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I. INTRODUCTION
Within the last few years great progress has been made in elucidating
the molecular mechanisms of control of gene activity. However, most
of this increase in knowledge has been achieved in the microbial sphere,
and the relevance of many observations of prokaryote repressors and
derepressors to mammalian and higher plant systems is somewhat ob
scure. This review is built around the hard core of well-characterized
repressors and derepressors of bacterial origin and will only briefly exam
ine control systems that are not elucidated at the molecular level. Evi135
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dence for specific repressor and derepressor molecules in higher organisms
will be reviewed and an attempt will be made to assess the contribution
of the bacterial knowledge to control mechanisms in general.
Even though the terms repressor and derepressor have been preempted
for certain bacterial control systems, we propose to use them not only
in this narrow sense but also in the sense of defined molecules operating
at the level of control of transcription and replication of genes. Prokaryote systems will be discussed separately from eukaryote systems,
as the different modes of organization of the genetic material present
a different sort of problem for control mechanisms.

II. PROKARYOTE TRANSCRIPTION
Although work on control of gene activity, especially transcription,
leading to the formation of enzymes has been carried out in bacterial
systems since the turn of the century, only development subsequent to
the promulgation of the operon model by Jacob and Monod (1, 2) will
be discussed here. This model was put forward to explain findings on
the lac system and with the template phage λ. In £ . coli and certain
other bacteria the enzyme β-galactosidase is inducible (that is, the en
zyme is formed in significant amounts only when β-galactosides are
added to the medium), and it was thought for some years that the in
ducer acted in a positive fashion to promote enzyme synthesis. When E.
coli is infected with the template phage λ, certain cells survive the infec
tion and it is found that these cells have incorporated the phage chrom
osome into their D N A as a prophage. Cells containing prophage are
resistant to infection by further λ, the phenomenon of immunity whereby
the activity of the incoming phage is repressed. Under normal conditions
the prophage itself is not expressed, but only on activation, for example
by U V irradiation, does the phage become virulent, replicate, form viral
proteins, and kill the cell (3). Other observations on repression (4) of
amino acid biosynthesis by the end product of the biosynthetic sequence
were incorporated in the Jacob-Monod model of control.
Briefly, this model is as follows. Genes can be considered to be either
structural genes or regulatory genes. Structural genes are transcribed
to messenger RNA, which then directs the synthesis of specific proteins
in the cytoplasm. Such transcription can be initiated only at regions
of the D N A called operators, and in certain cases one operator can
control the expression of several structural genes. A system of one or
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more structural genes and an operator is known as an operon—a polar
ized unit of transcription. Regulatory genes produce cytoplasmic repres
sors, originally thought to be R N A but now known to be protein, which
normally combine with the D N A in the operator region and block trans
cription. Certain small molecules (effectors) can negate the action of
the repressor. In an inducible system the effector, which is the inducer
in this case, or some metabolic derivative thereof, combines with the
repressor, prevents binding to operator, and hence allows transcription
to occur. In a repressive system the effector would combine with the
repressor, and only then would the repressor bind to the operator and
prevent transcription.
Several postulates follow from this hypothesis. Mutants should be
found not only in structural genes, giving rise to modified proteins, but
also in regulatory genes, giving rise to effects on transcription. Such
mutations have been found and constitute major support for the theory.
Mutations in the regulator gene normally cause constitutive production
of enzymes, presumably due to impaired binding of mutant repressors;
sometimes superrepressor mutants are produced, giving no enzyme—the
repressor not recognizing the inducer. Mutations in the operator gene
result in either loss of ability to recognize the repressor and hence consti
c
tutive production of genes (O ) or alteration of repressor binding so
that repressor is always bound to operator ( 0 ° ) . The Jacob-Monod
model is a negative control system in that the control system acts nor
mally to prevent transcription rather than to actively promote it. Similar
mutants have been found for the λ system. An extension of the model
is that a region has been defined between the first structural gene and
the operator—the promoter (5). This region is the initiation site for
synthesis of m R N A by the DNA-directed R N A polymerase.
The Jacob-Monod model of control is so elegant and simple that the
idea has been done a disservice by investigators who try to fit their
results into the model on the expectation that it can apply to all biologi
cal transcription systems. The model has been confirmed in the lac and
λ systems, mainly by the isolation and characterization of the repressor
molecules.

A. The lac Repressor

Early work on the nature of the repressor, which is produced by the
i gene, indicated that it is protein. Monod and Cohn (6) showed that
the kinetics of inducer binding and stimulation of enzyme formation are
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similar to that of an enzyme-substrate reaction. Indirect evidence
such as the alteration in regulation caused by incorporation of an amino
acid analog (7), suppression of regulation by protein synthesis inhibitors
(8), and genetic observations led to the isolation of the lac repressor
protein by Gilbert and Muller-Hill (9). They were able to isolate a
protein that bound the inducer I P T G (isopropylthiogalactoside) initially
from a mutant that had a greater affinity for inducer than did the wild
type, and they studied its properties. The protein bound inducers to
relative degrees, depending on their ability to promote β-galactosidase
formation. Glucose had little affinity for the protein. Binding ability
of the inducer was destroyed by Pronase and inactivated above 50°C.
Sedimentation in glycerol gradients gave a value of 7-8 S, indicating
a molecular weight in the range of 150,000-200,000. Estimates of the
amount of repressor indicated about 100 sites/cell, corresponding to
about 10 copies/gene.
In a later paper, the same authors (10) showed that isolated lac repres
sor would bind specifically to the lac operator-region D N A . The complex
could be detected on glycerol gradients as radioactive repressor moved
out of the 7-8 S sedimentation area and into the D N A area of 35-40
S. The binding was inhibited by inducer, as there was no shift of radio
c
activity with gradients run in the presence of IPTG. Furthermore, O
mutants whose β-galactosidase synthesis was not sensitive to repressor
had a D N A that bound repressor very poorly. Whereas repressor-oper12
ator dissociation constants were of the order of 2-4 χ 10~ M, represc
10
sor-operator binding constants for the two O mutants were 10~ Μ
10
and 4 χ 10" M. Binding was inhibited by 0.15 Μ KC1. Calculations
of the in vivo estimates for the binding constants are of the order of
11
1-2 χ 10" M, which is in reasonable agreement with the in vitro esti
mate, giving a binding energy of 15-16 kcaL Calculations of the rate
of induction based on this binding energy value can be reconciled with
the kinetic data of Boezi and Cowie (11). Gilbert and Muller-Hill
pointed out that at least 11-12 nucleotides would be necessary to provide
a unique-sequence D N A to which the repressor could bind, and the re
pressor would thus cover about 35 A of the chromosome.
The lac repressor was further purified by Riggs and Bourgeois (12);
taking the repressor purified by the method of Gilbert and Muller-Hill
(10), they put in two further steps and obtained an essentially pure
preparation. Phosphocellulose chromatography was very effective in frac
tionating repressor, possibly because the exchanger mimics D N A with
its exposed phosphate groups. Gel electrophoresis gave a single major
peak. Two assays were developed, an immunological one for crude ex-
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tracts and a membrane binding one for pure repressor. In purification,
repressor exists as two peaks, 3-3.5 S and 7 S, and the authors believe
the smaller peak (M.W 40,000-50,000) to be a subunit of the larger
(MW 150,000). The large peak is broken down by detergent into subunits. The membrane filter assay could be used to measure repress o r - D N A binding, as this complex was bound by the membrane (13).
Riggs et al. found that I P T G eliminates DNA-repressor binding whereas
noninducing galactosides do not; D N A with a lac region deletion does
not bind repressor, and a higher concentration of repressor is needed
c
to bind D N A from a O mutant. Although the results agree with those
of Gilbert and Muller-Hill, they were obtained by a completely different
procedure. There were quantitive differences in the binding constant of
10
11
12
wild-type D N A : 2-4 χ 10" Μ as against 2 χ 10" to ΙΟ" Μ of the
previous authors and a difference of 10 as opposed to 100 in the relative
+
c
affinity of repressor for 0 and O D N A .
However, in a later study by Riggs et al. (14) on DNA-repressor
13
binding, binding constants of 1 χ 10~ Μ were observed and could be
- 12
reconciled with the Ι Ο Μ of Gilbert and Muller-Hill, which was an
upper limit. In this work (14) it was shown that binding was very
sensitive to ionic strength and that actinomycin D bound to the operator
and inhibited repressor binding. There was only one binding site per
operator and there were four inducer binding sites per 150,000 M W
of repressor. Whereas repressor would not bind to the denatured D N A ,
binding was observed after denaturation. A comprehensive study of the
binding of galactosides and other ligands was carried out by Riggs et
al. (15). There is complete correlation between the effectiveness of inhibi
tion of DNA-repressor binding by a galactoside and its ability to induce
the synthesis of β-galactosidase in vivo. The most effective inhibitor
of DNA-repressor binding is IPTG, the best inducer; antiinducers, potent
inhibitors of induction in vivo, also counteract the inhibition of repress o r - D N A binding by I P T G in vitro. Lactose has no affinity to the repres
sor, which agrees with the results of Burstein et al. (16), who found
that lactose did not induce the lac operon in a β-galactosidase-deficient
strain and that the active inducer was derived from lactose by the action
_1
of β-galactosidase. Glucose at high concentration ( 1 0 M) inhibits in
5
duction by 10" I P T G and this difference in rates makes it unlikely
that glucose, or certain derivatives examined, can play any part in catabolite repression by directly acting on the repressor. Cyclic 3'5'-adenosine
monophosphate (cAMP) was shown to have no effect on repressor-DNA
binding. The antiinducer O N P F (o-nitrophenyl-/3-D-fucoside) reduced
the rate of association of repressor-DNA complexes, indicating that it
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binds at a site distinct from the operator binding site. It seems certain
that I P T G binds to the repressor-operator complex, forming an unstable
ternary complex that disassociates away from the D N A . Thus, the effect
of the inducer is to break up the complex repressor-operator and peel
the repressor from the D N A .
The original Jacob and Monod (1, 2) model predicts that the operator-repressor complex would have a rate of association independent of
inducer concentration. The only effect of increasing inducer concentration
would be to increase the inducer-repressor complex. However, Riggs et
al. (15) showed that the rate of dissociation is affected, and thus changes
in repressor due to inducer binding must take place while it is bound
to D N A and not in free solution. Furthermore, their results do not sup
port the idea of a competition between inducer and operator for repressor,
but rather suggest that the effect of the inducer is to destabilize the
operator-repressor complex.

