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This review concerns the formation of cell constituents, RNA and 
protein, that are colinear with DNA. The segment of DNA with which 
such a constituent is colinear will be called the gene for that constituent. 
Transcription denotes the copying of a DNA nucleotide sequence into 
RNA; and translation denotes the synthesis of polypeptides in which 
the amino acid sequence is specified by an RNA nucleotide sequence in 
accordance with the genetic code. These processes, which constitute gene 
action, are relevant to the problem of differentiation among cells of 
identical genotype, the old familiar problem that remains central in 
developmental biology. 

î/r-Genes and the Gene Action System 
Gene action is accomplished by means of a special set of components, 

the gene action system, essential to organisms without any known excep-
tion. The system comprises three categories of RNA and a number of 
different proteins. At least 24 proteins are required, but there is no ade-
quate reason at present for proposing that there are more than 89. We 
may refer to the DNA segments that specify these components as wr-genes; 
their ubiquity and their necessary functional relation to all genes suggests 
that they had already evolved into definitive form in a common ancestor 
of the known biota. 

A minimal biological system could, in principle, be based solely on ur-
genes. It would be devoid of intermediary metabolism and therefore 
would require that the 20 amino acids, 4 ribonucleoside triphosphates, 
and 4 deoxyribonucleoside triphosphates be present in the environment. 
Its sole activity would be the assembly of these substances into genes and 
into the components of the gene action system. A description of this 
hypothetical minimal system and an enumeration of its components will 
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provide the preliminary frame of reference for a discussion of the proc-
esses of transcription and translation. 

A fundamental aspect of the organization of the gene action system is 
that, except among RNA viruses, DNA is the only part of the system that 
specifies itself. It follows as a logical necessity that DNA also specifies all 
the other polymers; DNA does not, however, synthesize itself. An enzyme 
or enzyme complex is needed for the duplication of DNA, and in order to 
synthesize an enzyme specified by the DNA, transcription and translation 
must take place. Transcription requires a transcribing enzyme, the RNA 
polymerase, which synthesizes the RNA messages (mRNA) to be trans-
lated, and also synthesizes the RNA components of the translating system. 
The latter components are the transfer RNA (tRNA), or genetic diction-
ary, and the ribosomal RNA (rRNA). A reasonable estimate of the 
number of components in the complete system can be made from its 
known properties. 

The Ribosomal Components 

A ribosome can be analogized to a mechanical tape-reading device 
that moves from one end of the genetic message to the other. Typically, 
it contains two molecules of RNA distinguishable by their sedimentation 
constants, e.g., in E. coli a 16 S and a 23 S, and in a number of metazoans 
an 18 S and a 28 S fragment. The rRNA alone is not sufficient to make a 
functional ribosome; about 35% protein is normally present. About 20 
different protein fractions can be obtained from ribosomes. The problem 
remains of distinguishing those of adventitious occurrence from those 
that are indispensable constituents. Streptomycin resistance, a property of 
the ribosomes (Davies, 1964; Flaks et al., 1962), is probably a modification 
in ribosomal protein since its genetic locus is different from the locus for 
rRNA. The number of ribosomal proteins thus lies between the limits of 
1 and ca. 20. 

The Transfer RNA 

The tRNA with a molecular weight of about 25,000 and a sedimenta-
tion constant of 4 S has two specific recognition sites: the anticodon which 
matches complementary trinucleotide codons of the message, and, a site 
recognized by a transfer enzyme that is in turn specific for the amino acid 
signified by the codon. Thus, the minimum number of kinds of tRNA is 
20; that is, 1 for each amino acid. The maximum number is 64, the 
number of codons that can be formed from 4 bases. The actual number 
is determined by the number of synonyms for amino acids, in other 
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words, by the degree of degeneracy of the code. If, for example, a given 
amino acid has three synonyms in the codon catalogue, it must have three 
kinds of tRNA, each bearing the anticodon to a different one of the 
synonymous codons. The different experimental approaches to the con-
struction of a complete catalogue of codon assignments, e.g., mutational 
amino acid replacement (Yanofsky, 1963; Wittmann and Wittmann-
Liebold, 1963) and trinucleotide-directed formation of charged tRNA-
ribosome complexes (Nirenberg and Leder, 1964), concur in suggesting 
that the number of codons that signify intercalated amino acids, and 
hence the corresponding number of kinds of tRNA, is near the upper 
limit. 

