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B \CTERIA such as Escheriscia coli are exposed to
a wide varietv of environmental conditions. For
example. £ coli cells may encounter rapidly changing
growth conditions as they pass from mammalian intes-
nal traces to sewer systems to polluted rivers, lakes,
conds, and so on Each of these ecological niches will
provide different organic molecules for use as energy
sources. Thus, it seems quite reasonable to assume that
natural selecuon will have preserved those organisms
that have evolved ways of adapting to the wide range of
environmental conditions encountered during their
evolution. Indeed, the available information indicates
that most prokarvotes such as £ coli exhibit temark-
able capacities to adapt to diverse environmental con-
ditions.

To a considerable degree, the adaptability of bac-
teria and other prokarvotes depends on their ability to
‘turn on” and “wrn off” the expression of specific sets
of genes in response to the specific demands of the
' environmental milieu. Stated differently, these organ-
isms exhibit a striking ability to regulate the expres-
sion of specific genes in response to environmental
signals. The expression of particular genes is “turned
on” when the products of these genes are needed for
growth in a given environment. Their expression is

wrned off when their products are no longer needed
for growth in the existing milieu. Clearly, the ability of
an organism to regulate gene expression in this way
will increase its overall “fitness” (its ability to grow and
leave progeny under a variety of environmental con-
ditions). svnthesis of gene transcripts and transla-
non products requires the expenditure of consider-
able energy. By “turning off” the expression of .genes
when their products are not needed, an organism can
avoid wasting energy and can utilize the conserved
energy to synthesize products that maximize the
growth rate in the existing milieu) What, then, are the
mechanisms by which these organisms regulate gene
@ression in response to changes in the environ-
ment? Is there a single mechanism by which the ex-
pression of different genes or sets of genes are regu-
lated” Or arg different genes controlled by different

mechanisms?

Emi genes, for example, the genes specifying
ribosomal RNAs, ribosomal proteins, and transfer
RNAs, are undoubtedly expressed at some time in
virtually all cells regardless of the envirgnmental con-
ditions. The products of these genes are required for
growth of all cells in all environments. However, the
products of many other genes are required for growth
only in certain environments, and the expression of
these genes is regulated such that the products are
svnthesized only when they are needed. As a result, the

expression of these genes is continually being “turned
on" and “turned off" in response to changes in the

enyironment

B it turns out, gene expression can be (and is)
regulated at several different levels—for example,
transcription, mRNA processing, mRNA turnover, trans-
lation, and enzyme function. However, extensive data
indicate that the regulation of transcription is the
most important mode of the qufm@{;{w expres-
sion. at least in prokaryotes. That is not to say that
regulation does not occur at other levels. Regulatory
fine-tuning at translational levels is clearly important in
the overall control of metabolic processes in living
organisms. The regulatory mechanisms with the larg-
est effects on phenotype, how% have been shown

to act at the level of transcription

Based on what is presently known about the reg-
ulation of transcription in both prokaryotes and eu-
karyotes, the various regulatory mechanisms seem to
fit into two general categories.@ first, and best
understood, category includes mechanisms involved

l.rl_[_l}e rapid turn-on and turn-off of gene expression
HWH(’HM{ changes Regulatory
mechanisms of this type areé very important in-micro-

organi cause of the frequent exposure of these
organisms to sudden changes in environment. They

provide microorganisms with a great deal of “plastic-
ity,” an ability to rapidly adjust their metabolic pro-
cesses in-order to achieve maximal growth and re-
production ~under highly variable environmental
conditions. These quick responding on-off switches
seem to be less important in higher eukaryotes. This
might be expected since the circulatory systems of
higher eukaryotes buffer their cells against many sud-
den environmental changes.