B. The λ Repressor

Jacob and Monod (1) proposed that the el gene of bacteriophage
λ, which had been shown to be responsible for the maintenance of lysogeny and which confers immunity against superinfecting phages (17),
produces a repressor molecule that blocks development of both the
prophage and any superinfecting phage. Ptashne (18) described the oc
currence and partial purification of such a repressor. In order to make
a search for a repressor feasible, it was necessary to devise means to
increase its relative abundance in the cell, and Ptashne used several pro
cedures to achieve this. High doses of UV depress the formation of cell
proteins; infection with more phage increases the number of copies of
ci, and mutations in the early gene Ν result in blocking the synthesis of
most of the phage products, except the ci product. Thus, a strain of E.
coli carrying indr prophage is used which is not induced by UV, given a
heavy dose of UV, and divided into two fractions, one-half being infected
3
with phage carrying the mutant Ν gene and [ H]leucine. The other half
is infected with phage carrying the mutation in N, together with a mu
14
tation in the ci gene that prevents synthesis of C± and [ C ] leucine.
Thus, the product of the ci gene, the repressor, should be labeled with
3
1 4
H and not C . The cells were sonicated and subjected to high-speed
3
14
centrifugation; it was found that there was an excess of H over C in
the supernatant, and further fractionation on D E A E gave a fraction
3
1 4
3
with H but not C . Gel electrophoresis showed a single band of H
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acidic protein, and sedimentation of the active material on a sucrose
gradient indicated an appropriate M W of 30,000. It was shown that no
repressor was made by mutants that had amber mutations in their ci
gene and that modified repressor was made by temperature-sensitive ci
mutants.
This isolated repressor was used to test the theory that it prevents
transcription from D N A to R N A by binding to a site on the D N A .
It was found (19) that labeled indr repressor would bind to λ indr D N A .
434
differs from λ only in the immunity region (17), and
Phage λ imm
434
it was found that D N A from phage λ imm
would not bind repressor
from λ indr. No binding occurred to denatured D N A . Estimation of
10
the binding constant gave a value of the order of 10" M. If the KC1
concentration was raised to 0.1 Μ from 0.05 Μ the binding weakened,
and upon raising it to 0.15 Μ no binding was detectable.
434
Pirrotta and Ptashne (20) isolated the repressor from λ imm
and
found it to be very similar to that from λ indr but more basic, permitting
its isolation from phosphocellulose columns. The sucrose gradient assay
gives molecular weights for both of approx. 30,000, but SDS gels give
~ 27,000 for λ and ~ 2 5 , 0 0 0 for λ 434. The SDS values indicate that
the repressor is a single-chain protein. The D N A of λ phage has two
operators that control synthesis of the two operons 0L and 0R. Ptashne
and Hopkins (21) and Kumar and Szybalski (22) showed that λ repres
sor binds to both these operators and, as the products of the 0L and
OR operons are needed to promote the transcription of the other phage
genes, the action of the repressor turns off all the lytic λ genes.
Steinberg and Ptashne (23) studied repression of R N A synthesis by
purified λ ind phage repressor using the assay system of Roberts (24).
Roberts showed that in a cell-free system containing ρ (the R N A poly
merase termination factor) the R N A produced is initiated at the two
promoters PL and PR and is correctly terminated to give a 12 S and
a 7 S species. The 12 S species starts on the left promoter on the I
strand and is the Ν messenger, whereas the 7 S starts at PR and contains
the cro message. Steinberg and Ptashne showed that λ repressor prevents
formation of the 12 S and 7 S R N A molecules, λ 434 repressor having
no effect. They also showed that repressor does not modify the function
of the D N A templates. They used D N A as template in a system incor
porating repressor, then reisolated it, and used it again. In the second
experiment the previously repressed sequences were transcribed.
The control systems in λ are far more complex than a single control
gene producing the λ repressor. Whereas in the lac system the repressor
protein is produced constitutionally at all times, control of formation of
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the λ repressor is itself subject to complex control. There are two known
promotors initiating the transcription of the cl gene, the product of
which appears to be bifunctional in that it acts positively to promote its
own synthesis and negatively in respect to the transcription of late lytic
genes (24a). In addition, the product of the cro gene acts as an "antirepressor" by shutting off transcription of cl at one of the promoter sites.
Presumably the large number of controlling elements in λ synthesis are
necessitated by the fact that choice between lytic and lysogenic path
ways involves more complex circuits than the simpler lac system.

C. Catabolite Repression

It has been known for many years that glucose has an effect on the
production of ammonia by bacterial cultures growing on protein hydrolyzate medium (25). This was termed the glucose effect by microbiol
ogists and for many years was not clearly understood, due mainly to
the fact that the effect can be caused by many different mechanisms.
An early thought that the repression of the activity of the enzymes
is due to pH was negated by the work of Happold and Hoyle (26)
and Epps and Gale (27). The former authors showed that the enzyme
tryptophanase is not produced when bacterial cells are grown in the
presence of glucose, and Epps and Gale, studying a variety of enzymes,
showed that certain catabolic enzymes attacking amino acids in an adap
tive fashion are not produced in the presence of glucose. The change
is not permanent, as when glucose, or other fermentable carbohydrate,
is not present the sensitive enzymes reappear. Both sets of authors
showed that the effect is not one of pH.
The problem was investigated by many workers, especially Monod
(28), who studied bacterial growth on mixtures of sugars and described
the diauxie, the phenomenon whereby growth takes place first on glucose,
then on the second sugar after the necessary enzymes have been made.
Investigation of a variety of enzymes showed that those induced by
substrates in the media—the adaptive enzymes—were generally suscepti
ble to the glucose effect, but enzymes that were produced irrespective
of any inducer—the constitutive enzymes—were not normally affected.
Magasanik (29) pointed out that these distinctions were not necessarily
valid and that a more accurate criterion was that all glucose-sensitive en
zymes are capable of converting their substrates to intermediary metab
olites, which the cell can obtain more efficiently from glucose and which
are thus of economic advantage in that a mechanism exists whereby
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their synthesis can be turned off when not needed. The effect is not
peculiar to glucose; compounds closely related to glucose serve equally
well and in fact any compound that can serve as a source of metabolites
more effectively than the substrate of the sensitive enzyme may give
this same "glucose" effect. These observations led to the renaming of
the phenomenon as "catabolite repression" (29).
An effect of glucose that has been thought to be a cause of repression
of sensitive genes is the suppression of the uptake of extracellular inducer
(30). While it has been found that this reduction of inducer concentration
in the cell may be of importance in the formation of /?-galactosidase
(31), in most cases it has been found that the glucose effect is due
to catabolic repression rather than permeability problems.
The relationship between catabolite repression and control of /?-galactosidase by the repressor postulated by Pardee et al. (32) was investi
gated by Mandelstam (83, 34). He showed that repression of /?-galactosidase formation by glucose is not reversed by inducers of the enzyme
and that constitutive β-galactosidase mutants are still sensitive to cata
bolite repression, indicating that catabolite repression is not the same
system as the lac repressor. Loomis and Magasanik (35) showed that
a mutant (CR) which confers insensitivity to catabolite repression by
glucose in β-galactosidase formation maps well away from the lac
operon, indicating that the control systems are distinct. Nakada and
Magasanik (36) were able to separate the induction phase of /?-galactosidase formation from its production by removing the inducer after 3 - 4
minutes. They found that glucose has an effect during the induction
phase such that no enzyme is synthesized in the production phase. The
conclusion was that both the catabolite repressor and the lac repressor
act during the phase of m R N A formation and not during translation.
Thus, two independent transcription repressor systems control the forma
tion of β-galactosidase.

1. TRANSIENT REPRESSION

Boezi and Cowie (11), investigating the kinetics of /?-galactosidase
induction, used a strain of E. coli that could be induced to maximal
level, even growing exponentially on glucose. If glucose is added to an
exponentially growing culture, at the same time as the inducer, a lag
occurs before maximal rate of enzyme formation occurs. Addition of
glucose to an exponentially growing culture, synthesizing β-galactosidase
in response to inducer, causes temporary cessation of synthesis, which
returns to the normal rate after about 6 minutes. Tyler et al. (37)
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showed that transient repression occurs in many strains of E. coli, as
well as Aerobacter aerogenes and Salmonella typhimurium,
if glucose
is added to cultures of cells still in contact with the carbon source they
were grown in. The effect is not the result of a reduction of inducer,
as it occurs with constitutive mutants, nor is it due to metabolites pro
duced from glucose, as it is elicited by nonmetabolizable analogs of
glucose, 2-methyl gluconate and 2-deoxyglucose.
Tyler and Magasanik (38) further defined conditions necessary for
transient repression. The cell must be presented with a compound that
has not previously appeared at the cell surface, and the cell must have
a specific permease for this compound as well as a functional phospho
transferase system dependent on phosphoenolpyruvic acid ( P E P ) . [The
phosphotransferase system, which was described by Kundig et al. (39),
consists of the enzyme I-catalyzed phosphorylation of a small protein
by P E P and transfer by enzyme II of the phosphate from protein to
glucose to give glucose 6-phosphate.] Mutants lacking enzyme I do not
show transient repression but have catabolite repression. Perlman et al.
(40) showed that both catabolite and transient repression in β-galactosidase synthesis are due to reduction of cAMP within the cell, and both
effects are reversed by cAMP. Silverstone et al. (41) showed that the
common target for both transient and catabolite repression is the pro
moter region. Thus, the final stages of catabolite and transient repression
control appear to be the same, but there are sufficient differences in their
properties to say they are not identical processes. Perlman et al (40)
pointed out that three processes control the cellular level of cAMP
(synthesis, degradation, and excretion from the cell), and the apparent
differences between catabolite and transient repression may well reflect
differences in the regulation of these three processes.

2. CONTROL BY CYCLIC ADENOSINE 3',5'-MONOPHOSPHATE

(CAMP)

A key observation in understanding the mechanism of catabolite re
pression was made by Makman and Sutherland (42). They isolated
cAMP from a growing culture of E. coli and showed that its concentra
tion rose to a maximum when the glucose in the medium was exhausted.
They suggested that cAMP could control the formation of inducible
enzymes needed to attack polysaccharide reserves, which could promote
further growth. Perlman and Pastan (43, 44) made E. coli cells perme
able to cAMP and showed that this compound not only stimulated β-galactosidase and tryptophanase production, but also abolished the glucose
effect. N o stimulation was observed with alkaline phosphatase synthesis;
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although this enzyme is repressible, its formation shows no glucose effect.
Chloramphenicol-treated cells accumulate m R N A for β-galactosidase
synthesis when an inducer, IPTG, is present, and those authors showed
that accumulation of this m R N A could be stopped by glucose and re
started on addition of cAMP. Ullman and Monod (45) also showed
that the glucose effect on β-galactosidase synthesis could be abolished
by cAMP. In a cell-free β-galactosidase synthesis system, Chambers
and Zubay (46) were able to show marked effects of cAMP. Using a
system that normally promotes the synthesis of only a small part of
the β-galactosidase polypeptide, they found that cAMP increased the
number of completed chains produced. In a mutant with a deletion in
the lac operator extending into the i gene, which normally produces
little enzyme, the synthesis was increased up to 30-fold. It was also
observed that inhibition by purified lac repressor was much greater in
the presence of cAMP throughout; it increased from 50 to 95%, indicat
ing that the fidelity of the transcription was improved.
B y means of the analysis of certain mutants insensitive to catabolite
repression, it has been found that the site of action of cAMP is in
the promoter region of the operon. Nakada and Magasanik (86) obtained
evidence to suggest that catabolite repression causes lack of transcription
of the lac operon, and such repression can be observed even in cells
that have a deleted operon (47). Thus, the site of action cannot be
the operator, and Pastan and Perlman (48), using a lac promoter mutant,
showed that the formation of β-galaetosidase was not sensitive to transient
repression and that it was not stimulated by cAMP. In the parent strain
and several revertants, transient repression was overcome by cAMP.
They proposed that the promoter region was the site of action of cAMP
or a derivative thereof. Silverstone et al. (49) and Perlman et al. (40)
showed that a partial deletion in the promoter region rendered the genes
of the lac operon insensitive to catabolite repression. Silverstone et al.
(41) showed that promoter mutants in the lac operon with a reduced
rate of synthesis of the lac enzymes could be reverted to produce higher
levels of activity, together with a loss of sensitivity to catabolite repres
sion and transient repression. Mapping these revertants showed that
they were in the promoter region close to the original mutation.
Not only is cAMP important in stimulating the production of catabolically repressed enzymes, it appears to play a major role in viral
lysogeny regulation. When a temperate phage infects a sensitive cell,
the virus can either multiply and lyse the cell or exist in the dormant
condition of lysogeny where its D N A is incorporated into the bacterial
chromosome. It has been shown in Salmonella typhimuriun
that the
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choice between these pathways in a cell infected with phage P22 de
pends on the cAMP concentration in the cell (49a). Where cAMP is
high, lysogenization results; with low cAMP levels, the lytic pathway
dominates. The authors consider that this may be a general phenomenon
in temperate phages, and they propose that cAMP combines with the
cAMP receptor protein to activate R N A polymerase and produce pro
teins essential for lysogenization.