The Transfer Enzymes 

The number of transfer enzymes similarly lies between the limits of 20 
and 64. In contrast to the number of tRNA's, however, the number of 
transfer enzymes is not necessarily determined by the number of synonyms 

TABLE I 
C O M P O N E N T S SPECIFIED BY THE ΜΓ-GENES 

Component 

Duplicase 
Transcriptase 
Peptide polymerase 
Transfer enzyme 
Ribosomal protein 
Total proteins 
rRNA 
tRNA 
Total number 

of wr-genes 

Minimum 
number 

1 
1 
1 

20 
1 

24 
2 

20 

46 

Maximum 
number 

2? 
1? 
2? 

64 
ca.20 

89? 
2? 

64 

155? 

Most likely 
number 

2 
1 
2 

20 
2 

27 
2 

64 

93 

for the amino acids. It is not yet known whether tRNA molecules with 
synonymous anticodons have the same enzyme recognition site. If they 
do, then the number of transfer enzymes could be 20 even when the 
number of different tRNA's is 64. Nucleic acids (especially tRNA) 
undergo specific modifications such as enzymatic methylation of certain 
bases. On the assumption that such modifications are not essential to the 
functioning of the gene action system, the foregoing enumeration of 
components may be summarized in Table I. 

It is noteworthy that these components are formed by the same proc-
esses for which they themselves appear to be essential. Our ignorance of 
the many intermediate stages in their evolution remains complete. 
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The Transcription Process 

The transcribing enzyme, or RNA polymerase (Spiegelman, 1958; 
Stevens, 1961; Geiduschek et al, 1961; Chamberlin and Berg, 1962; 
Furth et al., 1962), works with ribonucleoside 5'-triphosphates and a 
template which normally is double-stranded DNA. The polymerization 
proceeds, as in the duplication of DNA, with the release of pyrophos-
phate and the formation of the phosphodiester linkage between the 3'-
and oppositions of adjacent nucleotides. The double helical DNA tem-
plate shows no change as a result of its use in transcription, and the 
precise nature of the pairing between RNA and DNA at the growth point 
of the RNA chain is problematical. It is generally assumed that base pair-
ing is required at this point to insure the production of an RNA copy 
that is complementary to one of the DNA chains. If so, some form of 
transitory local separation of the DNA strands would be required at the 
point of transcription. Transcribing enzyme will also work with a single-
stranded DNA template (Chamberlin and Berg, 1963; R. C. Warner 
et al., 1963), but the result in this abnormal situation is the formation of 
a complementary RNA strand which does not separate from the DNA, 
but remains in a very stable hybrid double helical configuration. Under 
the abnormal conditions of some in vitro systems, the transcribing enzyme 
will work on an RNA template (Nakamoto and Weiss, 1962; Krakow and 
Ochoa, 1963) to produce a complementary strand which remains in an 
RNA double helix. This property of the transcribing enzyme may have 
caused some confusion in the identification of special RNA-replicating 
enzymes specific for RNA viruses. 

The normal transcription process exhibits two very important features 
that tend to be obscured in the in vitro experiments. The first of these 
is strand selection (Hayashi et al., 1963b; Tocchini-Valentini et al., 
1963). Complementary RNA strands are not normally found in cells; 
hence, we may speculate that only one of the complementary strands is 
produced, or that both are produced and one is selectively degraded. 
The experimental evidence indicates that the selectivity is at the level 
of transcription itself, rather than in a subsequent degradation. In vitro 
systems ordinarily produce complementary RNA, but if special pre-
cautions are taken to obtain template DNA that has not been subjected 
to hydrodynamic shearing, the product RNA in vitro is asymmetrical just 
as it is in the cell. Strand selectivity in such systems is lost in proportion 
to the degree of mechanical breakage of the DNA, suggesting that the 
broken ends of the DNA provide points of initiation from which the 
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transcription of the "wrong" DNA chain can proceed. The nature of the 
distinguishing characteristic at the point of strand selection is one of the 
outstanding unsolved problems; the solution may be related to that of 
the second ubiquitous and important feature, chain delineation. 

In normal transcription an RNA molecule is produced that begins and 
ends at predetermined and reproducible points, although the corre-
sponding template DNA is a segment contiguous with a much larger 
DNA chain. The molecular basis for chain delineation, like that of strand 
selection, is unknown, but it must ultimately reside in local sequence 
characteristics of the DNA. One hypothesis is that specific sequences for 
beginning and ending transcription are recognized by transcribing en-
zyme. This encounters difficulty in explaining the readiness of transcrib-
ing enzyme to accept the erroneous beginning points in fragmented DNA. 
Alternatively, the enzyme does not recognize sequence, but transcription 
boundaries may be delineated by local base separation, single-strand 
breaks, or the presence of specific non-DNA entities. If such a hypothesis 
is correct, then the agency that produces such a local effect must recog-
nize the local sequence, since sequence is, ab initio, the only thing that 
distinguishes one part of a DNA chain from another. 