The second major category of regulatory mecha-
nisms includes what might be called preprogrammed
circuits of gene expression. In these cases, some event
(such as infection by a virus) triggers the expression of
one set of genes. The product (or products) of one (or
more) of these genes functions by turning off the
transcription of the first set of genes and’or turning on
the transcription of a second set of genes. In turn, one
or more of the products of the second set acts by
turning on a third set, and so on. In these cases, the
sequential expression of genes is genetically prepro-
grammed, and the genes usually cannot be urned on -

out of sequence. Such preprogrammed, sequences of
gene expression in viral infections are well docu-
mented. In most of these preprogrammed sequences,
it seems the circuitry is cyclical. For example, in viral
infections some event associated with the packaging of
the viral DNA or RNA inside the protein coat somehow
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seems to reset the program so that the first set of genes
will again be expressed when a progeny virus subse-
quentlv infects another host cell

INDUCTION AND REPRESSION
IN PROKARYOTES

Centain gene-products, such as tRNA molecules, rRNA
molecules, ribosomal proteins, RNA polymerase com-
ponents (polypeptides), and other enzymes catalyzing
metabolic processes that are frequently referred to as
cellular "housekeeping” functions, are essential com-
ponents of almost all living cells. Genes that specify
products of this type are continually being expressed
in most cells. Such genes are said to be expressed
constitutively and are frequently referred to as con-
stitutive genes

Other gene-products are needed for cell growth
onlv under certain environmental conditions. Consti-
tutive svnthesis of such gene-products would clearly
be wasteful, using energy that could otherwise be
utilized for more rapid growth and reproduction un-
der the existing environmental conditions. The evolu-
tion of regulatory mechanisms that would provide for
the synthesis of such gene-products only when and
where they were needed would clearly provide organ
isms possessing these regulatory mechanisms with a
selective advantage over organisms lacking these
mechanisms. This undoubtedly explains why presently
existing organisms, including the “primitive” bacteria
and viruses, exhibit highly developed and very efti-
cient mechanisms for the control of gene expression.

Escherichia coli and most other bacteria are capa-
ble of growth using any one of several carbohydrates
(e.g., glucose, sucrose, galactose, arabinose, lactose) as
an energy source. If glucose is present in the environ-
ment, it will be preferentially metabolized by E. coli
cells. In the absence of glucose, however, E. coli cells
can grow very well on other carbohydrates. Cells
growing in medium containing the sugar lactose, for
example, as the sole carbon source synthesize two
enzymes, B-galactosidase and B-galactoside permease,
that are uniquely required for the catabolism of lac-
tose. (A third enzyme, B-galactoside transacetylase, is
also synthesized. It has no known metabolic function,
however.) B-galactosidase cleaves lactose into glucose
and galactose, and P-galactoside permease pumps
B-galactosides into the cell. Neither of these enzymes
is of any use to E. coli cells when present in environ-
ments not containing lactose. The synthesis of these

two enzymes, of course, requires the utilization of |

considerable energy (in the form of ATP and GTE, see

Chapter 10). Thus, E. coli cells have evolved a regula- /

tory mechanism by which the synthesis of these lac
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Figure @I Induction (a) and repression (b) of enzyme
synthesis in bacteria. Induction is charactenstic of catabolic
(degradative ) pathways; repression is characterisnc of ana-
bolic (biosynthetic) pathwavs. (a) The induction of the syn-
thesis of enzymes required for the utilizavon of the sugar
lactose as an energy source in £ coli is illustrated. In the
absence of lactose in the environment, £. coff cells synthesize
only verv minute amounts of the lactose-utilizing enzymes,
When such ells ar€ transférred to an environment contain-
ing lactose as the sole carbon source (occurring at the time
indicated by the arrow labeled lactose added), the synthesis
of the enzymes required for lactose catabolism is rapidly
induced (turned on). he répression of the synthesis of

the enzvmes required for the biosynthesis of tryptophan in £

coli is illustrated” When tryptophan is not present in the
environment, the £ coli cells synthesize the enzymes re-
quired for tryptophan biosynthesis. If tryptophan is added to
the environment of such cells (e.g., at the time indicated by
the arrow labeled tryptophan added), the synthesis of the
trvptophan  biosynthetic enzymes is rapidly rgpressed
(turned oft). The kinetics shown are only approximate.

-—
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tose-catabolizing enzymes is turned on in the presence

of lactose and mirned off in its-absence.