3. c A M P BINDING PROTEIN

Isolation of a protein factor that binds cAMP and acts on the tran
scription process has been achieved by two groups. Emmer et al. (50)
isolated mutants unable to synthesize a spectrum of inducible enzymes,
some of which did not respond to cAMP. They isolated a binding protein,
CR protein (cAMP receptor protein), from wild-type E. coli and two
of the above mutants. The protein is heat labile, contains less than
1% R N A , and gives a single peak on ultracentrifugation with a molecular
weight of 40,000. Calculations from cAMP binding indicate that it is
about y6 pure at this stage. The preparation binds cAMP reversibly
G
with Kd = 1 X lQr Μ and is specific for cAMP; of several other nucleo
tides tested, only cGMP showed a slight competitive inhibition. The
CR protein in a mutant that does not respond to cAMP has a reduced
5
affinity for cAMP (Kd = 2 χ ΙΟ" M). The activity of cell extracts
was compared in the mutant and the wild type and it was found that,
at a concentration of cAMP giving maximum stimulation for β-galactosidase formation in the wild type, there was no synthesis with the mutant
extract. When the cAMP concentration was increased fourfold, the mu
tant produced some 15% of the wild-type synthesis. Addition of wild-type
CR protein increased the level of synthesis in the mutant threefold.
Emmer et al. (50) pointed out that several proteins referred to as σ
factors stimulate R N A polymerase, and CR protein may be one of them.
A similar factor has been purified by Zubay et al. (51). A mutant was
isolated that had low levels of catabolite-repressible enzymes and was
not defective in cAMP synthesis. Cell-free extracts of this mutant syn
thesized only about 5% of the normal level of β-galaetosidase, but ex
tracts from wild-type cells increased the formation. Using this stimula
tion on an assay, Zubay et al. (51) were able to fractionate a protein,
CAP (catabolite gene activator protein), which binds cAMP and causes
initiation of transcription. The protein has a molecular weight of about
45,000. Binding of cAMP is inhibited by cGMP, in parallel with its
inhibitory action on β-galactosidase synthesis. The authors concluded
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that a transient complex between CAP, cAMP, and D N A and/or poly
merase triggers transcription.
Eron et al. (52) extended these observations and showed that in a
cell-free transcription system CAP and cAMP increase transcription up
to sixfold from the correct strand in the lac region; CAP and cAMP
do not appear to stimulate transcription by replacing the σ factor of
the R N A polymerase. Unfortunately, the effects of repressor and pro
moter systems could not be demonstrated in this system, but de Crombrugghe et al. (53) have developed a system that shows these effects.
Two ways to increase the production of lac m R N A were used: addition
of guanosine tetraphosphate (ppGpp), which increased synthesis by
s
three- to tenfold, and use of a "superpromoter" mutant (P ) that tran
scribes the lac operon more effectively. The D N A used was λ phage
s
lac P and, with this template, cAMP stimulated enzyme formation
some 50-fold; lac repressor inhibited synthesis, but this was overcome
by IPTG. The ppGpp gave a threefold increase over cAMP alone, and
in extracts from mutant in the crp locus—which cannot make lac m R N A
unless C R P (cAMP receptor protein) is present—β-galaetosidase syn
thesis was completely dependent on CRP. Riggs et al. (54) have purified
the CAP protein, which they now call CGA (catabolite gene activator)
protein, and have shown that it is a dimer (2 χ 22,000 M W ) and binds
D N A in the presence of cAMP.

D. Positive Control Systems

Deletion or nonsense mutations in the i gene of the lac system cause
the pleiotropic, constitutive production of the proteins of the lac operon
(e.g., see 55), this being characteristic of a negative control system.
However, operons are known where such mutations in a control gene
can cause pleiotropic nonproduction of enzymes; these are the rhamnose
and maltose operons, each of which has three structural genes and a
regulatory gene (56, 57), and the arabinose operon, which has three
structural genes and several regulatory genes (e.g., see 58). These three
operon systems are responsible for the conversion of sugars infrequently
encountered in the environment to products in the mainstream carbohy
drate degradative pathway. Englesburg et al. showed that a positive
control system operates in arabinose utilization. Their data support a
model whereby the regulatory gene, araC, produces a protein that has
two equilibrium species, a repressor and an activator. Normally these
are attached to their respective binding sites on the D N A , but arabinose
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shifts the equilibrium such that the activator species predominates. The
dual effect of removal of repressor and increase in activator results in
transcription of the three structural genes. The proposition that the sys
tem is really one of negative control, in that araC may produce an enzyme
converting arabinose to another compound acting on an undiscovered
i type of repressor, has been disproved by Englesburg. The pro
duct of the araC gene has been isolated by Wilcox et al. (58a)
using affinity chromatography. The antiinducer D-fucose was immo
bilized in a column. When a mixture of proteins was passed through the
column, the araC gene protein was retarded in its flow due to its affinity
for the effector. The protein was shown to bind specifically to ara D N A .
A D N A dependent synthesis of ribulokinase, a component enzyme of the
ara operon, has been used to demonstrate that most of the properties of
the C protein are demonstrable in vivo (58b). The C protein can func
tion either as an inducer or a repressor, and both arabinose and cAMP
are essential for ribulokinae synthesis.
Alkaline phosphatase is another system whose regulation is consistent
with positive control (59).

E. Amino Acid Biosynthesis Control

Many of the amino acid biosynthetic pathways in microorganisms
have been shown to be under the control of repressors that are derived
in some way from the amino acid whose biosynthesis is controlled. This
phenomenon is allied to, but radically different from, control by allosteric
mechanisms. The allosteric regulation of formed enzyme is a quicker,
finer control than the alteration of cellular enzyme levels by repres
sion—derepression. Although it is known in several instances that the
amino acid, or a derivative thereof, acts as the corepressor, in the few
cases examined in detail, the actual corepressor and repressor molecules
do not conform to a general pattern.
The histidine biosynthetic system is probably the one for which most
information is available at the molecular level. It is a large operon
system with nine structural genes and an operator in
Salmonella
typhimurium
(60). In addition, there are some five regulatory loci of
which hisS, the structural gene for histidyl-tRNA synthetase, has been
the most strongly implicated in the repression of the his operon (61).
Mutations in this gene result in derepression of the histidine enzymes
associated with production of a histidyl-tRNA synthetase with altered
affinity for histidine, resulting in marked reduction of the amount of
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activated amino acid formed. This strongly suggests that the histidyl- t R N A acts as corepressor for the his operon and supports the observa
tions of Schlesinger and Magasanik (62), who showed that a-methylhistidine, an analog of histidine, causes derepression of the histidine genes
in E. coli and Aerobacter aerogenes. This analog was found to be a
competitive inhibitor of t R N A synthetase.
Histidyl-tRNA appears not to be the only repressor molecule acting
in the his system. The first enzyme in the biosynthetic pathway, phosphoribosyltransferase (G enzyme), which is known to be allosterically in
hibited by histidine {63), also appears to play a part in repression of
the his operon. Kovach et al. {64) showed that when kinetics of repres
sion are studied under conditions where the feedback site of the first
gene has been altered, a different repression pattern is seen. They {65)
later found that mutations in the G enzyme result in alteration or com
plete prevention of repression. In these experiments auxotrophs were
found which were not repressed by the analog 1,2,4-triazole. This analog
normally causes repression of the his operon by being activated and
attached to histidyl-tRNA, and so it was suggested that the G enzyme
and histidyl-tRNA combine to produce the active his repressor. This
supposition was confirmed in vitro by Kovach et al. {66), who showed
specific, high-affinity, magnesium-dependent binding between these two
molecules, and was extended by Blasi et al. {67) to show that histidylt R N A is bound at some site other than either the catalytic or the
feedback inhibition site. A mutant resistant to feedback inhibition was
found to have a decreased ability to bind histidyl-tRNA to phosphoribosyltransferase. Rothman-Denes and Martin (68) pointed out certain
difficulties with the proposition that the sole control function of G enzyme
is to react with histidyl-tRNA to provide a repressor whose site of action
is the operator region. They suggested that a second control system
is that phosphoribosyltransferase directly stimulates the promoter region
a maximum of three to four times.
Martin and Felsenfeld (69) studied derepression of the his enzymes
in his mutants in a chemostatlike device. Derepression by lowering the
histidine concentration gave an approximately tenfold derepression in
both a G and an Ε mutant. However, when the concentration was further
reduced, the Ε mutant became more derepressed, whereas the G mutant
did not. They suggested that complete derepression occurs only when
both the repressor is removed from the operon and the promoter is stimu
lated. It seems that this could be a two-site repressor-derepressor similar
to that encountered in the arabinose operon, where one form of the
repressor binds to the operator and another to the promoter.
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The pathways leading to the biosynthesis of the branched-chain amino
acids leucine, isoleucine, and valine from threonine have been investi
gated and appear to be under repression control similar to that of the
histidine pathway, but differ in that the situation is more complex {70,
71). Threonine is converted to α-ketobutyrate by the enzyme threonine
deaminase; four enzymes convert ketobutyrate to isoleucine; and the
same four enzymes convert pyruvate to valine. The ketoacid that is
the precursor of valine, ketoisovalerate, is converted to leucine in four
more enzymic reactions. The latter four enzymes are the leucine operon
(72). Threonine deaminase and enzymes 4 and 5 in the pathway to
isoleucine/valine form one operon, ilv ( A D E ) , and the other enzymes
form two more operons {71). The leucine operon enzymes are repressed
by leucine alone {78), and evidence exists that leucyl-tRNA is involved
{74).
However, regulation of isoleucine/valine formation is dependent on
valine, isoleucine, and leucine being present together (multivalent repres
sion) {75), synthesis of isoleucine/valine occurring when only one of
these three amino acids is limiting. Evidence suggests that the corre
sponding t R N A molecules are important in this repression. An analog
of isoleucine, 2-amino-3-methylthiobutyric acid (thiaisoleucine), inhibits
the growth of E. coli K12 and interferes with the formation of isoleucylt R N A ; the inhibition can be reversed by isoleucine and resistant mu
tants can be obtained {76). These mutants are derepressed for the ilv
( A D E ) operon and have an isoleucyl-tRNA synthetase some tenfold
reduced in affinity for thiaisoleucine. Eidlic and Neidhart (77) isolated
a mutant of E. coli KB with a temperature-sensitive valyl-tRNA syn
thetase, which has greatly reduced activity at 30°C, and found that at
30°C the mutant grows with derepressed levels of the isoleucine-valine
enzymes. Freundlich {78) showed that the valine analogs aminobutyric
acid (ABA) and DL-threoaminochlorobutyric acid (ACBA) can be
activated by valyl-tRNA synthetase but only ACBA can be attached to
valyl-tRNA, and this compound can replace valine in repression of the
ilv enzymes. On the other hand, ABA does not repress the enzymes and
cannot be attached to valyl-tRNA even though it is activated.
These observations have been extended by Hatfield and Burns {80)
to implicate the first enzyme of the ilv operon, threonine deaminase,
as a constituent of the active repressor. The product of the cistron A
of the ilv operon is a monomer {79); it forms a disulfide bridge to
give a dimer that is in equilibrium with the tetrameric form {80). This
tetramer is enzymically inactive, but when combined with isoleucine,
valine, or threonine alone it becomes threonine deaminase. If both iso-
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leucine and valine are added, the protein stays in its "immature" form.
These authors have now found (81) that the immature form of threonine
deaminase will bind leucyl-tRNA and they suggest that this complex
is the active repressor. The phenomenon of multivalent repression is
viewed as a manifestation of the fact that if either isoleucine or valine
is not present, the immature form will be readily converted to the active
enzyme. When leucine is limiting, leucyl-tRNA concentration falls and
the gene is derepressed. They suggested an alternative explanation for
the results of Freundlich (78) and Williams and Freundlich (82) in
that ACBA will promote maturation of the immature enzyme, whereas
ABA will not. The role of v a l y l - t R N A would thus be in doubt in ilv
A D E repression.
There are thus two well-documented cases where the repressor activity
of t R N A in amino acid biosynthesis occurs in conjunction with the first
enzyme in the pathway. In addition, Sommerville and Yanofsky (83)
showed that mutations in the structural gene for anthranilate synthetase
lead to both a lack of sensitivity to end-product inhibition by tryptophan
and a simultaneous derepression of the operon of which the enzyme
is the first member. Duda et al. (84) showed that the D A H P (3-deoxyD-arabmo-heptulosonate-7-phosphate) synthetase, a phe isoenzyme, com
bines specifically with phenylalanyl-tRNA. But Ravel et al. (85) con
cluded that the tyrosine D A H P synthetase does not combine with
tyrosyl-tRNA. Furthermore, Hiraga and Yanofsky (85a) have demon
strated that deletions in the Ε gene of the trp operon, the gene next to
the operator, do not affect the normal control characteristics of the
operon.
The nature of the repressor in other amino acid systems is not clear.
Despite earlier reports that tryptophanyl-tRNA plays a part in the
repression of trp operon (86), Mosteller and Yanofsky (87) concluded
that t R N A is not the corepressor. In the arginine system, Coles and
Rogers (88) found that, in two strains of E. coli repressible and nonrepressible by external arginine, the rate of arginyl-tRNA activation is
twice as great in the derepressed strain.