The Translatable Message 

The mRNA, traditionally called "messenger," (Brenner, 1961; Brenner 
et al., 1961) comprises the RNA chains which are normally translated 
into protein. Unlike the foregoing components, it is characterized by a 
base composition similar to the DNA, and usually by a very rapid turn-
over (Gros et al., 1961; Hayashi and Spiegelman, 1961; Midgley and 
McCarthy, 1962; Levinthal et al., 1962). It was once thought to be 
characterized by a size in the neighborhood of 14 S, but this has been 
proved erroneous (Monier et al., 1962; Sagik et al, 1962); the mRNA 
from a given organism may vary in size over a range of ca. 8 S to 45 S. 
Large messages are evidently polycistronic; that is, they are composite 
transcripts of several genes for polypeptide chains. The translation of a 
single polycistronic message into a number of separate polypeptide chains 
is shown directly in the case of RNA viral genomes that are single RNA 
molecules, are conserved throughout the latent period, and code for 
several proteins. The size of polyribosomal complexes indicates that 
polycistronic mRNA is used as such in the cell rather than being broken 
down into separate gene transcripts. 

In cell-free systems neither rRNA nor tRNA are used as message, and 
no real evidence exists that they can be so used under any circumstances. 
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Several reasons can be advanced for their being non translatable, all of 
uncertain validity. Synthetic polyribonucleotides that tend to assume the 
helix configuration, e.g., those that have alternating complementary 
bases, show practically no message activity in comparison to those that 
have little secondary structure. Both tRNA and rRNA have a more ex-
tensive secondary structure than does mRNA, to judge by the criteria of 
melting curves and X-ray diffraction. The known yeast alanyl tRNA 
sequence is such that only a few small portions of the chain at a time can 
be in the helix form, but this might be enough to impede translation. It 
appears that the X-ray diffraction work attributing extensive helical 
structure to tRNA was actually done on partially degraded rRNA. It 
remains at least plausible that rRNA and tRNA are nontranslatable 
because of their secondary structure (Singer et al, 1963). Another possi-
bility is that specific terminal sequences may prevent attachment to 
ribosomes. Finally, the presence of unusual bases in specific positions may 
be a basis for nonfunctionality as message, particularly in the case of 
tRNA. 

Whereas rRNA and tRNA are generally conserved, the mRNA in 
typical cases has a lifetime in the cell of only a few minutes. In E. coli, 
mRNA persists about 3 minutes, time enough to be translated about 10 
times. Relatively stable examples of mRNA are known in mammalian 
systems, e.g., the hemoglobin mRNA in reticulocytes (Allen and Schweet, 
1962) and in several RNA viral genomes. The mRNA for collagen, how-
ever, is unstable (Bekhor and Bavetta, 1965). The general stability of 
mRNA in liver has been reported (Revel and Hiatt, 1964). The instability 
of mRNA in bacteria is generally evident from turnover rates and from 
the very large fraction of total protein synthesis that is sensitive to fast 
inhibition by actinomycin D, which stops transcription but not transla-
tion (Reich et al, 1961; Hurwitz et al, 1962b; Goldberg et al, 1962; 
Kahan et al., 1963). In so far as stable mRNA is present, protein synthesis 
should continue in the presence of actinomycin D whereas all RNA syn-
thesis is blocked except that which takes place by nontranscriptional 
means such as end addition (Preiss et al., 1961; Starr and Goldthwaite, 
1963; Anthony et al, 1963; Daniel and Littauer, 1963), or on an RNA 
template. The intrinsic characteristics or surrounding circumstances that 
distinguish stable from unstable mRNA remain mysterious, as does the 
mechanism of breakdown. The initiation of breakdown probably renders 
the mRNA untranslatable since the products of partial translation ex-
pected to be formed during the breakdown process are nowhere evident. 
Mutants of E. coli that lack ribonuclease I have been isolated (Gesteland, 
1965), and such mutants do not show prolonged message lifetime although 
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they grow somewhat more slowly than normal. The occurrence of the 
mutants indicates that ribonuclease is not essential to viability and that 
mRNA degradation must be attributed to some other enzyme or enzymes. 
A similar conclusion has been reached for mRNA degradation in a cell-
free protein-synthesizing system (Barondes and Nirenberg, 1962). 