In natural environments (intestinal tracts and sew-
ers), E. coli cells probably encounter an absence of
glucose and the presence of lactose relatively infre-
quently. Most of the time, theréfore, the £ coli genes
coding for the enzvmes involved in lactose utilization
are not being expressed. If cells growing on a carbo-
hydrate other than lactose are transferred to medium
containing lactose as the only carbon source, they
rapidly begin synthesizing the enzymes required for
lactose utilization (Fig. 14.1a). This process, bv which

—— 3

the expression of genes is turned on in response to a

ohes)
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substance in the environment, is called indiction
Gencs whose expression are so regulated are called
Mducible L’ enes, their ]ﬂ‘udlltlh Iftnﬂmu are called
:rnfr_frr?;i.:ﬂv.r::l mes. The substances or molecules re-
w]*»smﬂhln. for induction are Known as tiducers {‘:wa
Enzvmes that are involved in catabolic (de [y
tive) pathways, such as in lactose, galactose, or ara-
binose utilization, are characteristically .inducible. As
will become apparent in the following sections of this
chapter, induction occurs at the level of transcrip-
tion. 1t alters the rate of synthesis of enzymes, not the
activity of existing enzyme molecules  Induction

should not be confused with enzyme activation, in

which the binding of a small molecule to an enzyme
increases the activity of the enzyme (but does not
affect its rate of synthesis).

@cwriﬂ possess the metabolic capacity to synthe-
size most of the organic molecules (such as amino
acids, purines, and vitamins) required for their growth.
For example, E. coli has five genes coding for enzymes
that are required in the synthesis of tryptophan. These
five genes must be e.\presa.ed in £ coli cells growing in
an environment devoid of tryptophan in order 10
pryide adequate amounts of this amino acid for on-
going protein synthesis.

When E. coli cells are present in an environment
contafning concentrations of tryptophan sufficient to
support optimal growth, the continued synthesis of the
tryptophan biosynthetic enzymes would be a waste of
energy. because these bacteria have the capacity 10
take in external tryptophan. Thus, a regulatory mech-
anism has evolved in E. coli by which the synthesis of
the tryptophan biosynthetic enzymes is rned off
ﬁhﬁﬁymm)resem in the external milieu (Fig
14 1h) This process of “turning off " the expression of
sets of genes is called repression. A gene whose ex-
pression has been turned off in this way is said to be
repressed. when its expression is turned on, a gene ol
this type 1s said 1o be derepressed.

Enzymes that are components of arnabolic (bio
syrthetic) pathways are frequently subject o repres
ston (are repressible). Repression, like induction, oc
cus at the level of transcription. Repression should
not be confused with feedback inhibition, in which
the binding of an end product to the first enzyme in a
piosynthetic pathway nhibits the activify of the en-
zyme (but does not affect its synthesis).

The Operon Model

Induction and repression of gene expression can be
accomphished by essentially the same mechanism. This
mechanism was first accurately described in 1961
when F. Jacob and J. Monod, both 1965 Nobel Prize
recipients, proposed the operon model 10 explain the

k‘(ﬂ'ﬂl}t jc(

A
regulation of genes encoding the enzymes require
for lactose utlizaton in £ th.tmh and Mono

| LK

proposed that the transcription of one or a set ol
contiguous structural genes (genes coding o poly
\PLPUdU] 1S ILLlll llLLl h\ W LUHIIU“IH}, LILIHLI‘Ih
(Fig. 14.20). One of these elements, called the reged
tor gene (or [ ICPressor Qene ), codes tor ;l['ﬂﬂllllh.l“t‘tl
the repressor, under the appropriate conditions, the
repressor binds to the second element, the operator
(or operator sequence). The operator s always located
[O contiguous to the strugtural gene or genes whose
expression it regulates. W hen the PEPIESSOP IS bhovnd {/"‘

— —

(o the r}[:;*ﬁh’ﬂt transcriftion of the n"Hn (Livadl Lenes
cannot occur]We now know that this results because
the binding Ot the repressor to the operator sterically
prevents RNA polymerase from binding at lht. JUAL
mioter sife (the RNA polymerase binding site; see
Chapter 10), which is always located contiguous with
(or even overlapping) the operator sequence.Jhe
operator is usually located between the promoter and
the structural genes (Fig. 14.2a) (The promoter was
not rt:u:uyuml at the' time of Jacob and Monod's
proposal, but has since been shown to be an essential
commponent of dn operon.)\The complete contiguous
unit, including the structural gene or genes, the oper-
@u_n and the promoter, is called an_operon]