III. RNA POLYMERASE CONTROL FACTORS
The R N A polymerase from E. coli exists in two forms, each with
the ability to promote R N A synthesis in the presence of D N A and
5
5
the four ribose triphosphates. They are of M W 4.4 χ 10 and 8.8 Χ 10
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and available evidence suggests that the 4.4 χ 10 form is the active
species (89).
When purified R N A polymerase is subjected to electrophoresis under
denaturing conditions, several polypeptide chains are observed {90, 91).
These are α, β, β', ω, and σ. Burgess et al. (92) showed that the purified
enzyme could be split by chromatography on phosphocellulose into a
"core enzyme" with a2, β, β', ω, and a σ factor—a stimulating factor.
The β' subunit is required to bind the R N A polymerases to D N A (93).
The σ factor increases the formation of R N A from D N A templates by
up to 75-fold. The factor is protein, with M W of 95,000, and the evidence
suggests that it increases the number of chains initiated. Furthermore,
σ confers on the core polymerase the ability to catalyze R N A synthesis
at specific initiation points on the correct strand of phage D N A (94,
95). Thus, when T4 D N A is used as template for σ-containing E. coli
R N A polymerase, only certain sequences are transcribed (96, 97). Tran
scription of the other genes requires specific protein synthesis, presum
ably of new transcription machinery components (98). Travers (99)
showed that this is a T4-phage-specified initiation factor similar to σ.
Other virus-specified initiation factors are known
and it appears
that the factors act as specific positive control elements in that they
determine which sequence of D N A will be initiated for translation by
R N A polymerase. The factors appear to have a cyclic role in initiation,
as they dissociate from the core polymerase after transcription com
mences (101, 102).

(100),

Travers (103, 104) reviewed the modifications of R N A polymerase
that occur during T4 D N A synthesis in vivo. In this phage, complex
development results in the production of several classes of R N A mole
cules, the major ones being immediate early, delayed early (105), and
late (106). Host polymerase can synthesize the immediate early species
(94) when directed by the E. coli σ factor. Initiation of the delayed
early sequences needs a phage-specific σ factor (99). There is some over
lap in specificity in that, in vitro, in the absence of termination factor,
host polymerase will transcribe immediate early and delayed early and
the phage T4 σ factor does induce the translation of some early genes.
As well as the σ-factor change there is change in the core, as immediately
on infection the a subunits are modified by the addition of A M P (107).
Another early change is the replacement of the ω unit by a different,
probably phage-coded unit (108). It is suggested (103) that these a
and ω modifications may serve to reduce the affinity in core polymerases
for E. coli D N A . Late infection changes also occur in the β' subunit
However, the β subunit is conserved throughout, as all transcrip-

(104)-
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tion is rifampicin sensitive (109, 110) (see below). Thus, the sequential
changes resulting in progressive synthesis of the classes of R N A are
(a) from host polymerase a2, β, β' ω, σ to (αΎ4)2, β, β', ω Τ4 and eventu
ally to (αΤ4)2, β} β'τ4, ω Τ4 in the core and (b) from σΕ. oi%
to σΤ4. In this
C
way a change in specificity is gradually introduced in transcription.
Similar temporal change in R N A species production is found in Bacil
lus subtilis phage SPOl (111), but Chamberlin et al. (112) showed
that in T7 infection a new phage-specified R N A polymerase is produced
which presumably synthesizes all classes of R N A . Changes in the β
subunit of R N A polymerase have also been observed in B. subtilis (113)
during sporulation, and it is also possible that a new σ factor is made
specifically to transcribe sporulation R N A .
A further factor, ψΤ} has been described by Travers et al. (114) which
acts as effector stimulating E. coli R N A polymerase to transcribe the
ribosome R N A (rRNA) cistrons. Purified E. coli R N A polymerase would
not do this unless supplied with φ in the form of a crude E. coli extract
or from Q/? R N A replicase; ψ occurs in Q/? replicase as one of the
smaller subunits. Travers et al. suggested that CAP and φ are representa
tives of a class of bacterial positive control elements that operate in
vivo. Factor ψ would be the primary determinant for promoter recogni
tion and σ factors would be secondary specialist determinants. They
drew several parallels between ψ and cAMP-binding protein: They are
proteins of similar molecular weight, both need σ factor for their func
tion, and both are regulated by a small nucleotide, c A M P in the case
of CAP and ppGpp in the case of φ. However, de Crombrugghe et al.
(115) showed that CAP binds directly to D N A and stated that the
analogy of φ and CAP cannot be carried to the level of R N A polymerase
binding.
Roberts (24) has shown a factor, p, which controls the termination
and release of R N A chains from D N A during the transcription by R N A
polymerase. This factor seems to give discrete R N A products, corre
sponding to those found in vivo, rather than an unnatural collection
of heterogeneous polynucleotides. Beckmann et al. (116) studied the
binding of ρ to D N A and calculated that one molecule of ρ (MW
200,000) would bind to about 12 base pairs.
The R N A polymerase is inhibited by several antibiotics, some of which
have been useful tools in studying initiation. Rifampicin prevents the
formation of a complex between D N A , polymerase, and the triphosphates
by binding to the β subunit (117). Distamycin interferes with polymerase-DNA binding (118); possibly it is competing with polymerase
for the A-T-rich sites on D N A (119). The cyclic peptide a-amanitin
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derived from the poisonous mushroom Amanita, inhibits R N A poly
merase in the cell nucleoplasm but does not affect the species present
in the nucleous {120).
Ribonucleic acid is transcribed from D N A by an R N A polymerase
with enzymic properties similar to those of the E. coli enzyme (121).
The main feature distinguishing mammalian R N A polymerases from
those in prokaryotes is their multiplicity. Blatti et al. (122) showed
that eukaryote cells contain at least three different R N A polymerases;
R N A polymerases II and III are in the nucleoplasm and polymerase
I is in the nucleolus. Polymerase I makes the 45 S R N A ribosome precur
sor. Polymerase II may make all the other m R N A molecules in the
nucleus. There are probably other R N A polymerases in each organelle,
and in fact Schmerling (123) showed that transcription in mitochondria
is inhibited by rifamycin—characteristic of prokaryote R N A polymerase.
Polymerase II but not III is specifically inhibited by a-amanitin (120).
Stein and Hausen (124) and Seifart (125) showed that a factor from
the cytoplasm stimulated the R N A polymerase II of rat liver nuclei
by binding to the polymerase and promoting a much more efficient tran
scription of double-strand D N A . N o stimulation of transcription of sin
gle-strand D N A was observed. It will be of interest to see if specificity
factors comparable with σ are found for eukaryote R N A polymerase.

IV. EUKARYOTE TRANSCRIPTION
It would not be surprising if the control mechanisms existing in
eukaryotes for the transcription and replication of D N A were radically
different from those in prokaryotes, as the organization of the genetic
material is so much more complex. Whereas the prokaryote chromosome
appears to be a single D N A circle, eukaryotes normally have more than
one chromosome, often a large number of them, which are diploid in
the higher eukaryotes. In this context, the term "higher" refers solely
to morphological complexity and has no necessary connotation for
evolutionary adaptation. Eukaryote chromosomes are wholly or partly
covered with a variety of proteins; this could cause problems of tran
scription and replication not seen in the prokaryotes, which are thought
to have a free D N A chromosome. In addition, the eukaryote chromo
somes are contained in the nucleus, which has a limiting membrane
and may control passage of molecules to and from the genetic apparatus.
Higher eukaryotes cope with the external and internal environments
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by possessing a range of functionally differentiated, highly specialized
cells, whereas prokaryotes have evolved highly specialized control sys
tems to adapt the whole cell to a changed environment on a short-term
basis. Although the basic enzymic mechanisms of D N A and R N A synthe
sis may well be the same, the control mechanisms have to work under
vastly different sets of conditions in the two types of organism.
Many workers have asked whether the operon system of Jacob and
Monod is found in eukaryotes. If this system could be used in higher
organisms, and could function in systems such as differentiation by turn
ing on or off blocks of genes during development, it would provide a
marvelous example of underlying unity in biological control systems
Unfortunately for this ideal, the occurrence of operon systems similar
to those of the bacteria has not been demonstrated in eukaryotes. Even
in the simple haploid eukaryotes such as Neurospora, there appear to
be no operons and the most likely candidate (126), the /iis-3 gene region
of Neurospora, which is responsible for the formation of three enzymes
in the biosynthetic pathway, has been shown to be a single multifunc
tional protein (127). Even genes controlling component parts of the
single protein can be separated on the chromosome in eukaryotes. The
genes for the a and β chains of hemoglobin are unlinked (128), as are
the A- and B-chain genes of lactic dehydrogenase (129). It has been
found that pathway-related groups of enzymes can, under certain condi
tions, vary in amounts in a concerted fashion under the influence of
diet or hormone concentration (ISO). For example, it was suggested
that the enzymes involved in gluconeogenesis are localized on the same
"functional genome unit" (1S1) and are pleiotropically repressed by
insulin (1S2), but other workers could not substantiate this general re
pression by insulin (1SS). There appears to be no established case of
a eukaryote operon system equivalent to the operons of bacteria. It
is thus tempting to speculate that the operon system with its sensitive
control elements is an evolutionary adaptation of bacteria growing in
environments where the supply of essential growth factors and useful
nutrients is capable of rapid and dramatic changes.

A. Histones as Repressors

Histones are the major protein components in chromosomes; they are
rich in lysine and arginine, and this basic property means that they
form polar bonds with acidic molecules such as D N A and RNA. They
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have been thought of as being repressors in that by combining with
D N A they render the gene inert. There is general agreement that highly
coiled and condensed chromosomes are genetically inactive since they
cannot replicate or be transcribed. Hearst and Botchan (134) suggested
that a hierarchy of control systems exists in chromosome transcription,
the coarsest control being the degree of heterochromaticity and condensa
tion. The inertness of such chromosomes is shown by the nonexpression
of one of a pair of X chromosomes in mammals leading to mosaics
in heterozygotes as the expressed X chromosome is selected at random
(135). Although it seems that condensed chromsomes are inactive, it
is not clear whether the nonactivity is due to condensation or vice versa.
In the first case derepressors would operate by causing chromosomes
to become uncoiled and thus available to R N A polymerase, but if con
densation were a manifestation of genetic inertness derepressors would
cause synthetic activity to start, thus resulting in uncoiling.
Apart from the possibility of inertness due to the compacted structure
of the chromosomes, histones could also be thought to operate by covering
the D N A and making it unavailable to R N A polymerase. Huang and
Bonner (136) showed that chromatin as prepared from pea embryo was
inefficient as a template in the R N A polymerase reaction, whereas re
moval of histone resulted in a fivefold increase in activity. When histone
was added back to the D N A , it was no longer active in the R N A poly
merase reaction. Removal of histones by trypsin greatly enhances R N A
synthesis (137). Paul and Gilmour (138) demonstrated that R N A pro
duced by R N A polymerase from isolated chromatin corresponded to
the species of R N A present in the organ from which the chromatin
was obtained. Thus, there is evidence that D N A can be blocked or
masked (138) by combination with histones, such that it is not avail
able for R N A polymerase. These studies (136-138) indicated that from
5 to 20% of the D N A was not available for R N A polymerase and it
was thought that most of the D N A was covered by histones. However,
Clark and Flesenfeld (139) showed that much more D N A was free, in
that it was susceptible to the nucleases and available for titration with
polylysine. About half the D N A was free, and they pointed out that
it is only necessary for the chromatin proteins (repressor) to block the
promoters in the D N A to completely abolish transcription.
Histones have been divided into four classes (I-IV) (140) by separa
tion on a weak cation-exchange resin. Histones I are very rich in lysine,
histones II are moderately rich, and histones III and IV are rich in
arginine. The arginine-rich group has been further studied and it seems
that there are only two arginine-rich histones (141)- D e Lange et al.
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(11$) have shown that the sequence of this histone from pea seeds differs
by only two amino acid residues from the analogous protein from calf
thymus. Such extreme conservation of structure indicates that this histone must have a very specialized function for which it has been subjected to very strong selective pressure in evolution. In the moderately
lysine-rich histones there again is little evidence of heterogeneity (143).
The lysine-rich fraction seems to be the most heterogeneous to date.
Kincade and Cole (144) found four subfractions by chromatography
which appeared to be homogeneous. These histone types appeared to
be correlated with the tissue studied, and in fact there may be up to
dozens or scores in higher organisms (145). Chromatin isolated from
interphase cells can be separated into inactive dense heterochromatin
and diffuse euchromatin, which is active in R N A synthesis (146). Comparison of the histones present in the heterochromatin (147) showed
a higher content of histones very rich in lysine, which could support
the idea that they may further restrict the genetic activity of the chromosomes by cross-linkage and condensation enhancement. Further evidence
as to the possible repressor role of the histones very rich in lysine comes
from the work of Georgiev et al. (148), who stripped the various histones
from ascites tumor nucleoprotein and found that only the presence of
histone very rich in lysine was correlated with formation of natural
R N A . Hohmann and Cole (149), using mammary cell explants, showed
that in the presence of insulin, hydrocortisone, and prolactin the cells
synthesized D N A and differentiated by producing a burst of casein.
During this synthesis, one of the five fractions very rich in lysine was
much reduced and another was increased.
The classification of histones presented above is based on chemical
grounds only, but there are tissue-specific histones that seem to play
a repressive role. Protamines are a subgroup of histones; they are small
(MW 3000-5000) and have a high arginine content. They are found
in the sperm of fish and some birds (150). Their appearance coincides
with the cessation of R N A synthesis (151), and it has been suggested
by Ingles and Dixon (152) that they have the function of total genetic
repression. In another type of very highly repressed tissue—the nucleated
erythrocytes—there is a moderately lysine-rich, serine-rich histone
(153). It occurs in reticulocytes and erythrocytes of several birds, but
not in other tissues (154). Similar proteins exist in erythrocytes of fish,
reptiles, and amphibians but each species has its own histones (155).
Tomasi and Kornguth (156, 157) have isolated a histone from pig brain
for which they have evidence that it is unique to nuclei of the central
nervous system in a variety of organisms. They observed that the amount
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of this histone increases during differentiation and development of the
neurons. Although evidence increases that the histones have a role in
genetic repression, the number of all known histones is such that they
could be used as repressors for only large families of genes, and certainly
one gene-one repressor histone appears very unlikely at present.
B. Nonhistone Repressors