The Translation Process 

Translation can be naturally subdivided into two stages which may be 
called translation I and translation II. Translation I consists of the 
formation of aminoacyl tRNA in two steps, activation and transfer: 

ATP + AA > adenyl AA + PP 
adenyl AA + tRNA > tRNA-AA + AMP 

Both are carried out by the same enzyme, the transfer enzyme, which is 
simultaneously specific for the amino acid and for an acceptor RNA that 
has the appropriate codon recognition specificity for its function in 
translation II. The interaction of tRNA and transfer enzymes shows 
species specificity, but surprisingly little in view of the phylogenetic re-
moteness of mixtures that still have partially normal function (Yamane 
and Sueoka, 1963). 

Translation II comprises the events surrounding attachment of 
tRNA-AA to a message-ribosome combination. The combination can 
be visualized as having three sites per ribosome (Wettstein and Noll, 
1965); first, an entrance site to which the charged tRNA is initially 
bound; second, a chain-attached site to which the charged tRNA is 
moved concomitantly with the formation of the peptide linkage between 
the amino group of its amino acid and the carboxyl end of the growing 
polypeptide chain, that is, the end formerly attached to the preceding 
tRNA; and third, an exit site temporarily occupied by the displaced 
uncharged tRNA. The uncharged tRNA is loosely bound to the exit 
site and is in equilibrium with uncharged tRNA in solution. In con-
trast, both the charged and the chain-attached tRNA are firmly bound 
to their sites, provided the ionic environment is favorable. They require 
GTP for release, and the entire complex possesses GTPase activity (Con-
way and Lipmann, 1964). The role of GTP in translation is not under-
stood, although it has been suggested that GTP provides energy for the 
advancement of the ribosome along the message. On a message of normal 
length, several ribosomes, each with a growing polypeptide chain, progress 
simultaneously, separated from their neighbors by about 100 nucleotides, 
the polyribosomal complex (J. R. Warner et al., 1963). 

In addition to mRNA, ribosomes, charged tRNA, and Mg++, transla-
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tion II requires two supernatant protein fractions (Nakamoto et al., 1963; 
Allende et al., 1964; Bishop and Schweet, 1961; Fessenden and Moldave, 
1961). It has been suggested that one of these is the true peptide polym-
erase and that the other is related in some way to the GTP requirement 
(Arlinghaus et al., 1964). Until their separate functions are clear, they may 
be grouped together as peptide polymerase. Finally, the stable binding of 
charged tRNA to the mRNA-ribosome complex is dependent on the pres-
ence of NH4+ or K+; of these, NH4+ is the most active (Conway, 1964). 
The stabilizing action of these cations is reversed by Li+; hence, we have 
some reason to attribute the classic lithium effects on embryogenesis to 
inhibition of protein synthesis. 

The correct specification of the amino acid at each position in the 
polypeptide chain depends on the accurate maintenance of a reading 
frame, since the code is nonoverlapping (Crick et al., 1962). This means 
that the point of initiation of translation II is of critical importance in 
establishing the reading frame for the entire message. When the message 
is polycistronic, the problem of chain delineation arises in translation II 
just as it does in transcription. Signals for polypeptide chain termination 
must be present at appropriate points as part of the message itself. It 
seems likely that a very small number of codons, perhaps only one, is 
reserved for this purpose. The conjecture can be entertained that a codon 
that signifies chain termination has a corresponding tRNA. 

At each event of translation II the codon-anticodon fit is suf-
ficient to specify the amino acid for the local position. The question 
whether the amino acid itself plays any role in translation II has been 
answered negatively in one case at least, by means of an ingenious 
experiment by Chapeville et al. (1962). Charged cysteine tRNA was 
subjected to a catalytic reduction with Raney nickel, and the cysteine 
converted to alanine without otherwise altering the tRNA-AA. Normally, 
poly UC as synthetic message supports the incorporation of cysteine but 
not alanine into peptides, while poly UG supports alanine but not 
cysteine incorporation. After the conversion of cysteinyl to alanyl tRNA, 
however, alanine was incorporated with poly UC and not with poly UG. 
This indicates rather strongly that the role of the amino acid in specificity 
is confined to translation I. 