Whefher the repressor will bind to the operator
and trn off the transcription of the structural genes in
an operon is determined by the pggsence or absence

Slfector molecudes (small molecules such as amino
acids and sugars) in the environment. In the case of
inducible operons, these effector molecules are called
mducers, Those w on_repressible_operons A%
co-repressgrs. These effector molecules (in-
ducérs and co-repressors) act-by binding to (or farm-
ing a complex with) the repressors.

The only essential difterence between inducible
operons and repressible operons is whether the naked
repressor or the repressor—eftector molecule complex
s active in binding to the operator (1) In the case of an
inducible operon, the /ree repressor bouds 1o (he
operator, turning off transcription (_!j&_l_j__ﬂﬂ@-_'hcn
the effector molecule (the inducer) is present, it bings
10 the repressor, releasing the repressor from the
operator, that is, the repressor—inducer complex can
not bind to the operator. Thus, the addition of inducer
turns on or induces the transcription of the structural -
genes in the operon (Fig 14.20). (2) In the case of a
repressible operon, the situation 1s just reversed (/e
[ree repressor cannot bind to the operator iy lhe
refrressor=cffector motectde (co repressor) comnplex l
s acteee i bhondimg (o the operator {]"i}, [4.2¢0). Thus.
trapscription of the structural genes in [_r_.,_l‘l[L“\Hll‘I]L
operon is turngd on in the absence of and wirned off in
the plt.*-{‘nu. o1 (he LHLL[U[ molecule (co rqm

.-—-HM'WJ M{M g /7/

Scanned by TapScanner

i




z
§

Regulator gene

Promoters for

operan

L
Promoter for
regulator gene
QOperator

1

8

7

[y

[ ]

@ £ ttector molecule
(inducer gr CO-repressor)

RNA polymerase
(binding to pramater biocked)

A VLA AN AN A A AN A AN A AN O AN

ke

Repressor/inducer complex transiating mRNA
(inactive, can't bind to operator) ~

Except for this difference in the operator

gl e g 0 44
pndiy o o i

v of sgletor GRS W NI 0 208 0

i - 3
LW, T
* -" ..a-- s »

| Scanned by TapScanner



(¢) The Operon Model: Repression:

RNA
polymerase
PR R 3 R SG 2
p\, A AV,
1 > 3
s - Repressor -
L - {tnactive. can't bind to operator) osoine

translating mRNA

e

b mRMA
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il %% (binding to promoter blocked)
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the effector molecule (called an inducer, for inducible op-

erons), binds to the operator, preventing RNA polymerase
from binding to the promoter for the operon (PO). Thus,
transcription of the structural genes cannot occur. When
inducer is added, it binds to the repressor, causing it to be
released from the operator (O). This, in turn, allows RNA
polymerase to bind to the promoter (PO) and initiate tran-
scription of the structural genes. The resulting multigenic
mRNA is rapidly translated by ribosomes, producing the
three polypeptide products of the structural genes. (¢) Mode
of regulation of gene expression for a repressible operon. In
this case, the repressor can only bind to the operator in the
presence of te effector molecule (called a co-repressor, for
repressible operens). In its absence, the operator 1s free,
permitting RNA polymerase to bind at the adjoining pro;
moter (PO) and 1o initiate transcription of the structur:
| genes. When co-repressor is added, it forms a complex wit
| the repressor. This repressor—co-repressor complex the

structura) genes.

9

binds to the operator (O). This, in turn, prevents RNA
polymerase from binding at PO and transcribing the three

N P
RNA ~
polymerase -*

v
(@ @ @

S

SG 3
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J"“ i ':-I P%-. I:: '--.I e i _I". il q !
o IR v Al B e AF (b ; bEAALL
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scription. We will discuss examples of positive control

mechanisms later in this chapter.