Investigators have sought the assistance of other molecules to provide
more information for specific repression and to act in concert with the
general repression by histones. Two candidates have been suggested for
this role: chromosome R N A (cRNA) and nonhistone proteins. The
cRNA hypothesis was first put forward by Huang and Bonner [158,
159). Histone can be separated from D N A by dissolving pea bud chro
matin in cesium chloride and subjecting the solution to density gradient
centrifugation. Histone prepared in this way contains R N A that is covalently bound to a nonhistone protein, and these molecules are bound
to histones by hydrogen bonds. The complex is of several hundred thou
sand molecular weight, containing 10-20 histones per R N A and nonhis
tone protein. The R N A is about 40-60 nucleotides long with an s value
of 3.25 S and contains 5-25 moles dihydrouracil ( D H U ) per 100 moles.
The D H U can exist in an open ring to give a free COOH group which
could bind to the basic groups of histones. Huang (160) isolated such
a nucleotide-peptide complex from cRNA by Pronase digestion. Chromo
some R N A has also been found in ascites tumors (161), calf thymus,
(162) and chick embryos (163).
Further work (163, 164) showed that when the histone-RNA-protein
complex was disassociated, the cRNA destroyed, and the complex reassociated, although the material was still active as a R N A polymerase
template, the R N A produced did not correspond to the R N A found
naturally, indicating that cRNA plays a part in the specific reconstitution of chromatin. However, the magnitude of the cRNA-histone effect
cannot be large, as Huang and Huang (163) found that R N A produced
by R N A polymerase from presumably derepressed templates containing
no cRNA gives only 5% more hybridization to D N A than R N A produced
from repressed templates. Von Heyden and Zachau (165), who repeated
the extraction procedure of Shih and Bonner (162) for preparation of calf
thymus histone, concluded that the existence of c R N A is doubtful and
the most probable explanation of its occurrence is that cRNA is t R N A
that has been degraded by the extraction procedure. Further work is
thus needed to validate the existence and role of cRNA.
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Nonhistone proteins have also been implicated as the information-containing components of a histone-based repressor complex. Paul and
Gilmour (138) disassociated and reassociated chromatin in order to study
the function of the various components. Using a R N A polymerase assay,
they found that, when chromatin was dissolved in concentrated salt
and the D N A was separated by centrifugation, it behaved like purified
D N A . If only histones were removed there was still residual masking
of priming ability. Thus, another component was acting with histone
to produce masking. Further experiments showed that a DNA-histone
complex gave an inefficient primer and only D N A plus histone plus
nonhistone protein gave material that was comparable with the original
chromatin used. The R N A molecules produced in this latter case by
the polymerase were identical with R N A species produced using native
chromatin, showing that reconstitution was perfect. The nonhistone proteins used in this study were prepared by chromatography of the saltfractionated material on hydroxyapatite. The histones washed off and
the acidic proteins were retained. The best preparations of these acidic
(nonhistone) proteins contained 1-2% R N A . It is difficult to appreciate
the significance of the R N A "contaminant" until the position of cRNA
is cleared up.
In summary, it appears that the efficiency and presumably the specificity of histone repressors can be markedly increased by nonhistone acidic
proteins. The proposition that cRNA is a component of these repressor
systems needs further clarification.
C. Derepressors

On the assumption that the genes are repressed either by histones
alone or by histones plus other molecules, one has to consider how they
can be derepressed. It is necessary to consider the fact that in a mature,
fully differentiated cell the vast majority of the genetic information
would never be transcribed, and the idea of Paul and Gilmour (138) is that
in such cells most of the D N A is permanently masked by histone. Only
the sequences whose continuous transcription would be essential for
everyday metabolism would not be in a repressed condition. In cells
radically changing their mode of life, such as in liver regeneration, differentiation, or neoplasia, one would expect major derepressive changes.
However, cells whose metabolic activities alter with changes in the environment or during the life of the adult organisms must have more
flexible controls. In these cells there is some evidence for derepression
stimulated by hormones.
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HORMONES

There are many known examples of hormones affecting enzyme levels
in differentiated mammalian cells; liver is a favorite cell type studied
{166). Whereas many of these effects may be changes at the translational level or alterations of the balance between synthesis and degrada
tion, some changes are sensitive to actinomycin D , which specifically
blocks R N A polymerase, and the inference is in these cases that hor
mones affect the rate of transcription of mRNA. There are reports of
the binding of Cortisol to histones {167), preferentially to lysine histones,
and of a calciferol metabolite binding to chromatin {168). Four cases
are known in which steroid hor aone binds to a cytoplasmic protein
and is then transferred in a bound condition to the nucleus. Hermann
et al. {169) isolated, from the nucleus and cytoplasm of rat kidney
cells, proteins that specifically bind aldosterone. They concluded that
aldosterone and related mineralocorticosteroids regulate sodium transport
by induction of de novo protein synthesis due to their effect on specific
transcription. A receptor protein for testosterone has been found in nuclei
of prostate cells; it is 3.5 S. Binding is a two-stage process; first, the
receptor protein binds testosterone in the cytoplasm and, second, the
complex is transfered to the nucleus {170). Liao and Fang {171) con
cluded that androgens plus their binding proteins act as derepressors.
A similar two-stage process occurs with estrogens {172) but here the
cytoplasmic binding protein is 9.5 S, whereas the nuclear one is a 5
S protein that can be extracted from the chromatin {173). Again in
the case of progesterone a cytoplasmic receptor protein is found with
high affinity for the hormone {174). The hormone-receptor complex (hor
mone plus acidic protein) passes into the nucleus {175) and produces
a new R N A species {176). It appears that the hormone-receptor com
plex disaggregates into smaller units on passing into the nucleus {176a).
Baxter and Tomkins {176b) showed that receptor proteins in the cyto
plasm of cultured rat hepatoma cells bind glucocorticoids with very high
affinity. After conformational change, the complexes bind to D N A and
cause the production of the specific m R N A for tyrosine amino transferase.
Steggles et al. {177) showed that oviduct cells having previously been
treated with hormone contained a specific receptor protein which trans
ferred the hormone from cytoplasm to nucleus, where the complex bound
to chromatin. This suggests that binding of hormones to nonhistone pro
teins in the nucleus could be due to the fact that these proteins are
the cytoplasmic receptor proteins. These receptors can specifically bind
hormones in the cytoplasm and transport them to the nucleus, where
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the hormone-receptor complex binds to the chromosome as a derepressor
and induces specific R N A synthesis. Mueller (176a) suggests that this
mechanism may be common to the various specific effects of steroid
hormones as a class.
There are other cases of the hormone stimulation of R N A synthesis
in chromatin isolated from pretreated animals (178), but only in the
cases of the steroid hormones described above has much evidence bearing
on the nature of the derepressor molecules been found. Matthysse and
Abrams (179) isolated a protein during the purification of chromatin
from peas which increased the rate of R N A synthesis in a pea bud
chromatin-directed E. coli polymerase system. The chromatin could be
replaced by homologous D N A only in the presence of this protein.
Hormones have been strongly implicated in the control of development
and differentiation, at the level of transcription stimulation (180). However, the mechanisms of such stimulation are not clear in the majority
of cases. The best example of a reasonably specific action of hormone
is the effect of ecdysone or chromosome puffing in diptera (181). Injection
of ecdysone into larvae causes the formation of puffs, which are separate
areas of the chromosomes where intense R N A synthesis is occurring.
Clever (182) found that actinomycin D caused reduction in ecdysoneinduced puff size in chromosomes and concluded that a prescribed sequence of puffs is essential for development to occur. In addition to
R N A synthesis, protein synthesis occurs in the puff, and Lezzi (188)
concluded that a puff contains bound R N A polymerase, ribosomes, and
proteins derived from the nucleolus. The actinomycin results indicate
that puffing is a consequence of R N A synthesis rather than the reverse,
and Goodman et al. (184) showed that development in Sciara could
proceed normally even though puff formation had been suppressed by
cortisone. There is no available evidence as to whether ecdysone derepresses by directly acting on the chromosome or if it induces the formation of a derepressor molecule. Hormonal effects have been found in
other developing systems but no evidence has appeared bearing on the
derepressor question.

V. GENE REPLICATION
Areas of active research include problems of the initiation and termination of replication and the control of genetic recombination. Very
little is known about recombination control at the molecular level. Repli-
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cation of D N A in bacterial cells appears to be carried out by two enzyme
systems: first, the enzyme D N A polymerase discovered by Kornberg
(185), which may be concerned mainly with repair of damaged D N A ,
and, second, an enzyme system associated with the cell membrane (186).
Replication of R N A bacterial virus seems to be, in the cases investigated
in detail, catalyzed by RNA-dependent R N A polymerases.

A. Initiation Molecules

It appears that in many organisms D N A replication occurs when the
chromosome is attached to the membrane at its replication point. This
has been shown in mammalian cells (187) as well as bacteria (188)
and several bacteriophages (189, 190), and thus a primary positional
effect may operate with gene replication. Hanawalt et al. (191) suggested
from their results on D N A synthesis in the absence of protein formation
that D N A replication is dependent on prior protein synthesis. Replication
started at a constant initiation point and proceeded to the end of the
chromosome. Their work was extended by Jacob et al. (192) as the
replicon model. A replicon is defined as a unit of replication and corre
sponds to separate entities such as a bacterial or phage chromosome
or an episome. Each replicon could be separately duplicated after initia
tion. Initiation occurred as the result of a diffusable gene product, the
initiator, combining with a specific gene area where replication could
commence. It was also suggested that the replication point was attached
to the cell membrane. Thus, the control system for the replication of
D N A would be positive, initiation needing constant synthesis of new
proteins.
These initiator proteins have not been isolated and characterized but
it seems that several types of them must be produced for initiation
to occur (see 193). For example, Lark and Renger (194) showed that,
whereas chloramphenicol blocked initiation, this was at concentrations
greatly in excess of that preventing protein synthesis and that two types
of proteins were synthesized during replication. A primary protein sensi
tive to chloramphenicol had first to be made, followed by a protein
whose synthesis was resistant to chloramphenicol but sensitive to phenylethyl alcohol (PEA) (195). These two proteins were referred to as
the initiator protein and the structural protein. The latter was thought
to be essential for attachment to the cell membrane. Similar chloramphenicol-resistant proteins have been implicated in the replication of
φ X 174 (196) and S13 (197) bacteriophages and in proteins reacting

5 . REPRESSORS A N D DEREPRESSORS OF G E N E ACTIVITY

163

with polynucleotide phosphorylase and R N A polymerase (198). It is
probable that these chloramphenicol-resistant, ΡΕΑ-sensitive proteins
are concerned with the cell membranes. The chloramphenicol-resistant
protein associated with replication of φ X 174 has been isolated (199)
and appears to be a small molecule with properties similar to those
of membrane structural proteins. Chloramphenicol-resistant proteins
have been found in cell wall synthesis (200, 201), and P E A is known
to affect the cell membrane of E. coli (202, 203).
Recently, evidence has appeared to suggest that a R N A fragment acts
as a primer for D N A synthesis in certain cases. Replication of a bac
terial plasmid (Col. Ei) is inhibited by a specific inhibitor of R N A
polymerase (203a). Similarly replication of phage M13 in E. coli is in
hibited by (203b) both in the formation of double stranded from singlestranded D N A and in the replication of the double-stranded D N A . Μ13
D N A synthesis in a rifampicin-resistant mutant is unaffected by the
antibiotic. It is suggested that R N A polymerase makes a primer for
D N A polymerase to covalently elongate the D N A chain. Furthermore,
D N A synthesis by reverse transcriptase from avian myeloplastosis virus
appears to proceed by growing a D N A chain upon a short D N A primer
(203c). The general nature of an R N A primer for D N A polymerase re
actions remains to be established.