Evidence Concerning the Genetic Basis of the Gene Action System 

Neither fact nor convincing argument can be advanced against the sur-
mise that the protein components of the gene action system are formed 
in the same way as the majority of the cell proteins. Conclusive evidence 
of this will be obtained when mutations in the genes for these proteins 
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are identified and mapped. With respect to the RNA components, the 
misleading circumstance that their base composition in many organisms 
does not resemble that of the DNA, provided grounds for the erroneous 
belief that they are not copied from DNA. Evidence for the existence 
of the ur-genes for rRNA and tRNA is available as a result of techniques 
for detection and measurement of molecular hybridization (Hall and 
Spiegelman, 1961; Bolton and McCarthy, 1962; Nygaard and Hall, 1963; 
Gillespie and Spiegelman, 1965). Under appropriate conditions, RNA 
and denatured (single-stranded) DNA will form a double helix, provided 
their sequences are complementary. The specific hybrid helical structure 
is very resistant to ribonuclease in comparison to the aggregates formed of 
noncomplementary RNA and DNA. Enzyme-resistant associations of 
radioactive labeled RNA with DNA can be identified in pycnographic 
fractions or adsorbed to nitrocellulose which adsorbs neither RNA nor its 
breakdown products. Addition of increasing amounts of RNA to a fixed 
amount of DNA leads to a saturation plateau for the RNA-DNA hybrid 
from which the proportion of DNA hybridizable with the given RNA 
follows directly. 

By such a procedure, Yankofsky and Spiegelman (1962a), showed that 
0.3% of the DNA of E. coli is complementary to rRNA. Discrepancies 
between the base compositions of RNA and DNA become entirely under-
standable when it is recognized that a very small fraction of the DNA is 
the template for the bulk of the RNA (rRNA makes up about 85% of 
the total). Since the molecular weight equivalent of the E. coli genome 
is about 3 X 109, the proportion of this, 0.003, that is complementary 
to rRNA is about 107 daltons. The combined 16 S and 23 S pieces weigh 
about 2 X 106, hence E. coli has about 5 genes for each size class of rRNA. 
Similar experiments in Drosophila (Ritossa and Spiegelman, 1965; Ver-
meulen and Atwood, 1965) indicated a redundancy of about 200-fold for 
the rRNA genes. By means of molecular hybridization with DNA of 
Drosophila stocks having different numbers of nucleolus organizer regions, 
Ritossa and Spiegelman have located the entire rRNA template complex 
in the nucleolus organizer region. Similarly, Vermeulen and Atwood 
(1965) have obtained a genetic map position for the rRNA gene complex 
in E. coli. In Xenopus, a remarkable anucleolate mutant was shown by 
Brown and Gurdon (1964) to synthesize no rRNA when homozygous; 
embryos survive to a tail bud stage on rRNA of maternal origin. Thus 
the mutant seems to be either a deletion or inactivation of the rRNA 
gene complex. Ritossa and Atwood (1965) have identified a bobbed 
mutation in Drosophila melanogaster as a partial deletion of the rRNA 
gene complex, since only about 0.1% of the DNA of this stock is 
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hybridizable to rRNA, whereas 0.3% is hybridizable in normal stocks. 
The phenotype of bobbed—delayed development, short bristles and 
etched tergites—may be attributed to a decrease in the maximum rate of 
protein synthesis resulting from a limited rate of rRNA production. In 
the uninucleolate hétérozygote of Xenopus, rRNA synthesis is apparently 
regulated to produce the same amount as wild type, but if such regu-
lation occurs in Drosophila, it is not sufficient to compensate for loss of 
a major portion of the rRNA genes. 

Up to a certain point, the redundancy of rRNA ?/r-genes may be pro-
portional to genome size as an adaptation to a requirement that the size 
of the gene action system be optimally adjusted to the number of func-
tioning genes. This proportionality is seen in the comparison of Dro-
sophila and E. coli, but evidence has been advanced that HeLa cells, 
with a much larger genome than Drosophila, have about the same re-
dundancy of rRNA genes (McConkey and Hopkins, 1964). A high degree 
of redundancy implies that mutations in the complex would create 
relatively little selective differential; hence, the question arises of how a 
highly redundant complex can remain homogeneous in the face of muta-
tion pressure. Some have favored the hypothesis that the apparent re-
dundancy results from the elaboration of "nongenetic DNA" from a 
gene that is single when passed to successive generations. Actually, the 
complex may be as heterogeneous as selection will permit, and may 
multiply or eliminate parts by means of unequal crossing-over. Con-
cerning the question of orderly heterogeneity of the type required for 
the production of specifically different types of ribosomes, no convincing 
evidence for or against it has been advanced. The most that can be 
said is that the number of different kinds of rRNA genes that are in-
dispensable is less than the total number of copies; otherwise, viable 
partial deletions could not occur. Experiments on competition of the 
two size classes for hybridization sites show that they do not compete, 
hence their sequences are different (Yankofsky and Spiegelman, 1962b, 
1963). The arrangement of the different genes in the complex is not yet 
clear, but if the suggested 45S precursor of rRNA (Scherrer et al., 1963; 
Perry et al., 1964) should be substantiated it would be obvious that the 
genes for the two sizes alternate and are transcribed into a larger unit 
later cleaved at a specific point. 

