that a linear
gene code is responsible for the linear arrangement of amino acids in a poly-
peptide chain is obvious. The progress already made with this system is so
encouraging that one can reasonably hope soon to see a comparison of posi-
tions of amino acid sequences in the protein components with the genetic map
of mutational sites.

Adenylosuccinase—The splitting of adenosine monophosphate succinate
to form adenine and fumaric acid is catalyzed by the enzyme adenylosuc-
cinase. The activity of this enzyme is readily measured 7% vitro down to a
level of about 1 per cent of its normal activity. Its specificity for a second
natural substrate, S-amino-4-imidazole-(N-succinylo-carboxamide) ribotide,
which is an earlier intermediate in adenine synthesis, is easily compared with
that for adenosine monophosphate succinate. For these and other reasons
the details of its genetical control have been investigated, especially in the
laboratory of Giles (78, 79).

Of 123 mutants of Neurospora crasse of independent origins with specific
requirements for adenine and lacking adenylosuccinase activity, all were
found to be the result of changes in one small segment of chromosome. Many
were found capable of back mutation, but in an extensive search by sensitive
methods none was found subject to suppression by mutation at a separate
locus. Intercrosses of different mutants give wild-type recombinants with a
low frequency, but unfortunately there is so much sterility in such inter-
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crosses that detailed genetic fine-structure studies of the chromosome region
concerned have so far not been practicable.

Complementation.—The finding by Calef in 1956 (2) that some combina-
tions of adenineless-9 mutants of dspergillus presumed to be blocked in the
same chemical reaction s