B. Eukaryote Chromosomes

The biochemical control of replication of D N A in eukaryotes is poorly
understood. Mammalian chromosomes, on which most of the work has
been done, consist of multiple sets of D N A molecules that appear to
replicate separately (204, 205). Cairns (206) showed that replication
in HeLa cells occurs in a series of replication units joined end to end.
It has been shown in HeLa cells (207) and mealybug cells (208) that
the chromosomes are attached to the nuclear membrane and that initia
tion proceeds inward toward the center of the nucleus. According to
one model of the eukaryote interphase chromosome (134), D N A is a
single molecule attached to the nuclear membrane at 7-60 μ spacings.
Initiation occurs at the attachment points and proceeds in both direc
tions. An extension of this model is that these attachment sites are struc
turally important and control the condensation of the interphase chromo
some into its metaphase condensed configuration. This condensation
could be a coarse control mechanism, similar to that proposed for tran
scription. As would be expected, reports are extant as to the repression
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of replication
illen and Hnilica (209) showed that an
in vitro D N A λ
^ieparation was inhibited by calf thymus
histone, the lysine-rich fraction being the most inhibitory. Gurley et
al. (210), using a regenerating liver D N A polymerase system, found
that it was maximally (80%) inhibited by very lysine-rich histone at
a ratio of 2 histone to 1 D N A . Preliminary work which they quote
showed that the histone:DNA ratio rose to 2:1 in vivo immediately
before mitosis occurred.
Indications of the need for specific proteins in eukaryote replication
are sparse. Prescott (211) did nuclear transplantation experiments in
Amoeba proteus. When he transplanted nuclei from cells that were ac
tively synthesizing D N A to cells not undergoing replication, synthesis
ceased in the incoming nucleus. Conversely, a nucleus from a synthesizing
cell commenced D N A synthesis when transferred to an actively repli
cating cell. The results would support the replicon model assuming a
cytoplasmic initiator. Friedman and Mueller (212), studying D N A repli
cation in synchronized HeLa cells, showed that synthesis was dependent
on a heat-labile cytoplasmic factor.
Recently, Salas and Green (213) found DNA-binding proteins that may
control D N A replication and hence cell growth. Mouse embryo fibroblast
3
cells (3T6 line) were grown in [ H]proline, and a cell extract was pre
pared and chromatographed on a previously prepared column of 3T6 D N A
immobilized on cellulose. This holds back the molecules in the extract with
affinity for D N A , and these can be further separated by electrophoresis into
eight distinct fractions, P1-P8. Proteins found in growing cells are differ
ent from those found in nongrowing cells. Fractions PI and P2 are larger
in the resting cells, while P6 is found only in extracts from growing
cells, where it is the major component. These proteins were also labeled
14
when [ C ] tryptophan was used in the medium, thus excluding them
from the category of histones, as these molecules have no tryptophan.
It is possible to arrest the cells at the stage of cell division prior to
D N A synthesis by treatment with thymidine. Salas and Green found
very little P I or P2, almost no labeled P6, and marked accumulation
of P8. When these cells were allowed to move on and synthesize D N A ,
the pattern changed to that of dividing cells. Fraction P6 was the major
labeled fraction, suggesting that P6 was synthesized concomitantly with
D N A , and the authors speculate that P6 may have a structural role.
No role is yet suggested for P8. When these types of cells are grown
to saturation density on 0.5% serum and then supplied with fresh serum
(10%), partially synchronized D N A synthesis occurs about 12 hours
later. Cells resting in 0.5% serum had much more P I as compared to
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growing cells or cells resting in 10% serum. Fraction P2 was not large
but a second PI peak, PI', was observed. Prior to D N A replication
commencing, the rate of synthesis of P I and P I ' declined to zero, and
P6 appeared at, or slightly before, the start of D N A synthesis. Salas
and Green concluded from these results that P I is a substance preventing
the onset of D N A synthesis, and as it was shown to bind to D N A
it has all the properties of a general repressor of replication. It will
be of interest to see if these Ρ proteins have a similar effect on transcrip
tion and to compare their properties with those of the nonhistone protein
repressors isolated by Paul and Gilmour (138).
It is known that there is far more D N A in eukaryote cells than would
be needed to specify all the structural genes of the cell. Britten and
Davidson (214) have presented a model for gene regulation in higher
organisms that considers this nonstructural gene D N A as being com
posed of families of control genes.

VI. SUMMARY
To date, repressor molecules have been obtained in a pure state from
two bacterial systems, the lysogenic bacteriophage λ repressor and the
repressor of the lac group of inducible enzymes. Methods developed for
the purification of these repressors appear to be of such wide applicabil
ity as to suggest that other repressors will be purified soon. The two
repressors are specified by regulatory genes and are acidic proteins with
molecular weights of 150,000 and 30,000 for the lac and λ repressors,
respectively. They have high affinities for their specific operator-region
10
12
13
D N A , with binding constants of 10~ -10~ and 10~ , respectively. Both
repressors have been shown to bind to their specific D N A in vitro and
prevent transcription. Reversal of repression in the lac system by specific
inducers shows complete correlation between the ability of a compound
to induce β-galactosidase formation and its capacity to prevent binding
of the repressor to D N A . These properties of the repressor are entirely
consistent with the Jacob-Monod formulation of enzyme control in bac
terial operon systems.
A further system operates to control the formation of those enzymes
whose synthesis is sensitive to catabolite repression. Its mechanism has
been elucidated at the molecular level and provides an explanation of
the glucose effect in the synthesis of bacterial enzymes. In the presence
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of cyclic adenosine 3',5'-monophosphate ( c A M P ) , a cellular protein, the
catabolite gene activator (CGA) protein can bind to the promoter region
of the operon and stimulate transcription. If the concentration of cAMP
falls due to the presence of glucose, or some other substance that can
give rise to intermediary metabolites more efficiently than the inducer
of the sensitive enzyme, the CGA-protein-cAMP complex will not form
and transcription cannot be activated.
Transient repression, and hence nontranscription, is also caused by
reduction of cAMP levels in the cell but this depletion is effected by
a mechanism different from that operating in catabolite repression. The
substances causing the transient effect do not have to be metabolized
to give repression, and the inhibitory effect seems to be correlated with
their active transport into the cell.
The action of the lac λ repressors is part of a negative control system
because the effect of derepressors (inducers) is to remove a block in
transcription. In some operons, notably the arabinose operon, there is
positive control, as the external inducer actively stimulates transcription.
In both positively and negatively controlled operons the genes are not
transcribed unless derepressed and/or activated. In repressible systems
the normal state of the genes is to be operating until switched off.
The mechanism of repression of a biosynthetic enzyme by its end
product has been elucidated in two cases of amino acid biosynthesis.
In the simpler of these, the biosynthesis of histidine, the histidine operon
is turned off when the cellular concentration of histidine rises. It appears
that the active repressor is a complex of histidyl-tRNA and the first
enzyme of the pathway, phosphoribosyltransferase. In the more complex
isoleucine-valine pathway, which can be repressed by leucine, valine,
and isoleucine acting in concert and derepressed by the lack of any
one of these amino acids, it again appears that the repressor is a complex
between leucyl-tRNA and a form of the first pathway enzyme, threonine
deaminase. In this case, a second control exists to give multivalent re
pression, in that the immature form of the enzyme is not converted
to the active species when both isoleucine and valine are present.
Translational control can also be achieved by direction and modifica
tion of the specificity of the DNA-dependent R N A polymerase. The
R N A polymerase can be split into core enzyme and σ factor and, whereas
core enzyme will nonspecifically transcribe D N A , addition of σ factor
confers specificity on the holoenzyme. Different σ factors are known
to have specific initiation points; for example, a new σ factor appears
during T4 bacteriophage infection. In addition, a factor φ specifically
directs σ-containing polymerase to translate t R N A and rRNA cistrons.
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A termination factor P ensures correct termination of transcriptions catalyzed by R N A polymerase.
One could generalize by considering that bacterial operons can have
three functional control areas. The first would be the repressor binding
site, which may be occupied by a repressor protein unless it is prized
off by an inducer, as in the lac system. In other cases, the repressor
will bind only if complexed with a corepressor, as in the case of the
charged tRNA-first-enzyme complex controlling histidine and isoleucine-valine biosynthesis. The second control site would be an activation
site and could contain, for example, a protein activated to bind by
arabinose or a CGA protein plus cAMP. Possibly this stimulatory site
could be occupied by the first enzyme in a biosynthetic pathway. The
third site would be occupied by R N A polymerase, complexed with its
specific initiation factors, and upon release of the repressor and binding
of the activator, transcription would commence and proceed until the
specific termination point was reached. One would not be surprised to
find that any given operon system can utilize any or all of these mechanisms to different degrees and that it is not necessary to postulate that
all operons are controlled by the same combination of mechanisms. The
enormous biochemical diversity of the bacteria may well be reflected
in a multiplicity of control mechanisms, each adapted to a particular
group of genes and environments.
In eukaryotes most of the genome appears to be in a repressed condition. This repression occurs, first, as a result of the condensed nature
of the chromosomes at certain stages of their division cycle and, second,
by the general attachment of histones either to most of the chromosome
or to its promoter regions. The lysine-rich histones are the only group
sufficiently diverse to even provide repressors for large families of genes.
Specific repression may be achieved either by nonhistone proteins or
by chromosomal RNA. There is evidence for nonhistone proteins operating in association with histones, but the evidence for repression by a
specific chromosomal R N A is not clear at the moment. Present results
suggest that the eukaryote chromosome is nonspecifically repressed by
histones, probably in association with nonhistone proteins. Although this
form of repression is superficially similar to that of bacterial operons,
it differs markedly in the important particular that general repression
is unknown in bacteria and no examples are known of specific gene
repression in eukaryotes.
The most well-defined derepressor type of molecules in the eukaryotes
are the complexes between certain steroid hormones and their specific
cytoplasmic receptor proteins. These complexes are formed in the cyto-
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plasm of cells in the target organs, pass into the nucleus, and cause
transcription of specific R N A molecules. One could functionally equate
these complexes either with a β-galactoside inducer or with a
cAMP-CGA protein, depending on whether the gene was to be dere
pressed or activated.
Although there are superficial similarities between eukaryote and pro
karyote transcription, no bacterial system could be thought of as being
analogous to the eukaryote control mechanisms now elucidated. It seems
that transcription control in eukaryotes is specifically adapted to their
cellular organization, where there is a wide range of highly specialized
cells, in each of which most of the genome is permanently repressed.
Although little is known of the biochemical control of replication in
eukaryote organisms, there are indications of similarity to prokaryotes.
In both cases protein synthesis is an essential prerequisite and the chro
mosomes appear to be attached to membranes, either the cell membrane
or the nuclear membrane in prokaryotes and eukaryotes, respectively.
Isolation of DNA-binding proteins is a promising tool to study control
of replication at the molecular level.
REFERENCES

1. F. Jacob and J. Monod, J. Mol. Biol 3, 318 (1961).
2. F. Jacob and J. Monod, Cold Spring Harbor Symp. Quant. Biol. 26, 193
(1961).
3. F. Jacob, Harvey Led. 54, 1 (1958).
4. H. J. Vogel, in "The Chemical Basis of Heredity" (W. D. McElroy and B.
Glass, eds.), p. 276. Johns Hopkins Press, Baltimore, Maryland, 1957.
5. W. Epstein and J. R. Beckwith, Ann. Rev. Biochem. 37, 411 (1968).
6. J. Monod and M. Cohn, Advan. Enzymol 13, 67 (1952).
7. S. Kang, P. Rockey, and A. Markowitz, Fed. Proc, Fed. Amer. Soc. Exp.
Biol 26, 678 (1967).
8. S. D. Barbour and A. B. Pardee, J. Mol Biol 20, 505 (1966).
9. W. Gilbert and B. Muller-Hill, Proc Nat. Acad. Sci. U.S. 56, 1891 (1966).
10. W. Gilbert and B. Muller-Hill, Proc Nat. Acad. Sci. U.S. 58, 2415 (1967).
11. J. A. Boezi and D. B. Cowie, Biophys. J. 1, 639 (1961).
12. A. D. Riggs and S. Bourgeois, J. Mol Biol 34, 361 (1968).
13. A. D. Riggs, S. Bourgeois, R. F. Newby, and M. Cohn, J. Mol Biol 34,
365 (1968).
14. A. D. Riggs, H. Suzuki, and S. Bourgeois, J. Mol Biol. 48, 67 (1970).
15. A. D. Riggs, R. F. Newby, and S. Bourgeois, / . Mol. Biol. 51, 303 (1970).
16. C. Burstein, M. Cohn, A. Kepes, and J. Monod, Biochim. Biophys. Acta
95, 634 (1965).
17. A. D. Kaiser and F. Jacob, Virology 4, 509 (1957).
18. M. Ptashne, Proc. Nat. Acad. Sci. U.S. 57, 306 (1967).
19. M. Ptashne, Nature (London) 214, 232 (1967).
20. V. Pirrotta and M. Ptashne, Nature (London) 222, 541 (1969).