The tRNA genes have not yet been located genetically except in a 
negative or indirect sense. They are not in the nucleolus organizer 
region and it is possible that they are at the loci of general suppressor 
mutations that are interprétable on certain assumptions, as changes 
in the anticodon. The reported proportion of DNA hybridizable with 
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tRNA in E. coli (Giacomoni and Spiegelman, 1962; Goodman and Rich, 
1962) leaves little room for the redundancy which is a necessary prerequi-
site for suppressor mutations in the anticodons, but the value may be 
low for technical reasons. In Drosophila, if 60 kinds of tRNA are present; 
each would have a redundancy of about 15, based on the saturation 
plateau of 0.02% for hybridization with the total tRNA. Several reasons 
can be advanced in support of the conjecture that the dominant mutants 
known as Minutes are deletions of the tRNA loci: The number of differ-
ent Minutes calculable from the available data is in the neighborhood 
of 60; Minutes are predominantly based on cytologically visible deletions, 
which would not be the case for mutations affecting nonredundant loci; 
the phenotype resembles that of bobbed, and could plausibly be at-
tributed to a general retardation of protein synthesis. 

Many indications suggest that ur-genes are themselves subject to regula-
tion. For example, the transplantation of a nucleus actively synthesizing 
rRNA to an enucleated egg results in cessation of rRNA synthesis in 
that nucleus and in its descendants until the stage of development is 
reached when synthesis would normally begin (Gurdon and Brown, 
1965). Another example of ur-gene regulation is the inhibition of RNA 
synthesis in normal strains of E. coli by prevention of protein synthesis, 
e.g., amino acid deprivation in auxotrophs. This regulatory mechanism 
is absent in the so-called "relaxed" mutants which continue to make 
RNA when protein synthesis is inhibited. A gene in which mutations 
to "relaxed" occur has been mapped by Stent and Brenner (1961). These 
examples are especially significant because the regulated process is so 
easily identified; the regulation of nontranslatable RNA components 
must, of course, occur at the transcription level. 

Specific Alteration of Nucleic Acids 

The tRNA, DNA, and possibly to a lesser extent the rRNA, contain a 
variety of unusual nucleotides as minor components (Littlefield and 
Dunn, 1958; Smith and Dunn, 1959; Berquist and Matthews, 1962). 
Some of these have substituted bases; e.g., thymine (unusual in RNA); 
2-methyladenine; 6-methylaminopurine; 6-dimethylaminopurine; 1-
methylguanine; 6-hydroxy-2-methylaminopurine; and 6-hydroxy-2-methyl-
diaminopurine. Two others, pseudouridine (Cohn, 1959) and neoguanyl-
ate (Hemmens, 1963), have the pentose attached at an unusual position 
on the base. If such minor constituents entered the chain during polym-
erization as analogues of regular bases, one would expect a regular base 
to predominate at any given position, the occurrence of the rare analogue 
being limited by its frequency in the nucleotide pool. On the other hand, 
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if minor nucleotides regularly occupy specific positions in polynucleotide 
chains, it is reasonable to suppose that they represent specific alterations 
that occur after rather than during polymerization. 

It is now clear that the positions of the minor nucleotides are usually 
—perhaps always—precisely determined. The species specificity of the 
alterations (Srinivasan and Borek, 1963), and the complete structure of 
yeast alanyl tRNA (Holley et al., 1965), give evidence of their unique 
positional specificity. Enzymatic methylation of preformed nucleic acids 
(Mandel and Borek, 1961, 1963; Borek et al., 1962; Fleissner and Borek, 
1962, 1963; Gold and Hurwitz, 1963) has been repeatedly demonstrated; 
e.g., E. coli yields at least five methylating enzymes, each for a different 
base methylation (Gold et al., 1963). The evidence for species specificity 
is that RNA exhaustively methylated by the enzymes of its own species 
still has positions that can be methylated by the enzymes of other species, 
and vice versa. The enzymes involved in the formation of pseudouridine 
and neoguanylate are unknown, but they are interesting because the reac-
tion—removal of the base followed by reattachment at a different position 
on the ring—seems hard to accomplish. 