L
Jacob and Monod proposed the operon model largely
as a result of their studies of the /ac operon of E. coli.
More is known about the /ac operon than any other
operon. The /ac operon contains a promoter, an oper-
ator, and three structural genes, z, v, and 4, coding for
the enzymes B-galactosidase, B-galactoskie permease,
and B-galactoside transacerylase, respectively (Fig.
4.3). B-galactoside permease “pumps” lactose into the

lic. an Inducible Opceron

ell, where B-galactosidase cleaves it into glucose and

galactose (Fig. 144). The function of the transacetylase
is still not clear ' . )

"~ The lac regulator gene, designated the i gene,
codes for a repressor that is 360 amino acids inféﬁﬁj
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Figure 14.5 Organization of the tryptophan (trp) operon
of E coli (The Salmonella typhimurium trp operon is
essentially identical.) The operon contains five structural
genes that encode the enzymes involved in the biosynthesis
of tryptophan as shown at the bottom. The trpR gene, which
encodes the 1rp repressor, is not closely linked to the trp
operon (top). The operator (0) region of the trp operon lies
enurely within the primary promoter (p,) region. There is
also a weak promoter (p,), at the operator—distal end of the
trpD gene, that results in a somewhat increased basal level of
constitutive transcripuion of the trpC, B and A genes. There
are two transcription terminatiofrsequences (r and t') down-

tryptophan-mediated termination of transcription in

the frpL (mRNA leader) region of the operon (see pp
403-400).

Positive Control of the lac Operon
by CAP and Cyclic AMP

The operon model was proposed by Jacob and Monod
o explain the induction of the biosynthesis of the

enzymes involved in lactose utilization when this sugar

__—" LEDCBA “~—_

lac operon
g H"""'--.._h‘-‘

'lh...-h‘1
trp C trp B trp A t !
1353 | 1191 | 8oa Be| =250

14 2

Indole B a
glycerolphosphate  polypeptide polypeptide
synthetase L J

o I

|

| Tryptophan

[ synthetase

I (agf2)

I

| |
"’k""‘n l

v v

—p "RA—p CORP ——— InGP ———— P Tryptophan

stream from trpA. The trpl region specifies a 162-nucleotide-
16ng mRNA leader sequence; it contains the attenuator (a)
region that provides a second level of control of trp operon
expression (see pp. 403—400). The p, promoter actually
extends about 18 nucleotide-pairs into 7rpL” The length of
each gene or region is given in nucleotide-pairs; the inter-
genic distances are given in nucleotide-pairs below the gene
sequence The abbreviations used are: PRA = phosphori-
bosyl anthranilate; CDRP = carboxyphenylamino-deoxyrib-
ulose phosphate; InGP = indole-glycerol phosphate. (Based
on the data summarized by C. Yanofsky, Nafge 289: 751-
758, 1981, and by T. Platt, Cell 23: 10-23, 1981.

is added to the medium in which £ coli cells are
growing. The presence of glucose, however, has long
been known to prevent the induction of the luc Oop-
eron, as well as other operons controlling enzymes
involved in carbohydrate catabolism (eg. the arabi-
nose and galactose operons). This phenomenon.
called catabolite repression (Or the glucose effect).
has apparently evolved to assure that glucose is metab-
olized when present, in preference 10 other, less effi-
cient, energy sources.
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(2) arc operon: components
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(b) ara operon: protein b_{nding sites in regulatory region
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(¢) araoperon: repressed
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(d) araoperon: induced

@

araD

ANNRNNNRRRN

Tranacﬁptiunl

Translation l

initiated at a promoter called P.. Transcript extension occurs
in opposite directions from the Py, and P promoters. The
aral region contains the binding sites for the araC regulator
protein and the cAMP-CAP complex. (b) Enlargement of the
aral region showing the positions of the binding sites for
araC protein, cCAMP-CAP, and RNA polymerase, and the
location of the araC protein binding site at araO,. (¢) Model
for the repression of the ara operon. AraC protein dimers
bind at the aral and ara0, sites, and then bind to each other
to form a DNA loop. RNA polymerase cannot bind at Py, to