5.

REPRESSORS A N D DEREPRESSORS OF G E N E

ACTIVITY

169

21. M. Ptashne and N. Hopkins, Proc. Nat. Acad. Sci. U.S. 60, 1282 (1968).
22. S. Kumar and W. Szybalski, Virology 41, 665 (1970).
23. R. A. Steinberg and M. Ptashne, Nature (London) New Biol. 230, 76 (1971).
24. J. W. Roberts, Nature (London) 224, 1168 (1969).
24a. H. Echols, Annu. Rev. Biochem. 40, 827 (1971).
25. A. I. Kendall and C. J. Farmer, / . Biol. Chem. 13, 63 (1913).
26. F. C. Happold and L. Hoyle, Brit. J. Exp. Pathol. 17, 136 (1936).
27. Η. M. R. Epps and E. F. Gale, Biochem. J. 36, 619 (1942).
28. J. Monod, "Recherches sur la Croissance des Cultures Bacteriennes." Hermann,
Paris, 1942.
29. B. Magasanik, Cold Spring Harbor Symp. Quant. Biol. 26, 249 (1961).
30. M. Cohn and J. Monod, Symp. Soc. Gen. Microbiol. 2, 132 (1953).
31. W. F. Loomis and B. Magasanik, / . Bacteriol. 93, 1397 (1967).
32. A. B. Pardee, F. Jacob, and J. Monod, C. R. Acad. Sci. 246, 3125 (1958).
33. J. Mandelstam, Biochem. J. 79, 489 (1961).
34. J. Mandelstam, Biochem. J. 82, 489 (1962).
35. W. F. Loomis and B. Magasanik, / . Mol. Biol. 23, 487 (1967).
36. D. Nakada and B. Magasanik, / . Mol. Biol. 8 , 105 (1964).
37. B. Tyler, W. F. Loomis, and B. Magasanik, J. Bacteriol. 94, 2001 (1967).
38. B. Tyler and B. Magasanik, J. Bacteriol. 102, 411 (1970).
39. W. Kundig, S. Ghosh, and S. Roseman, Proc. Nat. Acad. Sci. U.S. 52, 1067
(1964).
40. R. L. Perlman, B. de Crombrugghe, and I. Pastan, Nature (London) 223,
810 (1969).
41. A. E. Silverstone, R. R. Arditti, and B. Magasanik, Proc. Nat. Acad. Sci.
U.S. 66, 773 (1970).
42. R. S. Makman and E. W. Sutherland, / . Biol. Chem. 240, 1309 (1965).
43. R. L. Perlman and I. Pastan, Biochem. Biophys. Res. Commun. 30, 656 (1968).
44. R. L. Perlman and I. Pastan, J. Biol. Chem. 243, 5420 (1968).
45. A. Ullman and J. Monod, FEBS Lett. 2, 57 (1968).
46. D. A. Chambers and G. Zubay, Proc. Nat. Acad. Sci. U.S. 63, 118 (1969).
47. W. F. Loomis and B. Magasanik, J. Mol. Biol. 8 , 417 (1967).
48. I. Pastan and R. L. Perlman, Proc. Nat. Acad. Sci. U.S. 61, 1336 (1968).
49. A. E. Silverstone, B. Magasanik, W. S. Reznikoff, J. H. Miller, and J. R.
Beckwith, Nature (London) 221, 1012 (1969).
49a. J.-S. Hong, G. R. Smith, and Β. N. Ames, Proc. Nat. Acad. Sci. U.S. 68,
2258 (1971).
50. M. Emmer, B. de Crombrugghe, I. Pastan, and R. L. Perlman, Proc. Nat.
Acad. Sci. U.S. 66, 480 (1970).
51. G. Zubay, D. Schwartz, and J. R. Beckwith, Proc. Nat. Acad. U.S. 66, 104
(1970).
52. L. Eron, R. Arditti, G. Zubay, S. Connaway, and J. R. Beckwith, Proc. Nat.
Acad. Sci. U.S. 68, 215 (1971).
53. B. de Crombrugghe, B. Chen, M. Gottesman, I. Pastan, Η. E. Varmus, M.
Emmer, and R. L. Perlman, Nature (London) New Biol. 230, 37 (1971).
54. A. D. Riggs, G. Reiness, and G. Zubay, Proc. Nat. Acad. Sci. U.S. 68, 1722
(1971).
55. C. Willson, D. Perrin, M. Cohn, F. Jacob, and J. Monod, J. Mol. Biol. 8 ,
582 (1964).

170

Ε. Η.

CREASER

56. J. Power, Genetics 55, 557 (1967).
57. Μ. Schwartz, Ann. Inst. Pasteur, Paris 112, 673 (1967).
58. E. P. Englesburg, D. Sheppard, Q. Squires, and F. Meronk, J. Mol. Biol.
43, 281 (1969).
59. A. Garen and H. Echols, Proc. Nat. Acad. Sci. U.S. 48, 1398 (1962).
59a. G. Wilcox, K. J. Clemetson, D. V. Santi, and E. Englesburg, Proc. Nat. Acad.
Sci. U.S. 68, 2145 (1971).
59b. J. Greenblatt and R. Schleit. Nature (London) New Biol. 233, 166 (1971).
60. Β. N. Ames, R. F. Goldberger, P. E. Hartman, R. G. Martin, and L. Roth,
in "Regulation of Nucleic Acids and Protein Biosynthesis" (V. V. Koningsberger and L. Bosch, eds.), p. 272. Elsevier, Amsterdam, 1967.
61. J. R. Roth and Β. N. Ames, J. Mol. Biol. 22, 325 (1966).
62. S. S. Schlesinger and B. Magasanik, / . Mol. Biol. 9, 670 (1964).
63. Β. N. Ames, R. G. Martin, and B. J. Garry, J. Biol. Chem. 236, 2019 (1961).
64. J. S. Kovach, M. A. Berberrich, P. Venetianer, and R. F. Goldberger, J.
Bacteriol. 97, 1283 (1969).
65. J. S. Kovach, J. M. Phang, M. Ferance, and R. F. Goldberger, Proc. Nat.
Acad. Sci. U.S. 63, 481 (1969).
66. J. S. Kovach, J. M. Phang, F. Blasi, R. W. Barton, A. Ballesteros-Olma,
and R. F. Goldberger, / . Bacteriol 104, 787 (1970).
67. F. Blasi, R. W. Barton, J. S. Kovach, and R. F. Goldberger, J. Bacteriol.
106, 508 (1971).
68. L. Rothman-Denes and R. G. Martin, J. Bacteriol. 106, 227 (1971).
69. R. G. Martin and G. Felsenfeld, Anal. Biochem. 8, 43 (1964).
70. Η. E. Umbarger, Annu. Rev. Biochem. 38, 323 (1969).
71. T. Ramakrishnan and E. A. Adelberg, / . Bacteriol. 89, 654 (1965).
72. P. Margolin, Genetics 48, 441 (1962).
73. R. O. Burns, J. Calvo, P. Margolin, and Η. E. Umbarger, J. Bacteriol 91,
1570 (1966).
74. P. R. Alexander, J. M. Calvo, and M. Freundlich, / . Bacteriol. 106, 213 (1971).
75. M. Freundlich, R. O. Burns, and Η. E. Umbarger, Proc. Nat. Acad. Sci.
U.S. 48, 1804 (1962).
76. A. Szentirmal, M. Szentirmal, and Η. E. Umbarger, / . Bacteriol. 95, 1672
(1968).
77. L. Eidlic and F. C. Neidhardt, Proc. Nat. Acad. Sci. U.S. 53, 539 (1965).
78. M. Freundlich, Science 157, 823 (1967).
79. Μ. H. Zarlengo, G. W. Robinson, and R. O. Burns, J. Biol. Chem. 243, 186
(1968).
80. G. W. Hatfield and R. O. Burns, J. Biol Chem. 245, 787 (1970).
81. G. W. Hatfield and R. O. Burns, Proc. Nat. Acad. Sci. U.S. 66, 1027 (1970).
82. L. Williams and M. Freundlich, Biochim. Biophys. Acta 186, 305 (1969).
83. R. L. Sommerville and C. Yanofsky, J. Mol Biol. 11, 747 (1965).
84. E. Duda, M. Staub, P. Venetianer, and G. Denes, Biochem. Biophys. Res.
Commun. 32, 992 (1968).
85. J. M. Ravel, Μ. N. White, and W. Shive, Biochem. Biophys. Res. Commun.
20, 352 (1965).
85a. S. Hiraga and C. Yanofsky, Nature (London) New Biol. 237, 47 (1972).
86. K. Ito, S. Haraga, and T. Yura, Genetics 61, 521 (1969).
87. R. D. Mosteller and C. Yanofsky, J. Bacteriol. 105, 268 (1971).

5.

REPRESSORS A N D D E R E P R E S S O R S OF G E N E

88.
89.
90.
91.
92.

ACTIVITY

171

R. S. Coles and P. Rogers, Bacteriol Proc. 64, 87 (1964).
J. P. Richardson, Proc. Nat. Acad. Sci. U.S. 55, 1616 (1966).
R. Burgess, J. Biol. Chem. 244, 6160 (1969).
R. Burgess, / . Biol. Chem. 244, 6168 (1969).
R. R. Burgess, A. A. Travers, J. J. Dunn, and Ε. K. F. Bautz, Nature
(London)
221, 43 (1969).
93. W. Zillig, E. Fuchs, P. Palm, D. Rabussay, and K. Zeckel, in "Le Petit Colloquia
on R N A Polymerase and Transcription" (L. Silvestri, ed.), p. 151. NorthHolland Publ., Amsterdam, 1970.
94. Ε. K. F. Bautz, F. A. Bautz, and J. J. Dunn, Nature (London) 223, 1022
(1969).
95. M. Sugiura, T. Okamoto, and M. Takanami, Nature (London) 225, 598 (1970).
96. E. P. Guiduschek, L. Snyder, A. J. E. Colvill, and M. Sarnat, J. Mol. Biol.
19, 541 (1966).
97. S. N. Cohen, V. Maitra, and J. Hurwitz, J. Mol. Biol. 26, 19 (1967).
98. L. P. Gage and E. P. Guiduschek, J. Mol. Biol. 30, 435 (1967).
99. A. A. Travers, Nature (London) 223, 1107 (1969).
100. J. Davison, L. M. Pilarski, and H. Echols, Proc. Nat. Acad. Sci. U.S. 63,
168 (1969).
101. A. A. Travers and R. Burgess, Nature (London) 223, 537 (1969).
102. J. S. Kralow, K. Daley, and M. Karstadt, Proc. Nat. Acad. Sci. ϋβ. 62,
432 (1969).
103. A. A. Travers, Nature (London) New Biol. 229, 69 (1971).
104. A. A. Travers, Cold Spnng Harbor Symp. Quant. Biol. 35, 241 (1970).
105. W. Salser, A. Bolle, and R. Epstein, / . Mol. Biol. 49, 271 (1970).
106. A. Bolle, R. Epstein, W. Salser, and E. P. Guiduschek, J. Mol. Biol. 33,
339 (1968).
107. G. S. Goff and K. Weber, Cold Spring Harbor Symp. Quant. Biol. 35, 101
(1970).
108. A. Stevens, Biochem. Biophys. Res. Commun. 41, 367 (1970).
109. R. Hazelkorn, M. Vogel, and R. D. Brown, Nature (London) 221, 836 (1969).
110. E. P. Guiduschek and S. Sklar, Nature (London) 221, 833 (1969).
111. E. P. Guiduschek, Abstr. Int. Congr. Biochem., 8th., 1969, p. 174 (1970).
112. M. Chamberlin, J. McGrath, and L. Waskell, Nature (London) 228, 227 (1970).
113. R. Losick, R. G. Shorenstein, and A. L. Sohnenshein, Nature (London) 227,
910 (1970).
114. A. A. Travers, R. I. Kamen, and R. F. Schleit, Nature (London) 228, 748
(1970).
115. B. de Crommbrugghe, V. Chen, W. Anderson, P. Nissley, M. Gottesman, I.
Pastanand, and R. Perlman, Nature (London) New Biol. 231, 139 (1971).
116. J. S. Beckmann, V. Daniel, Y. Tichauer, and U. Z. Littauer, Biochem. Biophys.
Res. Commun. 43, 806 (1971).
117. D. Rabussay and W. Zillig, FEBS Lett. 5, 104 (1969).
118. B. Puschendorf, E. Petersen, H. Wolf, H. Werchau, and H. Grunicke, Biochem.
Biophys. Res. Commun. 43, 617 (1971).
119. J. Y. LeTalaer and P. H. Jeanteur, FEBS Lett. 12, 253 (1971).
120. T. J. Lindell, F. Weinberg, P. W. Morris, R. G. Roeder, and W. J. Rutter,
Science 170, 447 (1970).
121. S. B. Weiss, Proc. Nat. Acad. Sci. U.S. 46, 1020 (1960).