The functional significance of altered nucleic acids is not fully under-
stood. The source of methyl groups is methionine (Biswas et al., 1961); 
hence, a "methyl-poor" tRNA is produced in methionine-deprived 
methionine auxotrophs of the relaxed strains of E. coli (strains that con-
tinue RNA synthesis during amino acid deprivation). At least some kinds 
of tRNA can be specifically charged with their amino acid while in the 
methyl-poor condition (J. L. Starr, 1963a), but the experiments are not 
extensive enough to conclude with confidence that entirely normal trans-
lation would occur without prior methylation of the tRNA (J. L. Starr, 
1963b). Evidence has been presented that E. coli transfer enzymes will 
charge methyl-poor tRNA, whereas yeast transfer enzymes will not. In 
reference to the same point, species specificity of methylation has been 
proven, yet at least some widely heterologous enzyme-RNA combinations 
can translate in vitro. The evidence, so far as it goes, suggests that the 
pattern of methylation is generally not a decisive determinant of func-
tional specificity of RNA in translation. 

A known function of specific base alterations is to provide distinguish-
ing characteristics that enable autogenous DNA to escape enzymatic 
degradation while DNA from outside sources is destroyed. The effect 
is seen as a host-controlled modification of viral DNA (Arber and Dussoix, 
1962). When the bacteriophage infects the same host strain on which 
it was grown, a high proportion of the infected cells produce plaques, 
whereas the plating efficiency is extremely low if the phage has been 
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grown in certain strains differing from the one in which it is assayed. 
This reaction has been shown to involve a dual system among host 
strains; a given strain has a specific DNA methylation pattern and a 
corresponding DNA-degrading system that exempts DNA with the 
homologous pattern of methylation (Dussoix and Arber, 1965; Arber, 
1965). It is not certain whether the methylating enzymes and nucleases 
alone are sufficient to establish and recognize the modification. The 
significant point is that superimposed modifications of nucleic acids 
have at least the potential for playing a role in the regulation of gene 
action, although no evidence for such a role has yet been advanced. 

The Regulation of Gene Function 

Superimposed on the gene action system, mechanisms have evolved 
whereby the transcription or translation of a gene is made conditional 
upon a specific stimulus. Most of the experimental evidence pertaining 
to such mechanisms has been obtained in microorganisms that do not 
have developmental patterns of the kinds we are most anxious to ex-
plain; hence, the question whether the metazoa and metaphyta have 
evolved any means of regulation of gene function different in principle 
from those that have been elucidated in microbial systems remains open. 
It is extremely unlikely, however, that regulatory mechanisms will be 
found that could not have been anticipated on the basis of present 
knowledge of the gene action system and the current generalized model 
for its control. 

The Jacob-Monod model for gene regulation (Jacob and Monod, 
1961) derives from genetic evidence related to systems in which exogenous 
effector substances control the synthesis of specific enzymes. In such a 
system, genetic mapping of mutations that disturb the response to the 
effector reveals the presence of a regulatory gene (or genes) at a location 
distinct from the location of the gene for the enzyme for which synthesis 
is being regulated. The product of the regulatory gene, formed by the 
normal processes of transcription and translation, interacts specifically 
with both the effector substance and the regulated gene. A majority of 
mutations in the regulatory gene result in the regulated gene remaining 
active irrespective of the presence or absence of effector, and irrespective 
of whether the normal action of the effector is to activate or to repress 
the regulated gene. Mutations of this type are recessive to the wild type 
in merozygotes (Pardee et al, 1959); hence, the regulatory gene product 
is always a repressor, although in some cases it is active only in the pres-
ence of effector and in other cases only in the absence of effector. 

The locus of interaction with the repressor in the regulated gene or 
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gene product is known as the operator. The existence of the operator, 
defined in this way, is not a matter of dispute. The operator may also 
be defined as a map region, within or adjacent to the regulated gene, of 
a group of mutations that prevent repression but are not recessive to 
the wild-type allele in a merozygote. Thus, according to the model, the 
repressor has two different kinds of sites, one specific for the operator 
and one specific for the effector. Finally, the repressor or complex is so 
constructed that the binding of effector to the effector site changes the 
configuration of the operator site; ample precedent for this mechanism is 
found among enzymes subject to feedback inhibition by end products 
structurally unrelated to their substrates. The model predicts other 
types of mutations, i.e., one that makes the repressor unable to respond 
to effector, thus causing dominant repression; and one present in the 
operator that prevents gene action. These mutations have been found, 
but the interpretation of mutations of the latter type and the fine struc-
ture of the operator region remain in doubt. 