Arabinose
RNA polymerase

l t
+1 aral -100
*—
Paap

initiate transcription when the DNA is in this looped confor-

mation. (d) Induction of the ara operon occurs when the

arabinose-araC protein and cAMP-CAP complexes both,
bind at their aral sites. When these complexes are bound at_
their aral sites, the DNA loop structure cannot form, and RNA

polymerase is able to bind at P, and inigate transcription

of the araB, araA and araD structural genes. Additional

details are given in the text. (After D.-H, Lee and R. F. Schleif,

‘In Vivo DNA Loops in araCBAD: Size limits and Helical

Repeat,’ Proc. Natl. Acad. Sci. US.A 86: 476480, 1989.)
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 Figure 14.9 Repression of the phage lambda genes that
control lytic development by the binding of the C, gene-
product (repressor) to the two operator sequences (O, and
Ok) that control leftward and rightward transcription of the
lambda chromosome. Transcription of the C, gene itself is in
a lefrward direction (solid black arrow), beginning at the C,
promoter (not shown), which is located between the C,
gene and Og. The circular intracellular form of the lambda
chromosome (see Chapter 5, pp. 110-113) is shown at the
bottom, with the approximate location of the C, gene, P,0,
(promoter leftward, operator leftward), OpP, (operator
rightward, promoter rightward), the ends of the linear forms
of the lambda chromosome (prophage and mature forms),

and clusters of some of the genes controlling Iytic develop-

CONTROL OF THE trp OPERON
BY ATTENUATION

Repression and derepression can change the level of
expression of the structural genes of the trp operon by

—

ment. The orange arrows indicate the transcription of genes
from P, and P, respectively. The repression of the genes
controlling lytic development by the binding of repressor
molecules 10 O, and Oy is illustrated in the center enlarge-
ment. Note that each operator sequence has three repressor
binding sites and that the operator and promoter (RNA
polymerase binding site) overlap. The nucleotide-pair se-
quence of the Ok region is shown at the top, with the
17-nucleotide-pair sequence of each repressor binding site
in brackets. The orange dot between the two strands of DNA
within each repressor binding site indicates the axis of
partial symmetry. (The nucleotide-pair sequence data are
from M. Prashne, K. Backman, M. Z. Humayun, A. Jeffrey, R
Maurer, B. Meyer, and R. T. Sauer, Science 194: 156, 1976.)

about 70-fold. There is a second level of regulation of
irp operon expression, however. In #pR mutants that
cannot make repressor, the addition of tryptophan to a
culture of cells growing in the absence of trvptophan
will cause an 8- to 10-fold decrease in the rates of
synthesis of the tryptophan biosynthetic enzymes.
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(a) Structure of trp operon transcription-termination sequence |
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FEEDBACK INHIBITION
AND ALLOSTERIC ENZYMES

Earlier in this chapter, we described the mechanism by

which the transcription terial genes coding for
enzymes in a biosynthetic pathway is repressed when

the end product of the pathway is Erésem in the

_H’

medium in which the cells are growing. A second, and

more rapid, regulatory fine-tuning of metabolism of-
ten occurs at the level of enzyme activity. The presence

of sufficient concentrations of an end product (such as
histidine or typtophan) of a biosynthetfc pathway will
frequently result in the inhibition of the first enzyme in

the pathway. (This phenomenon is called feedback
inhibition or end product inbibition: it should not

be confused with repression (inhibition of enzyme

e

synthesis). Feedback inhibition” results in an almost
instantaneous arrest of the synthesis of an end product
when it is added to the mediu_nZ]

Feedback inhibition-sensitive enzymes have been
shown 1o have an end product binding site (or sites) in
addition to the substrate | bindﬁﬁég (or silé)@the
case of some multimeric enzymes, the end product or
regulatory binding site is on a different subunit (poly-
peptide) than the substrate site. Upon binding the end
product, such enzymes are believed to undergo
changes in conformation, called aliosteric trans;-
tions. that reduce their affinity for their [substrates.

changes

Proteins that undergo such conformationa

are usually referred to as allosteric proleins Many
examples are known, including numerous tegdback
inhibition-sensitive enzymes and the repressor mole-
cules discussed in the preceding sections,
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