172

Ε. Η.

CREASER

122. S. P. Blatti, C. J. Ingles, T. J. Lindell, P. W. Morris, R. F. Weaver, F.
Weinberg, and W. J. Rutter, Cold Spring Harbor Symp. Quant. Biol. 35, 649
(1970).
123. Zh. C. Shmerling, Biochem. Biophys. Res. Commun. 37, 965 (1969).
124. H. Stein and P. Hausen, Cold Spnng Harbor Symp. Quant. Biol. 35, 709
(1970).
125. Κ. H. Seifart, Cold Spring Harbor Symp. Quant. Biol. 35, 719 (1970).
126. A. Ahmed, Μ. E. Case, and Ν. H. Giles, Brookhaven Symp. Biol. 17, 53
(1964).
127. A. C. Minson and Ε. H. Creaser, Biochem. J. 114, 49 (1969).
128. C. J. Epstein, Progr. Med. Genet. 4, 97 (1965).
129. M. Nabholz, V. Miggiano, and W. Bodmer, Nature (London) 223, 358 (1969).
130. W. E. Knox and O. Greengard, Advan. Enzyme Regul. 3, 247 (1965).
131. G. Webber, R. L. Singhal, and S. K. Srivastava, Advan. Enzyme Regul. 3,
384 (1965).
132. G. Webber, R. L. Singhal, and S. K. Srivastava, Proc. Nat. Acad. Sci. U.S.
53, 96 (1965).
133. R. A. Freedland, T. L. Cunliffe, and J. C. Zinkl, / . Biol. Chem. 241, 5448
(1966).
134. J. E. Hearst and M. Botchan, Annu. Rev. Biochem. 39, 151 (1970).
135. R. Perlman, B. Chen, B. de Crombrugghe, M. Emmer, M. Gottesman, H.
Varmus, and I. Pastan, Cold Spring Harbor Symp. Quant. Biol. 35, 419,
(1971).
136. R. C. Huang and J. Bonner, Proc. Nat. Acad. Sci. U.S. 48, 1216 (1962).
137. V. G. Allfrey, V. C. Littau, and A. E. Mirsky, Proc. Nat. Acad. Sci. U.S.
49, 414 (1963).
138. J. Paul and R. Gilmour, J. Mol. Biol. 34, 305 (1968).
139. R. J. Clark and G. Felsenfeld, Nature (London) New Biol. 29, 101 (1971).
140. P. Rasmussen, K. Murray, and J. Luck, Biochemistry 1, 79 (1962).
141. D. M. Fambrough and J. Bonner, / . Biol. Chem. 243, 4434 (1968).
142. R. J. De Lange, D. M. Fambrough, E. L. Smith, and J. Bonner, Proc. Nat.
Acad. Sci. U.S. 61, 1145 (1968).
143. J. Α. V. Butler, E. W. Johns, and D. M. P. Philips, Progr. Biophys. Mol.
Biol. 19, 211 (1969).
144. J. M. Kinkade and R. D. Cole, J. Biol. Chem. 241, 5790 (1966).
145. M. Bustin and R. D. Cole, J. Biol. Chem. 243, 4500 (1968).
146. V. C. Littau, V. G. Allfrey, J. H. Frenster, and A. Mirsky, Proc. Nat. Acad.
Sci. U.S. 52, 93 (1964).
147. L. Berlowitz, Proc. Nat. Acad. Sci. U.S. 54, 476 (1965).
148. G. P. Georgiev, L. N. Ananieva, and J. V. Kozlow, / . Mol. Biol. 22, 365
(1966).
149. P. Hohmann and R. D. Cole, Nature (London) 223, 1064 (1969).
150. K. Murray, Annu. Rev. Biochem. 34, 209 (1965).
151. D. P. Bloch, Protoplasmologia 5, 3d (1966).
152. C. J. Ingles and G. H. Dixon, Proc. Nat. Acad. Sci. U.S. 58, 1011 (1967).
153. J. Neelin and C. G. Butler, Can. J. Biochem. Physiol. 39, 485 (1961).
154. G. Vidali and J. M. Neelin, Eur. J. Biochem. 5, 330 (1968).
155. R. Vendrely and M. Picaud, Exp. Cell Res. 49, 13 (1968).
156. L. G. Tomasi and S. E. Kornguth, J. Biol. Chem. 243, 2507 (1968).

5.

REPRESSORS A N D DEREPRESSORS OF G E N E ACTIVITY

173

157. S. E. Kornguth and L. G. Tomasi, / . Cell Biol. 38, 515 (1968).
158. R. C. Huang and J. Bonner, Proc. Nat. Acad. Sci. U.S. 54, 860 (1965).
159. J. Bonner, Μ. E. Dahmus, D. Fambrough, R. C. Huang, K. Marushige, and
D. Υ. H. Tuan, Science 159, 47 (1968).
160. R. C. Huang, Fed. Proc, Fed. Amer. Soc. Exp. Biol. 26, 603 (1967).
161. Μ. E. Dahmus, and D. J. McConnell, Biochemistry 8, 1524 (1969).
162. Τ. Y. Shih and J. Bonner, Biochim. Biophys. Acta 182, 30 (1969).
163. R. C. Huang and P. C. Huang, J. Mol. Biol. 39, 365 (1969).
164. I. Bekhor, G. M. Kung, and J. Bonner, J. Mol. Biol. 39, 351 (1969).
165. H. W. von Heyden and H. G. Zachau, Biochim. Biophys. Acta 232, 651 (1971).
166. R. T. Schimke and D. Doyle, Annu. Rev. Biochem. 39, 927 (1970).
167. M. Sluyser, / . Mol. Biol. 19, 591 (1966).
168. M. R. Haussler and A. W. Norman, Proc. Nat. Acad. Sci. U.S. 62, 155 (1969).
169. T. S. Herman, G. M. Fimognari, and I. S. Edelman, / . Biol. Chem. 243,
3849 (1968).
170. S. Fong, Κ. M. Anderson, and S. Liao, / . Biol. Chem. 244, 6584 (1969).
171. S. Liao and S. Fang, Vitam. Horm. (New York) 27, 17 (1969).
172. H. R. Maurer and G. R. Chalkley, J. Mol. Biol. 27, 431 (1967).
173. G. Shyamala and J. Gorski, / . Biol. Chem. 244, 1097 (1969).
174. M. R. Sherman, P. L. Corvoll, and B. W. O'Malley, / . Biol. Chem. 245,
6085 (1970).
175. B. W. O'Malley, D. O. Toft, and M. R. Sherman, J. Biol. Chem. 246, 1117
(1971).
176. B. W. O'Malley and W. L. McGuire, Endocnnology
84, 63 (1969).
176a. G. C. Mueller, Symp. Biochem. Soc. 32, 1 (1971).
176b. J. D. Baxter and G. M. Tomkins, Proc. Nat. Acad. Sci. VB. 68, 932 (1971).
177. A. W. Steggles, T. C. Spelsberg, and B. W. O'Malley, Biochem. Biophys. Res.
Commun. 43, 20 (1971).
178. M. Dahmus and J. Bonner, Proc. Nat. Acad. Sci. U.S. 54, 1370 (1965).
179. A. G. Matthysse and M. Abrams, Biochim. Biophys. Acta 199, 511 (1970).
180. J. Bonner, "The Molecular Biology of Development." Oxford Univ. Press,
London and New York, 1965.
181. U. Clever and P. Karlson, Exp. Cell Res. 20, 623 (1960).
182. U. Clever, Science 146, 794 (1964).
183. M. Lezzi, Chromosoma 21, 87 (1967).
184. R. M. Goodman, J. Goidl, and R. M. Richart, Proc. Nat. Acad. Sci. U.S.
58, 553 (1967).
185. A. Kornberg, Science 163, 1410 (1969).
186. R. Knippers, Nature (London) 228, 1050 (1970).
187. F. Hanaoka and M. Yamada, Biochem. Biophys. Res. Commun. 42, 647 (1971).
188. D. W. Smith and P. C. Hanawalt, Biochim. Biophys. Acta 149, 519 (1967).
189. W. L. Staudenbauer and P. H. Hofschneider, Biochem. Biophys. Res. Commun.
42, 1035 (1971).
190. R. Knippers and R. L. Sinsheimer, / . Mol. Biol. 34, 17 (1968).
191. P. C. Hanawalt, O. Maale, D. I. Cummins, and M. Schaechter, J. Mol. Biol.
3, 156 (1961).
192. F. Jacob, S. Brenner, and F. Cuzin, Cold Spring Harbor Symp. Quant. Biol.
28, 329 (1963).
193. K. G. Lark, H. Eberle, R. A. Consigli, H. C. Minocha, N. Chai, and C.

174

Ε . Η.

CREASER

Lark, in "Organizational Biosynthesis" (H. J. Vogel, J. 0 . Lampen, and
V. Bryson, eds.), p. 63. Academic Press, New York, 1967.
194. K. G. Lark and H. Renger, J. Mol. Biol 42, 221 (1969).
195. K. G. Lark and C. Lark, J. Mol. Biol. 20, 9 (1966).
196. A. J. Levine and R. L. Sinsheimer, / . Mol. Biol. 39, 619 (1969).
197. E. S. Tessman, / . Mol Biol. 17, 218 (1966).
198. Μ. N. Thang, F. R. Williams, and M. Grunberg-Manago, Biochim.
Biophys.
Acta 76, 572 (1963).
199. A. J. Levine and R. L. Sinsheimer, J. Mol. Biol 39, 655 (1969).
200. J. Mandelstam and H. J. Rogers, Nature (London) 181, 956 (1958).
201. K. G. Lark and C. Lark, Biochim. Biophys. Acta 49, 308 (1960).
202. S. Silver and L. Wendt, J. Bacteriol 93, 560 (1967).
203. T. Yura and C. Wada, Genetics 59, 177 (1968).
203a. D. B. Clewell, B. Evenchik, and J. W. Cranston, Nature (London) New Biol.
237, 29 (1972).
203b. D . Brutlag, R. Schetman, and A. Kornberg, Proc. Nat. Acad. Sci. U.S. 68,
2826 (1971).
203c. I. M. Verma, N. L. Meuth, E. Bromfeld, Κ. M. Manly, and D. Baltimore.
Nature (London) New Biol. 233, 131 (1971).
204. J. H. Taylor, J. Mol. Biol. 31, 579 (1968).
205. J. A. Huberman and A. D . Riggs, Proc. Nat. Acad. Sci. U.S. 55, 599 (1966).
206. J. Cairns, J. Mol. Biol. 15, 372 (1966).
207. D. E. Comings and T. Kakefuda, J. Mol Biol. 33, 225 (1968).
208. P. J. Pawlowski and L. Berlowitz, Exp. Cell Res. 56, 154 (1969).
209. D. Billen and L. S. Hnilica, J. Cell Biol. 19, 7a (1963).
210. L. R. Gurley, J. L. Irvin, and D. J. Holbrook, Biochem. Biophys. Res. Commun.
14, 527 (1964).
211. D. M. Prescott and L. Goldstein, Science 155, 469 (1967).
212. D. L. Friedman and G. C. Mueller, Biochim. Biophys. Acta 161, 455 (1968).
213. J. Salas and H. Green, Nature (London) New Biol. 229, 165 (1971).
214. R. J. Britten and Ε. H. Davidson, Science 165, 349 (1969).