Ordinarily, more than one gene is subject to the same regulation. A 
gene ensemble that is coordinately repressed may be an operon tran-
scribed together as one polycistronic message, or a group of separately 
transcribed genes having operators with the same specificity, the regulon 
(Maas and Clark, 1964). In either case it is a relevant question whether 
repression blocks transcription or translation. Two experiments have 
shown very clearly that the regulation of the lac and gal opérons in E. coli 
is in fact a regulation of transcription (Attardi et al., 1962; Hayashi et al., 
1963). Both are based on molecular hybridization of mRNA with DNA 
greatly enriched in the genes in question. Such DNA is obtained from 
bacteriophage strains that have incorporated a small portion of bacterial 
DNA into their genomes so that this portion is duplicated along with the 
viral DNA, or from the E. coli lac episome grown in Serratia. The DNA 
isolated from phages PI lac, \dg, or S err at ia Έ-lac, was hybridized with 
labeled RNA from E. coli with active or inactive lac or gal genes. About 
50 times as much specific mRNA was present for an active gene as for 
an inactive one. 

Evidence of regulation at translation II has been obtained from an 
RNA viral genome, itself a polycistronic message in which some parts 
are translated many times before the proteins specified by other parts 
appear at all (Ohtaka and Spiegelman, 1963). This phenomenon raises 
two separate questions: First, how can the point of translation regularly 
pass over a particular part of the message more than once without traver-
sing the remainder of the message; and second, what is the stimulus that 
initiates formation of the late proteins? These questions are not settled, 
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and the generality of control at this level is also uncertain. This example 
is clearly distinct from the well-known polarity mutants that have been 
interpreted as partial blockades of translation (Ames and Hartman, 
1963). Such mutations result in decreased production of enzymes specified 
by genes located between the mutation and the distal end of the operon, 
but normal amounts of enzymes specified by genes between the operator 
end and the mutation. The enzyme of the gene in which the mutation 
has occurred is typically inactive. It has been suggested that such muta-
tions originate rare codons for which the corresponding tRNA is in short 
supply. This explanation is inadequate or incomplete, however, since a 
delay at a given point in translation cannot of itself alter the coordinate 
translation of the genes in an operon. An additional assumption is 
required, e.g., that premature chain termination occurs with a certain 
frequency. 

Every hypothesis involving translation blockade has an implication 
that has not been given sufficient attention, namely, that the relation 
between the directions of transcription and translation is fixed. Let us 
assume that transcription proceeds from the operator to the distal end 
of the operon. On that assumption, in order for a polarity mutant to 
be a translation blockade, the translation of the message must proceed 
in the same direction as the transcription of the operon. It is known that 
mRNA is synthesized so that the 3'-hydroxyl end is last to be added in 
vitro (Bremer et al., 1965) and in intact E. coli (Goldstein et al., 1965). 
Translation proceeds from the N-terminal to the C-terminal amino acid 
(Nathans, 1964; Naughton and Dintzis, 1962; Goldstein and Brown, 
1961; Bishop et al., 1960); hence the direction of translation with respect 
to the sense of the mRNA can be determined by establishing a corre-
spondence between terminal codons and terminal amino acids. The most 
direct evidence is the in vitro translation of the hexanucleotide AAAUUU 
into the lys-phe dipeptide (Thach et al., 1965), and the translation of a 
polynucleotide of the form AnC into polylysine with a C-terminal aspara-
gine (Salas et al., 1965). These experiments show that the direction of 
translation is indeed the same as that of transcription. Some contradictory 
evidence of a less direct nature remains to be explained (Eikenberry and 
Rich, 1965; Williamson and Schweet, 1965; Cramer et al., 1964; Michelson 
and Grunberg-Manago, 1964). The weight of evidence is thus consistent 
with the standard hypothesis concerning polarity mutants. The interesting 
conjectures of Ames and Hartman based on their data on polarity mu-
tants were elaborated by Stent (1964) into a general hypothesis of gene 
control at the translation level. Although the hypothesis is possible in a 
formal sense, it is not supported by available data pointing to transcrip-
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tion as the controlled process, and it predicts contrary to experience, that 
inappropriate control or "modulating codons" would arise rather fre-
quently by mutation. 

Concerning the question whether a generalization of the Jacob-Monod 
model will be sufficient to explain development, detailed analogies be-
tween microbial and ontogenetic systems remain to be drawn. The effector 
substances that would ostensibly act during embryogenesis are of endog-
enous origin and are uncharacterized. The morphogenetic and bio-
chemical levels are not yet connected by an unbroken chain of causation. 
Bacteria do not have histones, but it may be that the presence of histones 
in more complex organisms has diverted attention from highly specific 
regulatory proteins that have no nonspecific affinity for nucleic acids, and 
whose interactions with the genes have therefore remained obscure. We 
can maintain with confidence, however, that the key mechanisms of 
cellular differentiation will be found to act through the processes and 
components of the gene action system; hence, the ubiquitous features of 
this system are a guide to experimentation and to the restriction of 
hypotheses to the domain of the worthwhile. 
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